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A PRECISION MEASUREMENT OF THE W BOSON MASS WITH 1 FB~!
OF DO RUN ITA DATA

Abstract
by

Jyotsna Osta

This thesis is a detailed presentation of a precision measurement of the mass of
the W boson. It has been obtained by analyzing W — er decays. The data used
for this analysis was collected from 2002 to 2006 with the D@ detector, during
Run Ila of the Fermilab Tevatron collider. It corresponds to a total integrated
luminosity of 1 fb~!. With a sample of 499,830 W — evr candidate events, we
obtain a mass measurement of My;y=80.401 4+ 0.043 GeV. This is the most precise

measurement from a single experiment to date.
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CHAPTER 1

AN INTRODUCTION TO PARTICLE PHYSICS

1.1 A Brief Introduction

Ever since the beginning of time, there have been a multitude of questions that
have always occupied the thoughts and thinking prowess of mankind on this earth.
He has long asked himself questions like “What is the Universe made of?”, “What
holds it all together?”, “Is there a simple explanation for the origin of matter at
the most fundamental level?” and “What exactly do we mean by fundamental?”.
His attempts to find answers to these queries have often led him on endless quests,
pursuits and research. Some of them have yielded remarkable answers that help
him inch forward in solving the mysteries of the conglomeration of this universe
that he lives in. Clues that help him assemble the puzzle of the creation of the
world around him, including himself.

Particle physics is that quest. The pursuit to discover the laws of nature
working at the most fundamental or basic level, by discovering the fundamental
building blocks of the Universe and the nature of interactions that exist amongst
them. Thus it involves the study of matter at the smallest possible scales. This
field of physics investigates interactions occuring at high energies (trillions of elec-
tron volts) due to the extremely small dimensions (< 107! m) and high masses
associated with the fundamental constituents. Thus it is also rightly termed as

High Energy physics.



1.2 A Timeline of the History of Particle Physics

We begin with a brief journey down memory lane, one that provides some
information aimed at answering the two most important questions “What is the
world made of?” and “What holds it all together?”. While addressing the first
one, we look at the development of particle physics from a historical point of view,
the events surrounding the discoveries of the various fundamental constituents of
matter as we know them at present. The second question gets answered by way
of a simple description of the interactions of the particles as we know them, thus
looking at the four broad categories of forces, into which we categorize the various
interactions that exist around us. A detailed account of the historical development

of particle physics is given in [1].

1.2.1 Classification of Particles - Fermions and Bosons

One of the most fundamental concepts regarding our understanding of the
particles and their interactions comes from Pauli’s spin-statistics theorem of 1940.
This connects the statistics obeyed by a particle with its intrinsic property of spin
angular momentum. Particles with half-integral spin (%h, %h, ..... ) obey “Fermi-
Dirac” statistics and are called “fermions” while those with integral values of
spin (0, Ah,2h, ..... ) obey “Bose-Einstein” statistics and are thus referred to
as “bosons”. Quarks and baryons are examples of fermionic particles whereas
photons and mesons are prime examples of bosons.

For particles obeying Fermi-Dirac statistics, the wavefunction describing a pair
of identical particles is anti-symmetric under an interchange of coordinates of the
two particles. This implies that two identical fermions cannot exist in the same

quantum state [2].



For the Bose-Einstein particles, the wavefunction is symmetric under an inter-
change of coordinates of two particles, thus implying that bosons can and like to

exist in the same quantum state.

1.2.2  The Beginning of the End of the Classical Era

The study of particle physics, in fact the subatomic world itself, had its humble
yet significant beginnings in the discovery of radioactivity by Henri Becquerel [3—
6] in 1896. His discovery of the invisible emanations from uranium without the
presence of an initiating energy paved the way for a life-long research on radioac-
tivity by Marie and Pierre Curie [7-9], the most unique achievement of which was
the realization that radiation is an atomic property of matter. The most intelli-
gible understandings of the structure of the atom came from the discovery of the
electron by J.J. Thomson [10, 11] in 1897 and the experimental work of Ernest
Rutherford in 1911. Rutherford’s a-particle scattering experiments [12, 13] laid
the foundation of the planetary model of the atom, in which the mass and positive
charge of the atom were concentrated in its nucleus. In 1914, Niels Bohr [14] pro-
posed a model of the Hydrogen atom and calculated its spectrum. However the
proposed model did not seem to work for heavier atoms like Helium and Lithium.
For although Helium has two electrons and Lithium has three, they weigh four
and seven times as much as a Hydrogen atom, respectively. The dilemma was re-
solved with James Chadwick’s discovery of the neutron in 1932 [15], an electrically

neutral twin of the proton.



1.2.3 Discovering the Photon

With these significant discoveries atomic and nuclear physics had begun of-
fering simple and satisfying answers to the questions about the constituents of
matter. Planck’s theory in 1900 [16] proposing that electromagnetic radiation
was quantized and Einstein’s rather radical explanation of the photoelectric effect
in 1905 [17, 18] were additional steps aimed at consolidating the particle nature
of matter at the fundamental level. However they took the scientific world by
storm. Even though the results of the decade-long experiments of the photoelec-
tric effect performed by Millikan [19] came down in favor of Einstein’s theory,
the acceptance of a quantized model for radiation seemed wholly untenable. The
issue was finally settled in 1923 by the scattering experiments of light conducted
by A.H. Compton [20]. The shift in wavelength of the light scattered by a particle
at rest could only be explained by treating light as a particle of zero rest mass

with energy given by Planck’s equation:

E=hv (1.1)

Here h is Planck’s constant and v is the frequency of light. This particle of light
was called the photon(y). Although the introduction of the photon received a
cold reception, it offered a whole new approach to understanding electromagnetic

interactions and was eventually accepted as the mediator of the electromagnetic

field.

1.2.4 Discovering the Meson

However the question “What holds the nucleus together?” still loomed large.

In 1934 Yukawa came forward with a theory [21] for the strong force, the ex-



tremely short-ranged force responsible for holding the protons and neutrons at
close proximities inside the nucleus. He assumed that the protons and neutrons
were attracted by some sort of quantized field and called the carrier of this field
the meson (“middle-weight”). He estimated its mass to be one-sixth that of the
proton. Cosmic ray experiments in 1947 however proved that there are two kinds
of middle-weight particles, the pions(7r) and muons(u). The true Yukawa meson is

the pion [22], the muon being a heavier version of the electron and thus a lepton.

1.2.5 Discovering the Antiparticles

The Dirac equation provides a description of elementary spin—% particles such
as electrons, consistent with both the theories of quantum mechanics and special
relativity. It was formulated in 1927 [24]. However a puzzling feature of this equa-
tion was that for every positive-energy solution (E = /p?c? + m?c?) it predicted
a corresponding solution with negative energy (E = — \/m) The meant
that the electron could spiral to increasingly negative energy states by radiating
off an infinite amount of energy. To rescue his equation, Dirac postulated that
the negative-energy states are all filled by a perfectly uniform, infinite “sea” of
electrons. The electrons that we observe occupy the positive-energy states. How-
ever this meant that the absence of a negative-energy electron from the sea would
appear as a net positive energy in that location, thus leading to the idea of “holes”
appearing in the sea. Dirac at first hoped that these holes might be protons, but
it was soon clear that the holes had to be identical to the electrons - 2000 times
lighter than a proton. Since no such particle was known at the time, Dirac’s
theory seemed to be standing on shaky grounds.

The discovery of the positron by Anderson in 1931 [23] proved to be the saving



grace for Dirac’s theory of relativistic quantum mechanics. It was the first an-
tiparticle to be discovered and is also known as the antielectron, differing from the
electron only by its charge. The theoretical formulations of Feynman and Stuckel-
berg in the 1940s expressed Dirac’s negative-energy states as the positive-energy
states of a different particle (positron), thus placing the electron and positron on
an equal footing.

The negatively charged antiproton was first observed experimentally at the
Berkeley Bevatron facility in 1955 and the neutral antineutron was discovered at
the same place in 1956. However the discovery of antimatter brought with it its
own set of questions on the existence of the universe, for matter and antimatter
annihilate in close proximity. It thus paved the way for research on the apparent

matter-antimatter asymmetry.

1.2.6 Advent of the Neutrino

The discovery of neutrinos, though, was not that straightfoward. Historically,
the study of beta decay provided the first physical evidence of the neutrino. As
we know, radioactive -decay involves the underlying conversion of a neutron into
a proton with the emission of an electron. Hence the kinematics of two-body
decays predict a fixed energy for the electron. However, in 1911 Lise Meitner and
Otto Hahn performed an experiment that showed that the energies of electrons
emitted by beta decay had a continuous rather than a discrete spectrum. This
was in apparent contradiction to the law of conservation of energy, as it appeared
that energy was lost in the beta decay process. In 1920-1927, Charles Ellis (along
with James Chadwick and colleagues) established that the beta decay spectrum

is really continuous, thus ending all controversies.



Fortunately Wolfgang Pauli suggested the emission of another electrically neu-
tral particle [25], a silent accomplice that carried away the missing energy. In
1933, Enrico Fermi presented a theory of S-decay [26] after incorporating Pauli’s
particle. It proved to be immensely successful and Fermi called this apparently
weightless particle the “neutrino”. The [-decay of the neutron thus stands as
n — p+e~ +v. Disintegrating pions (7 — p+v,) and muons (u~ — e~ + 7. +1,)
[27] in experiments conducted by C.F. Powell and his group also suggested that
the neutral particle that left no footprints in the emulsion was perhaps Pauli’s
neutrino. The experimental confirmation came in the mid 1950s by way of exper-
iments conducted by F. Reines and C.L. Cowan on the “inverse” [-decay reaction
(7o +pt — n+e™) [28] with the help of antineutrino beams from the Savannah
River nuclear reactor.

Now, since the particle produced in ordinary (3-decay is actually an antineu-
trino and not a neutrino, the question of the two particles being the same or
distinguishable arose. Davis and Harmer showed that the neutrino and antineu-
trino are actually two distinct particles, by verifying that the crossed reaction
involving antineutrinos (7, +n — p* + e¢~) does not happen [29]. This led to the
concept of lepton number (L) conservation in particle interactions. The leptons
(e or pu~ or v) were assigned a lepton number of L =1 whereas the antiparticles
(e or u™ or v) were assigned L = -1. This was later refined to separate conser-
vation of electron (L.) and muon (L,) lepton numbers to account for all allowed
and forbidden processes, thus postulating the existence of two types of neutrinos,
Ve and v, and their corresponding antineutrinos. Thus the neutron (-decay is
stated as n — p+e~ +7,, in a more correct way. The existence of v, was proved in

1962 by the pion (77) decay experiments of Lederman, Schwartz and Steinberger



at Brookhaven [30].

1.2.7 Hadrons and the Concept of Strangeness

The meson family was extended to include the neutral and charged kaons (K°
and K1) discovered in 1947 and 1949 respectively. In due course many more
mesons like the 7, the ¢, the €2, the p’s, etc., were also discovered.

In 1950, another neutral particle decaying into a proton and a pion was discov-
ered by Anderson’s group at Cal Tech. It was called the A and was categorized as
a baryon. Baryons are the family of composite particles made up of three quarks.
Hence they are heavier than their elementary counterparts and are strongly in-
teracting fermions (obey Fermi-Dirac statistics). Protons and neutrons are also
baryons. The next few years led to the discovery of more baryons like the X’s, the
A’s, etc. The law of conservation of baryon number was postulated for explaining
the allowed and forbidden baryonic reactions. This provided an explanation for
the stability of protons, the proton being the lightest baryon, could not decay
without violating baryon number conservation.

The baryons and mesons were collectively known as the hadrons. It was ob-
served that many of these newly discovered hadrons seemed to have distinctly dif-
ferent production and disintegration mechanisms. In essence, they were produced
copiously but decayed relatively slowly. In modern terminology, these particles
are produced by the strong force but decay via the weak force. In order to ex-
plain this discrepancy Gell-Mann [31] and Nishijima [32] introduced the concept
of strangeness (S), a property of the particles that is conserved in strong but not in
weak interactions. Thus the Kaons carry a strangeness of S= +1 and the ¥’s and

A carry S= -1. The “ordinary” particles like the pion, proton and neutron have



S=0. Conservation of strangeness was used to explain the production of hadrons
involving strong processes. Non-conservation of strangeness explained the long
time scale of the decay processes that involve weak interactions. Weak interac-
tions also violate parity. This was revealed through the 7 — 6 puzzle, where two
strange mesons, 7 and 6, were identical in every respect, except that one decayed
into two (0t — 7™ + 7%) pions, the other into three (7 — 7™ + 7t + 77) pions,
states of opposite parity. Lee and Yang suggested that both 7 and 6 were the

same, the K™ meson, and parity is simply violated in one of the weak decays [33].

1.2.8 The Particle Zoo - ca. 1960

By 1960, the zoo of particles had grown immensely into different types of
leptons and hadrons and thus needed classification. In 1961, Gell-Mann introduced
the Eightfold Way [34] for grouping the hadrons on the basis of their charge and
strangeness. The eight lightest baryons were grouped to form the baryon-octet
while the eight lightest mesons formed the meson-octet. The heavier baryons
were grouped to form the baryon decuplet whereas the heavier mesons formed
the meson-nonets. The antibaryons were also grouped into their respective octets
and decuplets possessing opposite strangeness and charge. This grouping of the
hadrons into multiplets was incomplete, allowing for the prospect of many new
particles to be discovered. Over the next decade every newly discovered hadron
neatly found a place in the multiplets, the most exciting being the discovery of
the 2~ in 1964.

The importance of the Eightfold Way not only lay in the classification that it
provided but also in the organizational structure that it set up for the hadrons.

Its stupendous success thus ushered in the era of modern particle physics.



1.2.9 A Model for the Quarks

As a result of the success of the Eightfold Way, Gell-Mann [34] and Zweig [36,
37] independently postulated the sub-structure of hadrons in 1964. Gell-Mann
called these elementary constituents “quarks” while Zweig referred to them as
“aces”. Initially three quarks were proposed, of flavors up, down and strange.
The up quark (denoted as u) carried a charge Q=+2/3 and strangeness S=0, the
down quark (denoted by d) had Q=-1/3 and S=0 while the strange quark (denoted
by s) had Q=-1/3 and S=-1. As per the quark model, every baryon was composed
of three quarks, while every meson comprised of a quark and an antiquark. The
quark model helped explain the appearance of hadrons in the baryon decuplets
and meson nonets, besides making room for the newly discovered n’ as a singlet
in the meson nonet.

The quark model however suffered from threats to its credibility since isolated
quarks had never been observed. Moreover the fact that three quarks (fermions)
could exist in the same state in a baryon was in direct conflict with Pauli’s ex-
clusion principle. Although the deep inelastic scattering experiments at SLAC
in 1968 did conclude that the charge of the proton seemed to be concentrated
in three small lumps, thus providing some first evidence for the quarks, they did
little to alleviate discomfort about the exact nature of quark confinement. Be-
sides, O.W. Greenberg’s proposal of three colors [38] (red, green and blue) for
each quark flavor did little to resolve the conflict with Pauli’s exclusion principle.
All these factors contributed to considerable doubt about the authenticity of the

quark model of matter, up until 1974.
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1.2.10 Discovering the Charm Quark

The discovery of the J/¢ meson in 1974, from the independent experiments
of C.C. Ting and B. Richter [39] propelled some intriguing questions into the
limelight. This electrically neutral, extremely heavy meson had an extraordinary
long lifetime of 1072° sec, 1000 times larger than usual. Although the discovery
of the J/v¢ was not a direct confirmation of the existence of free quarks or color
hypothesis or explanation of quark confinement, the true nature of the J/1 meson
was explained by the quark model through the assumption of a fourth quark
called the charm (denoted as ¢). The J/1 represents a bound state of the charm
and its antiquark. The charm discovery provided a parallel between the leptons
(€, Ve, pt,v,) and quarks (d,u, s,c) known at the time. The evidence of hadrons
containing the “bare” ¢ quark in the form of charmed baryons (e.g. A} (=udc)
and Y7 (=uuc)) [40] and charmed mesons (e.g. D° and D) [41] in 1975 and
1976 respectively, confirmed the charm hypothesis, established the J/1 as ¢¢ and

helped to put the quark model back on a firmer footing.

1.2.11 Discovering the Bottom and Top Quarks

At this point the quark model consisted of four quarks and the four leptons.
The tau lepton was discovered in 1975 and assuming that the corresponding neu-
trino (v,) also existed, it ruptured the symmetry of the model. However another
heavy meson discovered in 1977 and called the Upsilon [42] was postulated to be
a bound state of another heavy quark called the “beauty” or “bottom” (denoted
by b). Hadrons such as \, (=udb), B® and B~ containing the bottom quark were
discovered during 1981 to 1983. These discoveries led to a third generations of

leptons and quarks being included in the quark model. Attempts at preserving
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the symmetry of the quark model now required the existence of another quark,
the “truth” or “top” (denoted as t). It was eventually discovered in 1995 at
Fermilab [43].

The quark model thus stands at six quarks and six leptons at present. These
particles form the building blocks for the Standard Model that in turn provides
a theoretical framework for the fundamental particles of matter and their inter-
actions in this universe. A detailed discussion on the Standard Model is given in

the later sections.

1.3 Interactions and Fields in Particle Physics

The elementary constituents of matter interact amongst themselves by way
of four distinct types of fundamental interactions or fields. Gravity is the most
familiar, though it is the least important at the miniscule scales probed by particle
physics. Apart from gravity, electromagnetic interactions are responsible for prac-
tically all the phenomena that we observe in daily life. Interatomic forces that act
between atoms can be traced to the electromagnetic interactions existing among
the protons and electrons inside the atoms. Similarly intermolecular forces acting
between molecules and binding them together are electromagnetic in nature. All
forms of chemical phenomena as well as the ordinary forces of “pulling” and “push-
ing” that we encounter in daily life are examples of electromagnetic interactions.
Weak interactions are most often observed in the slow (3-decay of radioactive nu-
clei. Strong interactions are responsible for holding the quarks together inside a
nucleon and their residual effects account for the interactions between protons and
neutrons that is the nuclear binding force. Table 1.1 summarizes the forces and

the carriers of these force fields.
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TABLE 1.1

FUNDAMENTAL FORCES AND THEIR CARRIERS

Force Carrier | Symbol | Charge (e) | Spin | Mass (GeV/c?)
Strong Gluon g 0 1 0
Electromagnetic | Photon 0 0 1 0
Weak W-boson | W= +1 1 80.399 £ 0.025
Z-boson A 0 1 |91.1876 + 0.0021
Gravitational | Graviton G 0 2 0

1.3.1 Electromagnetic Interactions

The photon is the force carrier of electromagnetic interactions. It is massless,
which accounts for the long range nature of these interactions. The coupling
constant specifying the strength of the interaction between charged particles and

photons is the dimensionless fine-structure constant a given as

62

“= 4rhe

= 1/137.0360 (1.2)

The photon couples to the electron with strength y/« so that the photoelectric
cross-section is proportional to «. The field theory that is used to compute the
cross-sections and dynamics of these electromagnetic interactions is known as

Quantum Electrodynamics.
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1.3.2 QGravitational Interactions

The quantum called the graviton is thought to be the carrier of the gravi-
tational force and thus responsible for mediating the gravitational interactions,
such as those existing between planets and stars. The mass of the graviton is zero
due to the infinite range of the interactions. At present there is no self-consistent

quantum field theory of the graviton.

1.3.3 Weak Interactions

The first evidence of weak interactions lay in the nuclear ($-decay experiments
of Becquerel in 1896. Typical examples are the decay of neutrons with leptons
among the decay products. This is termed as 3~ decay. With Pauli’s suggestion
of the presence of a (anti) neutrino in these interactions, Fermi developed the
first theory of weak interactions, on the assumption that they were similar to
electromagnetic interactions. He postulated that the interaction was point-like
and used the four-fermion coupling constant G to describe the process. The 3
decays are given as follows:

n—p+e +70, (1.3)

Since weak interactions are charge-changing they seem to be mediated by a charged
quantum acting between fermionic currents. This exchange of the charged quan-
tum earned them the pseudonym of “charged current” interactions. The mediator
was called the intermediate vector boson. The postulation of another neutral
quantum that also seemed responsible for these weak interactions was confirmed
in 1973 by the discovery of the “neutral current” weak interactions. However
the extremely short range of the weak forces made it challenging enough for the

theorists to make predictions about the properties of these mediators of the weak
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interactions, except for the speculation that they had to be massive. More details
about these mediators of the weak force have been provided in Section 1.5.

The weak force is also unique because it violates parity. This was postulated
by Lee and Yang in 1956 [33]. The experiments of Wu et al. [44] confirmed that
weak interactions violate parity maximally. Parity had previously been thought to
be a conserved symmetry in any physical reaction. Interactions having the form
V — A, where V stands for a polar vector (“true” vector) and A is an axial vector
(pseudo vector), violate parity maximally. The polar and axial vectors transform
differently under parity transformation. Hence due to the V — A form of the weak
interactions, only negative helicity (left-handed) states of the leptons participate
in the weak decays. Thus in the (-decay reaction given above, only left-handed
electrons and right-handed 7, are allowed. It is tough to measure the helicity of a
neutrino directly. An indirect method is by a measurement of the muon helicity

in the pion (7" and 7~ )decay.

T —u +, (1.4)

In the 7~ decay, if the pion is at rest, both the muon and antineutrino come out
back to back. Besides since the spin of the pion is zero, the spins of the decay
products must be oppositely aligned. Therefore if the antineutrino is right-handed
the muon must also be right-handed. This is precisely what the experimental
results show [45]. Thus a measurement of the muon helicity gives an idea of the
helicity of the antineutrino. By the same token, in the 77 decay (7t — pt +v,)

the u* is always left-handed which indicates that the neutrino is left-handed.
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1.3.4 Strong Interactions

Strong interactions are responsible for the binding of quarks in hadrons. The
mediator of these quark interactions is called the gluon. It is a neutral, mass-
less, flavorless (unlike the quark flavors u, d and s) particle with a spin of 1.
Both quarks and gluons carry a “color” charge which is analogous to the electric
charge. Depending on the colors involved, quark-quark interactions mediated via
gluon exchange may be attractive or repulsive. Neither quarks nor gluons exist as
isolated particles, they exist as colorless combinations with other quarks and/or
gluons. The quantum field theory describing the strong interactions at the quark
level is known as Quantum Chromodynamics.

The electroweak theory provides a unified description of two of the above four
fundamental interactions of nature, the electromagnetic and the weak interactions.
Although both these forces appear to behave very differently at everyday low
energies, they are essentially two different aspects of the same force. As postulated
by the Standard Model, above a unification energy on the order of 100 GeV, both
the electromagnetic and weak interactions could be merged into the combined and
single electroweak interaction.

The electroweak force will be discussed in great detail in the next chapter.

1.4 The Standard Model

The theoretical framework that provides a suitable explanation for the ele-
mentary particles and the fundamental interactions that exist amongst them is
known as the Standard Model. This framework incorporates the related theories
of Quantum Electrodynamics, Quantum Chromodynamics, the Glashow- Salam-

Weinberg theory of electroweak processes [46-48| and has been very successful in
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the many experimental tests that it has undergone. One of the attractive features
of the Standard Model is that all the fundamental interactions derive from a single
general principle, the requirement of local gauge invariance.

The Standard Model thus builds up its theoretical structure on the basis of
three kinds of elementary constituents, the leptons, quarks and the mediators.
There are six leptons that fall into three families or generations naturally, on the
basis of their charge and lepton number. The charged leptons are the electron(e),
muon(u) and the tau(7), each possesses a unit of negative charge. These leptons
are accompanied by their respective neutrinos which are neutral. The v, has an
electron number of +1 just like its charged counterpart the electron. Similarly
the v, has a muon number of +1 (like the x) and the v; has a tau number of +1
(like the 7). Conservation of charge and lepton numbers are pertinent for leptonic
interactions to occur.

There are also six antileptons, consisting of the charged positron, antimuon
and antitau and their respective antineutrinos. Their charges and lepton numbers
are opposite to those of the leptons. The generations and properties of the leptons

have been given in Table 1.2.

There are six quarks which are categorized into three families or generations
on the basis of their flavors. There are six antiquarks which possess the opposite
charge and flavor with respect to their corresponding quarks. Each quark or anti-
quark comes in three colors, which we can call red, green and blue by convention.

The properties of the quarks have also been shown in Table 1.3.

Finally the mediators account for the interaction fields that the Standard

Model uses to explain the different processes that are responsible for holding all
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TABLE 1.2

LEPTONS - ELEMENTARY PARTICLES OF THE STANDARD

MODEL
Generation Leptons (spin=1/2)
Flavor | Charge(e) | Mass(GeV/c?)
1 e -1 0.511 x 1073
Ve 0 <3 x 107
2 1 1 0.1056
v, 0 <0.19 x 1073
3 T -1 1.776
Vr 0 <182 x 1073

this matter together. Every interaction has its mediator or force carrier. The pho-
ton is the mediator for the electromagnetic force, while the W= and Z bosons are
the force carriers for the weak forces. The gluons mediate the strong interactions
and there are eight of them in the Standard Model classified on the basis of their
colors.

The elementary particles and the force propagators can be seen in the Fig-
ure 1.1. We can see that gravity has not been included in the Standard Model as
yet. Hence a postulation of a quantum theory of gravity has been one of the most
interesting topics of research in particle physics for a long time now. Its incor-
poration into the framework of the Standard Model has proven to be a daunting

task.
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TABLE 1.3

QUARKS - ELEMENTARY PARTICLES OF THE STANDARD

MODEL
Generation Quarks (spin=1/2)
Flavor | Charge(e) | Mass(GeV/c?)

1 u +2/3 0.0015 - 0.0045

d -1/3 0.005 - 0.0085
2 ¢ +2/3 1-14

s 1/3 0.08 - 0.155
3 | +2/3 174.3

b 11/3 40-45

1.5 The W and Z Bosons in the Standard Model

With the emergence of the electroweak theory as proposed by Glashow, Salam
and Weinberg, physicists were was finally able to make a firm prediction for the
masses of the mediating bosons of the electroweak force field. According to the
theory there were three intermediate vector bosons, two charged (W) and one
neutral (Z°). The mass of each of the W bosons and that of the Z° was estimated
to be about 100 GeV/c?. In 1983, all three vector bosons were discovered by the
UA1 and UA2 collaborations at CERN using the Super Proton Synchrotron which
produced them directly [49]. The mass of the W was measured to be My, = 81
+ 5 GeV/c? while that of the Z was My = 95 4+ 3 GeV/c?. These discoveries

were of fundamental importance and aimed at establishing the importance of the
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Figure 1.1. The Standard Model particles and force propagators

electroweak force in the Standard Model. They helped place the validity of the

SM on a firmer pedestal.

At hadron colliders (such as the Tevatron), the W boson is produced by the
annihilation of up and down quarks. The W has an extremely short lifetime ~
10~2* seconds and possesses both hadronic and leptonic modes of decay. The

principle modes of decay of the W™ are the hadronic modes and can be given as

Wt — ud (1.5a)
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Wt —cs (1.5b)

It cannot decay into the top and bottom quarks, since the top quark is heavier

than the W. The leptonic modes of decay for W~ can be written as

W~ — 17 (1.6)

where [~ stands for e, = or 7. For the purposes of analyses, the leptonic decay
modes are cleaner than the hadronic ones. Here the leptons appear as distinct,

isolated signals in the detector.

1.6 Motivation for a Precise Measurement

In the Standard Model, the phenomenon of electroweak symmetry breaking
is responsible for endowing the W and Z bosons with mass. This phenomenon
is given a detailed treatment in the next chapter of this thesis. This symmetry
breaking is brought about by the Higgs mechanism [50] which also predicts the
existence of the as-yet-undiscovered Higgs boson. Considerable efforts are under-
way to understand the exact origins of the symmetry breaking and to prove the
existence of the Higgs boson.

Thus the mass of the W boson is an important parameter for testing the
validity of the Standard Model. Any discrepancies between the predicted and
precisely measured values of My, can lead to speculation for the existence of some
new electroweak physics, or supersymmetry, beyond the Standard Model. More
details on this have been provided in Chapter 2.

Measurements of the W mass also play a significant role in predicting the

mass window of the Higgs boson. A measurement of My, when combined with a
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measurement of the top quark mass (My,,), helps constrain the mass of the Higgs
boson (Mpiges). This is explained further in Section ?? of the next chapter. A
contour plot for the Higgs has been shown in Figure 1.2. For the current world
average values of the top quark mass at 173.1 £ 1.3 GeV and the W boson mass
at 80.399 4 0.025 GeV, the black and blue contours show the possible constraints
on the mass of the Higgs in the Standard Model with 95% and 68% confidence
levels respectively.

Detailed calculations by Marciano and Sirlin [54] show that for equal contri-
butions to the uncertainty on the mass of the Higgs boson, the W mass needs to

be known much more precisely than the top mass. In numerical terms,

AMy = 0.006 X AM,, (1.7)

where AMyy is the uncertainty on the mass of the W boson and AM,,, is the uncer-
tainty on the mass of the top quark. Given the present uncertainty of AM;,,=1.3
GeV, we see that the desired precision on the W mass is 8 MeV. However as
stated earlier, our current best estimate of AMy, stands at 25 MeV. Moreover,
recent precise measurements of the mass of the top quark [55] have become a big
motivating factor for determining the mass of the W with even greater precision.
The challenge of this single experiment measurement is to measure the W mass
up to a precision of 0.05%. This thesis describes one such precise measurement
done by the D@ experiment at Fermilab. This measurement has been done with 1
fb~! of integrated luminosity of collider data which yields about 500,000 W — ev,

events after all the event selection criteria of the analysis have been implemented.
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Figure 1.2. The contour plot showing the constraints on the mass of the
Higgs boson from My, and M,,, measurements

1.7 Past Measurements of My,

The mass of the W boson can be measured both by direct production of the
boson in high-energy colliders and also by indirect methods. The indirect methods
of measuring My, usually involve measuring the weak mixing angle (fy) and
calculating the W mass from its Standard Model predictions. This is described in
detail in the next chapter. The direct methods of determination reconstruct the
mass of the W boson that is produced “on-shell”, from its decay products.

The Tevatron is capable of producing the W boson and both the D@ and
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CDF experiments at Fermilab have measured the W mass from the data collected
during the first major run of the collider (1992-1995), commonly known as Run 1.
D@ had obtained a measurement of My,=80.483 £ 0.084 GeV [56] by analyzing
the W — ev, channel of decay in about 82 pb~! of data. CDF had analyzed
both the W — ev, and W — puv, modes of decay in about 82 pb™! of data and
obtained a measurement of My,=80.433 4+ 0.079 GeV [57].

Experiments such as the ALEPH [58], DELPHI [59], L3 [60] and OPAL [61]
that used the ete™ collider LEP-2 at CERN, have also measured the W mass
from data collected during their 1996-2000 run. The tunable energy of the eTe™
collisions coupled with the experiment’s insensitivity to theoretical models for
W production (a considerable systematic at hadron colliders) allowed them to
measure the W mass with remarkable precision. Their combined measurement
stands at My=80.376 £+ 0.033 GeV [62]. At LEP-2 the W boson was produced
in pairs (W*W~) and both the hadronic and leptonic decay modes for each W
were considered for the analyses.

A more recent measurement of My, comes from the CDF experiment in 2007.
CDF has measured the W mass with about 200 pb~! of the Tevatron data collected
during Run IT (February 2002-September 2003). Analysis of both the electron and
muon channels of the W decay has led to a measurement of My,=80.413 £ 0.048
GeV [63].

Experiments such as SLD (SLAC Large Detector) [64] and NuTeV (Neutrinos
at the Tevatron) [65] have also made indirect measurements of the W mass. Here
the W mass was determined by making precise measurements of the weak mixing
angle (Ay ). The value of 8y was used in the Standard Model calculation of the

W mass which is described in the next chapter.
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Some of the distinguishing features of direct and indirect measurements of My,

are listed below.

1. Theoretical inputs for the cross-sections (oy or oz) and branching ratios,
B(W — lv), which might get contributions from non-SM couplings, are not

required for the direct measurements.

2. The My, obtained from a direct measurement can be used to derive infor-
mation on the EW radiative corrections (explained in the next chapter).
Since the radiative corrections modify the value of the W mass, one can test
whether higher order EW corrections have any relevant impact on the W

mass or not.

3. The sources of systematic errors are different. In a direct measurement
an understanding of the acceptance and efficiency to obtain the ee/ev final
states is essential to the analysis. In indirect measurements the uncertainties

in extracting the coupling constants are the sources of systematic errors.

4. An indirect measurement is heavily dependent on the theoretical descriptions
of the production, decay and kinematics of the vector bosons. It assumes
that the theoretical models are correct in its calculations of My,. Thus a
direct measurement always helps in cross-checking the theory. Any discrep-
ancy between the direct and indirect results can lead to various speculations
and suggestive clues, even the presence of non-SM couplings or interactions
being present. These could lead to the higher order terms being required to
explain the phenomena on a theoretical footing and also help constrain the
unknown pieces. Thus a direct measurement is often an excellent means of

looking for physics beyond the SM.
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A plot of the direct W mass measurements in the past is shown in Figure 1.3.

The present world average from all these measurements stands at My,=80.399 +

0.025 GeV.
Mass of the W Boson
Measurement : M,y [MeV]
CDF-0/1 —e 80436 + 81
DO-I o 80478 + 83
CDF-II —— 80413 + 48
| x2/dof=05/2
Tevatron Run-0/I/II "‘—'—' 80432 + 39
LEP-2* —e—- 80376 + 33

World Av.* = 80399+ 25

* Preliminary

. _ I L
80400 80600
My, [MeV] July 2008

L 1
80200

Figure 1.3. A plot showing the various direct My, measurements over
the years
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CHAPTER 2

THE THEORY OF ELECTROWEAK INTERACTIONS

2.1 A Brief Introduction

The unification of the forces of electricity and magnetism was the second great
unification in physics, the first being Newton’s unification of terrestrial and ce-
lestial mechanics. In 1865, J.C. Maxwell postulated that both forces could be
unified into a single theory involving a vector field that interacts between charges
and currents. He called it the electromagnetic field. The photon (y) was in-
troduced as the massless carrier of the electromagnetic force and the Maxwell’s
equations introduced a universal constant - the velocity of light “c” - the value of
¢ was determined experimentally.

In 1967-1968 a similar unification attempt was made by Glashow, Salam and
Weinberg when they tried to show that electromagnetic and weak interactions
are really two different manifestations of the same gauge theory. This symmetry
between electromagnetic and weak interactions would be manifested at very large
momentum transfers (¢ > 10* GeV?). At low energies it is a broken symmetry
where out of the four mediating bosons of the electroweak force, the photon is
massless whereas the W, W~ and Z bosons are massive. As we have read in
Chapter 1, the W and Z have large masses indeed, ~ 100 GeV.

However, just like in the case of electromagnetism, the unbroken gauge theory

describing the weak interactions calls for the carriers of the electroweak force to
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have the same or zero mass. This is important for preserving the gauge invariance
of the interaction (we will read about this later on). The fact that the W and Z
bosons are massive (and not massless like the photon), is a sign that the “elec-
troweak symmetry” is broken. This breaking of the electroweak symmetry and
consequent assigning of masses to the W and Z are brought about by the “Higgs
mechanism”, which requires a new “Higgs field” and its accompanying Higgs bo-
son. The Higgs boson is the particle that hides the symmetry of the Standard
Model by shifting the equations in such a way that the once-massless particles
now have mass.

The unification of the electromagnetic and weak interactions by way of the
phenomenon of the electroweak symmetry breaking and the corresponding Higgs

mechanism are the subjects of discussion in the different sections of this chapter.

2.2 Early Attempts at Unification

Unlike Quantum Electrodynamics (QED), the V' — A theory of weak inter-
actions as postulated by Fermi is divergent at high energies. In Fermi’s theory
of f-decay the four fermions involved are assumed to have a contact (point-like)
interaction with the Fermi constant, G g, acting as the four-fermion coupling con-
stant. At sufficiently large energies, the theory predicts cross-sections that exceed
the limits set by the wave-theory, mainly due to the fact that Gz has the dimen-
sions of an inverse power of the energy. For details on this please refer to [2].
Hence the need to redefine the weak interactions with the help of a dimensionless
coupling constant.

The introduction of the neutral vector boson Z and thus the weak coupling

gw, to cancel out the divergences in neutral current interactions such as v.v, —
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WHW~= and ete™ — WTW™ in an effective way, helped in this redefinition.
From this it was pretty clear that the weak coupling constant gy, would have to
be similar in magnitude to the electromagnetic coupling e. From the low ¢? limit
calculations of the weak cross-sections it was estimated [2] that the approximate
masses of the W and Z bosons were of the order of 100 GeV if they were to have
the same coupling as in electromagnetism and an effective four fermion coupling
of magnitude G to help explain weak interactions at low energies.

The above was the form of an early attempt at unifying the electromagnetic
and weak forces, on the basis of the mediating W, Z bosons having the same

intrinsic coupling strength to leptons (g ~ e).

2.3  Gauge Invariance

As the quest for unification continued, profound advancements in theory were
made. In physics, a gauge theory is defined as a type of field theory in which the
Lagrangian is invariant under a certain continuous group of local transformations

(gauge transformations). We notice that the Dirac Lagrangian

£ = i7", — mi) (2.1)

is invariant under the global phase transformation given by:

b — ey (2.2)

In the above two equations 1 is the Dirac spinor wavefunction, v* is the Dirac
operator appropriate to a 4-component spinor field, d, is the derivative, ¢ is the

charge of the particle involved and 6 is the phase factor. However, if the phase
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factor is different at different space-time points, that is if 6 is a function of z* of

the form,

() — e Dy(a) (2.3)

the Lagrangian is not invariant under such a “local” phase transformation. The

Lagrangian picks up an extra term from the derivative of 6 such that
L L~ (0,057 (2.4)

In order that the complete Lagrangian be invariant under local phase transforma-
tions, the extra term in the above equation needs to be soaked up by redefining

the Lagrangian in the following way:
L = (i7" 0, — m] — (qr"9) Ay (2.5)

where A, is some new field which changes according to the local phase transfor-

mations

A, — A, +0,0 (2.6)

This “new” Lagrangian compensates for the extra term in equation 2.4 and is
locally invariant provided the newly introduced vector field A, (that couples to )
is massless. The added term in the equation 2.5 is brought about by considering
the difference between global and local phase transformations while calculating

derivatives of the fields.

D) — 1 {au + iq(@,ﬂ)] 0 (2.7)
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Here an extra piece involving 0,6 is present. If in the original (free) Lagrangian

the derivative (0,) is replaced by a covariant derivative (D,,) of the form

D, =0, —iqA, (2.8)

the gauge transformation of A, will cancel the extra term in equation 2.7 and the
invariance of L is restored.

The A, is identified as the electromagnetic potential and the Lagrangian is
recognized as the one for Quantum Electrodynamics (QED). The global phase

transformation can be thought of as multiplying ¢ by a unitary 1x1 matrix:

v — Uy, U'v=1 (2.9)

This unitary group is U(1) and hence the symmetry involved is called “U(1) gauge
invariance”. The symmetry group U(1) is a commutative group and hence QED
is an “abelian” gauge theory with one gauge field, the electromagnetic field, with

the photon being the gauge boson.

2.4 Non-Abelian Gauge Theory

In an attempt to extend and generalize the original concept of gauge the-
ory for an Abelian group, more complex phase transformations specified by non-
commuting generators were considered. A “non-Abelian” gauge theory based on
the SU(N) group was formulated by Yang and Mills in 1954 [66], with the inten-
tion of getting an explanation for strong interactions. This initial idea was not a
success as the quanta of the Yang-Mills field must be massless in order to maintain

gauge invariance but such massless particles should have had long range effects
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that are not observed experimentally.

2.5 The Electroweak Standard Model - Weinberg-Salam SU(2)xU(1) Model

A gauge theory for unifying the weak and electromagnetic interactions was
proposed by Glashow, Weinberg and Salam in 1967-1968. This theory of elec-
troweak interactions was based on the SU(2) group of “weak isospin” and a U(1)
group of “weak hypercharge”. The generators of the weak isospin are denoted
by I while the weak hypercharge is denoted by Y. In the electroweak theory the
phenomenon of “spontaneous symmetry breaking” gives mass to the gauge bosons
(which act as the force carriers or mediators in the electroweak field) all the while
preserving the renormalizability of the theory. The crucial question of renormaliz-
ability was solved by Gerard 't Hooft in 1971. The fact that gauge theories remain
renormalizable after spontaneous symmetry breaking lends credence to the theory
and its purpose.

The fundamental force carriers in the GWS theory are vector bosons and
consist of a massless isovector triplet denoted by Wu = {ngl), Wf),Wég)} for the
SU(2) part and a massless isosinglet B, for the U(1) contribution. Combinations
of these four bosons give rise to the W=, Z and photon, as we shall see.

From the equation 2.5 we have seen that the term representing the electro-

magnetic interaction in the QED Lagrangian is given by:
L=qJ"A, (2.10)

where Ji™ represents the electromagnetic current.
For the electroweak interactions, the electromagnetic Lagrangian is replaced by

two new terms, the first corresponds to an SU(2) weak isospin current ju coupling
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to the isovector triplet Wu and the second is a weak hypercharge current .J Z which
couples to the isosinglet B,,.
Thus the interaction Lagrangian in the presence of field bosons Wu and B,

can be written in the following form
L=gJ, W,+LJ'B, (2.11)

to first order. Here g and ¢’ are the coupling constants of the ju and JBL/ to Wu and
B, respectively. Thus the isospin component of the interaction can be expressed

as:

—igfu . Wu = —igx‘yy“f W;LXL (2.12)

and the hypercharge component of the interaction can be expressed as:
g .Y
iz J) By = ~igin" 5B, (2.13)

The x, are the weak left-handed isodoublets of fermions and are explained further
on in this section. The hypercharge is the “charge” of the U(1)y group and is
related to the electromagnetic charge (()) and isospin (/) by means of the Gell-
Mann-Nishijima formula as:

Y
Q=1+

o (2.14)

The isospin operators I which are the generators of the SU(2); weak isospin gauge

group satisfy the commutation relation
(11, 7] = i€ d* (2.15)
With the help of equation 2.14 the electromagnetic current can be expressed in
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terms of the isospin and hypercharge currents as follows:

JY

T =i+ o (2.16)

Here J;™ is the electromagnetic current coupling to the charge ) and .J 3 is the
third component of the isopsin current ju

Now, the physical bosons of the electroweak field consist of the charged par-

ticles W and the neutrals Z, and A, (the photon). The W are obtained from

a linear combination of the isospin components W}} and Wj while the Z, and A,

are linear combinations of the components Wi’ and B,,. Specifically, the Wj can

be expressed as:
1

W, = ﬁ(wj +W?2) (2.17)

whereas the Z, and A, can be expressed via the following combinations of Wi

and B,.
W3 —g'B
z, =90 90n (2.18)
/g2 +g/2
'W3+gB
A, =9"n 90 (2.19)

/g2 _l_gl2
Z, and A, are orthogonal i.e. < Z, | A, >=0. With the help of equation 2.16

the Lagrangian density from equation 2.11 can be written as:
L=g(JW, + JW2) + g(JiWD) + g'(J5™ — J2) B, (2.20)
Assuming J; = J} £ i.J7, the Lagrangian is expressed in terms of J; as:

L= %(J,;Wj + TPW) + T gWP = ¢'B,) + Jo™g' B, (2.21)
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Inserting the expressions for Wi’ and B, from equations 2.18 and 2.19 respectively

into equation 2.21 we obtain:

9 - - fi o i
L = E(Ju WS+ JEW) + (geosbw J, — g sm@WTM)Zu
JY
+ (g cos O J] + gsin QWT“)AM (2.22)

The term (J; W7 + JF W, ) represents the charged weak current, ( g cos 6y
Jﬁ - ¢ sin Oy, %) represents the neutral weak current term and (g’ cos Oy Jj’ +
g sin Oy, %) represents the electromagnetic neutral current term.

The A, term of the above equation can be identified with the electromagnetic

current if and only if:

g cosby = gsinby = e (2.23)

Thus the relation %/ = tan 6y also holds. Now in terms of the constant g, equa-

tion 2.22 can be written as follows:

9 ;- - 9 . e.m.
L = E(Ju W;j_—i_‘]/jwu)_'_ COS@W(J;’_SIH2HWJM )2
+ gsin Oy J;™ A, (2.24)

The angle 0y is called the weak mixing angle (or Weinberg angle). It is a funda-
mental parameter that describes how electromagnetic and weak forces mix.

The charged current (V — A) weak interactions mediated by the W=, organize
the fundamental fermions and neutrinos into left-handed isodoublets (£;) and

right-handed isosinglets (1g) which transform as

€L N 62 — eioe(a;)l—i-iﬁ(a:)-YgL (225)
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Yr — Y = eP@ Yy (2.26)

under the infinitesimal SU(2)xU(1) gauge transformations, where a(x) and (§(z)
are gauge parameters. The grouping of the fermions is shown in Table 2.1. For a
given fermionic field f, the left-handed (LH) and right-handed (RH) components

can be projected out by use of the Dirac spinor ~s:

frR=1/2(1—5)f (2.27a)
fo=1/2(1+)f (2.27b)
TABLE 2.1

LH ISODOUBLETS AND RH ISOSINGLETS OF SU(2); & U(1)y

Quarks
U c t
L (U)R or (d)R L (C)R or (S)R L (t)R or (b)R
d s b
Leptons
Ve Vﬂ Vr
L (e)r L (W)r L (T)r
e u T

The neutral current term JN¢ = J3 - sin* 6y J&™ is the weak component
of the two observed neutral interactions in terms of the new currents J:L and JB:

(with the help of equation 2.16) that were introduced into the Lagrangian of the
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electroweak field.

Thus the electroweak theory proposed on the basis of the SU(2)xU(1) gauge
groups is capable of providing a renormalizable and gauge-invariant description
of the electroweak interactions of leptons. With the help of the isotriplet vector
boson Wu and an isosinglet vector boson B,,, the theory incorporates both the
electromagnetic and weak forces along with their appropriate properties. This
model predicted neutral weak currents which were subsequently observed.

We will now take a more detailed look into the nature of the electroweak gauge
bosons. As mentioned, of the four gauge bosons, one is massless and three are
massive. In order to explain this, we need to discuss the phenomenon of the

“electroweak symmetry breaking”.

2.6 Spontaneous Symmetry Breaking and the Higgs Mechanism

In simple words, “spontaneous symmetry breaking” occurs when a system that
is symmetric with respect to some symmetry group goes into a vacuum state that
is not symmetric. When this happens, the system no longer appears to behave in
a symmetric manner.

In the Standard Model the electroweak theory undergoes a spontaneous break-
down by the introduction of the Higgs Mechanism. This mechanism is invoked in
a way that preserves the characteristics of local gauge invariance and renormaliz-
ability of the electroweak theory. A potential term (V(¢)) is introduced into the

electroweak Lagrangian as follows:

L= @~ igl - W~ LB [ ~V(0) (2.28)
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where ¢ denotes an isodoublet scalar field and the potential V(¢) is given by:

V(9) = 1261 + M9 ¢)* (2.29)

In order to preserve the gauge invariance of the Lagrangian, the field ¢ must be
an SU(2)xU(1) multiplet. The simplest choice is that of a Y=1 isodoublet given
by:

(61 +icha)/ V2

b — (2.30)
(¢34 ida)/V2

where the ¢; are the real scalar fields. If the parameters p? <0 and A >0, the

locus of the SU(2)-invariant minimum of the potential V(¢) can be given by

[\

’02

2

=

1
06 = 5(67 + 03+ 03+ 6) = % (2:31)

>

The SU(2) symmetry can now be “spontaneously broken” by assuming that the
physical vacuum is given by some specific choice of the minimum of the potential

V(e).

For example, one choice at minimum is given by:

2
O1= P2 =04 =0, ¢35 = —% v? (2.32)

The vacuum state is then given by

Po = \/g ! (2.33)

Once the system falls into this specific vacuum state this SU(2) symmetry will be
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lost or spontaneously broken. However the Lagrangian is still SU(2) invariant as
it does not care about the location of the minimum of the vacuum state.

In order to observe the impact of this choice of vacuum, we can consider
small perturbations of the fields about this minimum. These fluctuations can be

parameterized in terms of the four real fields 6, 65, 65 and A in the following way:

eiI-G(x)/v 0

2.34
V2 4 h() 230

Substituting the above form of ¢ into the equation 2.28 for the Lagrangian results
in three massless fields 6;, a term proportional to 2u?h? and a number of cross
terms proportional to (W*),00;. The three massless fields characterize the three
Goldstone bosons associated with the breaking of the SU(2)xU(1) symmetry down
to U(1)em. The Lagrangian acquires a mass term for the h field leaving the 6 fields
massless.

Thus by exploiting the SU(2) gauge symmetry of the Lagrangian with the help

of a gauge transformation of the type

the scalar field h acquires a mass —’\7”2 and it is now called the “Higgs particle”.
As discussed earlier, the Yang-Mills theory, also known as the non-Abelian
gauge theory, predicts massless spin 1 gauge bosons, which (apart from the pho-
ton) have never been observed. It was Higgs’ insight that when a gauge theory is
combined with a spontaneous symmetry-breaking model, the massless bosons ac-

quire a mass. These massive bosons (W*, Z) have been observed experimentally,

thus solving the problem.
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We now notice how the gauge bosons Wj, Wi’ and B, have acquired masses

via the electroweak Lagrangian

/

| (gl - W, = i B,)o | (2:36)

After some algebra, the mass terms can be expressed as follows:

1 _ 1
(évg)2W:WM + gvz[ng’ — ¢ B,)* + O[g'Wj + gB,)? (2.37)
The masses of the charged and neutral bosons can be identified from the above
equation by comparing it to the standard mass terms: M3 WtW =, 1M2Z?* and
L\ A2,

These comparisons yield

1
My = 59 (2.38)

for the charged W bosons. On normalizing, for the Z, and A, vector bosons one

obtains:
/W3 + B
A, = 9*27\/79,2“ with M, = 0; (2.39)
2+
W3 _ ¢B
Z,=2"1 797 Gith My =2/t g? (2.40)
92 +g/2 2

The theory now contains three massive (W*, Z) and one massless vector boson
(photon). From the above two equations the weak mixing angles can be defined

in terms of the coupling constants g and ¢’ as follows:

/
J sin 9W = J

g2 + g/2 /g2 + g/2

cos Oy = (2.41)
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This helps us in attaining a new relationship between the W and Z masses.

My 9 _
M, Jore cos Oy (2.42)

The boson A is associated with the photon, so M 4=0.

The phenomenon of the EW symmetry breaking can now be visualized in a
simple way. In the standard model, at energies high enough so that the symmetry
is unbroken, all elementary particles except the scalar Higgs boson are massless. At
a critical energy, the Higgs field slides spontaneously from the point of maximum
energy in a randomly chosen direction, causing the symmetry to be broken. Now
the gauge boson particles such as the W and Z bosons acquire mass. The mass
can be interpreted as the result of the interactions of these particles with the Higgs
field.

In the Standard Model, it is postulated that fermions, such as the leptons and
quarks also acquire mass as a result of their interaction with the Higgs field but
not in the same way as the gauge bosons do.

As an overview, electroweak interactions are described by an SU(2)xU(1)
gauge group. In the symmetric phase, the electroweak field theory predicts four
massless gauge bosons. We invoke the Higgs mechanism which breaks the symme-
try of the field yielding three massless Goldstone bosons and one massive scalar
boson. This spontaneous breaking of the SU(2)xU(1) gauge symmetry destroys
the masslessness of the gauge bosons. Three of the gauge bosons “eat” the three
Goldstone bosons and are thereby endowed with mass, yielding the W+ and Z.
The fourth gauge boson remains massless and is the photon. In addition the
theory requires the existence of a new, massive scalar called the Higgs boson.

In mathematical terms, the electroweak gauge bosons get their mass from the
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breaking of the electroweak symmetry from SU(2)xU(1) to U(1).,, caused by
the Higgs mechanism. The subscript is used to indicate that these are different
forms of U(1). The charge of U(1).,, is given by Q = Y/2 + I3 Y and I® have
been mentioned before. This non-trivial, linear combination of Y and I? vanishes
for the Higgs boson. U(1).,, is defined to be the group generated by this linear
combination, and is unbroken because the vacuum expectation value (VEV) of

the Higgs boson is U(1),, invariant (i.e. the VEV is electrically neutral).

2.7 Parameterizing the Standard Model

The three parameters, g (the SU(2) coupling constant), ¢’ (the U(1) coupling
constant) and v (the Higgs vacuum expectation value) are important for specifying
the tree level and higher order processes described by the electroweak interactions.
However these parameters are not particularly well measured. Hence we need
to express these parameters in terms of better measured quantities. The fine
structure constant «, the Fermi coupling constant Gr and the mass of the Z
boson My are usually considered. With the help of equation 2.23, the coupling

constants g and ¢’ can be linked to the constant a.

2 /
a=-2 99 (2.43)

 dmhe Awher/g? + g

Now for obtaining the Fermi coupling constant G, the form of the charged current

weak interaction for v, + e — e + v, can be parameterized as:

Lee = gw - J(lepton) - W (2.44)
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where J(lepton) = 7y*(1 + v5)e. Besides, in the example v, + ¢ — e + 1,
mediated by the W which have a coupling constant gy to the four fermions, the

matrix element for the interaction is given by

9iv
~ (2.45)
¢ + Mg,

In the low-¢? limit, the current-current interaction is effectively pointlike and the

four-fermion coupling constant Gz can be identified as

= 1i 24
2 q21—>0 (q2 + M12r)2 ( 6)
or
M?2,.G
2 WY F
= 2.47
SV (247)

Comparing equation 2.44 with the charged current component of the electroweak

Lagrangian 2.22 we obtain

Thus the Fermi coupling constant can be expressed in the following way:

9 1
GF = =
42MZ, /202

(2.49)
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2.7.1 Tree Level Value of W Mass

Substituting e = gsin 6y into the above equation we arrive at the tree level

value of the mass of the W boson:

2, /9\ /2 92 1/2
Mys = oV fi‘z (2.50)
8GF SGF Sin HW
Inserting e*=4rhca ~ 47/137 and Gr = 1.166 x 107> GeV~2 we obtain:
T 1 V2374 GeV
Mos — _ or4 Gev 2.51
we (\/EGF sin? HW) sin Oy (2:51)

to be compared with the first approximate estimate of the My, given from equa-
tion 2.47 where in the limit gyy=e, we have M2, = % and hence M+, Z ~ 100
GeV.

It can also be shown that in the simplest gauge model (of Weinberg and Salam)

with a single doublet of Higgs scalars that

My + 75 GeV
My = = 2.52
27 cos Ow  sin 20y, (2.52)

Thus there is one free parameter in this model, namely 6y, which determines
the ratio of the couplings g and ¢’ or equivalently the relative magnitude of the
cross-sections for the charged and neutral current reactions.

The values of o, Gr and My are shown in Table 2.2. The value of any other
measurable combination of these three parameters such as sin®#y can be com-
pared with its predicted value, thus testing the validity of Standard Model with

the help of these parameters.
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TABLE 2.2

PARAMETERS OF THE ELECTROWEAK SM AT TREE LEVEL

Parameter Measured Value Precision

o 1/137.0359895(61) 45 x 10
Gr 1.16637(2) x 1075 (GeV)~2 | 1.7 x 107

My 91.187(7) GeV 7.7 % 1075

2.7.2  Higher Order Contributions to W Mass

At higher orders additional contributions from the masses and couplings of the
fermions as well as the Higgs boson are added onto the theoretical predictions for
the mass of the gauge bosons (My,, M). These extra contributions are termed as
the radiative corrections and their inclusion is by means of higher orders in pertur-
bation theory. As a result they are a potential source for changing the predictions
for the observables as well as the relationships between them. Beyond the tree
level estimate, the W mass expressed in terms of the higher order contributions

that it includes is given as follows:

9 e’ 1 1

My, = 2.
W 2G sin? Oy (1 — Ar) (2:53)

where in the “on-shell” scheme [54, 67] both masses are measurable quantities,

cos Oy = —— (2.54)

Here Ar signifies the contribution due to the radiative corrections. Two important

contributions to Ar are those from the Higgs boson and the fermion masses. These
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are shown in Figure 2.1. The first shows a one-loop correction to the W due to
the virtual top and bottom quark loops. This contribution to Ar oc M? - M? and

can be expressed in the following way:

—3Gp M2, M2
Ary ~ 2 2
8v2m2(M3 — M3,)

(2.55)

after neglecting terms of order M?/M?. The second figure shows the W radiating
and then reabsorbing a Higgs boson. The contribution from this process is Ar o
In Mpiggs, lowering Myy.

In conjunction with a measurement of the top quark mass the Standard Model
predicts My, up to a 200 MeV uncertainty [51, 52] due to the unknown mass of
the Higgs boson.

Thus using the parameters of the Standard Model and the theoretical frame-
work as an input and taking into account the higher order contributions from the
radiative corrections, a value of My, can be obtained. An experimental determi-
nation of the W mass can be compared with the theoretically calculated values,
thus providing a test of the theory at the quantum level. If there are new particles
that couple to the W, they may give rise to additional corrections to the W. For
example the Minimal Supersymmetric Model (MSSM) can increase My, by up to
250 MeV [68]. Thus any significant deviations of My, from its Standard Model
prediction could signal the presence of non Standard Model physics.

A disrepancy beyond the limits set by the Standard Model could be a signal
of new physics. The challenge is to measure the W mass to a precision of 0.05%
in order to be sensitive to these corrections.

Hence a measurement of the W mass is extremely important not only as a

rigorous test of the Standard Model but as an excellent probe when searching for
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some new physics.

Figure 2.1. The higher order contributions to the radiative corrections
for the W mass
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CHAPTER 3

W/Z BOSON PRODUCTION AND DECAY

3.1 A Brief Introduction

At the center-of-mass energy /s=1.96 TeV of the colliding protons and anti-
protons, the W and Z intermediate vector bosons (V') are primarily produced by
the annihilation of valence quarks and antiquarks. This is referred to as a hard-
scattering process [69]. During the interaction the initial proton and antiproton
break up and the fragments hadronize. Figure 3.1 shows the lowest order diagrams
for the ut (dd) — Z and ud (ud) — W+ (W ™) processes, the simplest forms of
the hard scatter. However the initial state quarks can also radiate gluons which
are usually soft, but could be highly energetic from time to time and give rise to
hadron jets. Due to the fragmentation and hadronization of the partons subject
to momentum conservation, there is a hadronic recoil in the direction opposite to
the vector boson and its decay products.

The cross sections for these hard-scattering processes from hadron collisions
can be computed at the parton level. Scattering processes at high energy col-
liders can consist of either “hard” or “soft” contributions or both. For “hard”
processes that involve large momentum transfer, e.g. V' or Higgs boson produc-
tion or high pr jet production, the rates and event properties can be explained

quite precisely using the theories of perturbative QCD [70]. For “soft” processes
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’ A

Figure 3.1. Lowest order diagram for the W and Z production

such as the emission of soft gluons and multiple parton interactions, the rates and
properties lie outside the regime of perturbative QCD and are dominated by non-
perturbative QCD effects. These are not adequately understood at the moment
and are described by phenomenological models.

The cross-sections required for modeling the production and decay of the vector
bosons are introduced in this chapter. In order to present the complete production
dynamics of the vector bosons in pp collisions, the contributions from the parts
describing the hard-scattering process (by means of perturbative physics) and
those describing the soft processes (by means of non-perturbative physics) have

been outlined below.

3.2  Vector Boson Production

For a complete description of the production dynamics of the vector bosons,
we need to know the differential production cross-section in terms of the mass

@, rapidity y, and transverse momentum gz of the produced vector bosons. For

49



purposes of convenience (especially while generating events as discussed in Chap-

ter 11), we factorize this into:

Ao d*o do

5 X — (3.1)
qudde dgydy Q2=M3, d@

in terms of the g7, y and @) of the bosons. Here dfj; o represents the
T

Q2 M2
differential cross-section for the boson production and " represents the mass

spectrum.
For pp collisions, the vector boson production cross-section is given in terms
of the parton cross-section ¢;; convoluted with the parton distribution functions

(PDF) fi(z,@Q?) and summed over the parton flavors i, j. Thus

%o
dgzdy

d?6; J

-3 / d, / dny filan, @) ffan, Q%) X Olsar, — Q) Gt (32)

Here f;(x,) represents the probability density for finding a parton with flavor a
in hadron A with momentum fraction x,, whereas f;(z;) gives the probability
density to find a parton of flavor b in hadron B with momentum fraction xy.
d?6; j/dqidy represents the differential cross section for these partons to undergo
the hard-collision process. The momentum fractions x, and x; are defined as the
ratio of the longitudinal momenta of the partons to those of the incoming parent

hadrons. Thus,

Lg = Qa/PA7 Ty = Qb/PB (33)

where ¢, and ¢, are the longitudinal momenta of the quarks and P, and Pg are

the longitudinal momenta of the hadrons (protons or anti-protons).
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The components of momenta of the incoming partons can be written as
(2p,0,0, —xp) (3.4)

where /s = (P4 + Pp).
If the proton direction is defined to be along +z-axis, then the energy and

momentum of the vector boson (V') can be written as:
By = (74 + ) (3.5a)

PV = ?(l’a - .Tb) (35b)

where /s=1.96 TeV is the center-of-mass energy of the pp collision.

Several theoretical groups [71, 72] have computed dza/dq%dybz:M‘gV using a
perturbative calculation [73] in the high-¢r regime and a non-perturbative resum-
mation formalism [74, 75] in the low-gr regime.

The parton cross-section can be written as:

*6 a9
dgady — 4ms

{ / I T W) xe S +Y (3.6)

where 6 is the tree-level parton cross-section, § is the center-of-mass energy of the
partons and [ is the impact parameter in transverse momentum space. W and Y
are the perturbative terms, while S parameterizes the non-perturbative physics.
The square of the parton center-of-mass energy, s, is related to the corresponding
center-of-mass energy, s, by:

§ = z,1p8. (3.7)
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Now in the notation of Ref. [71],

S = {gl + gﬂn(i)} I? + g1g3In(1002,25) 1 (3.8)
2Qo

where Qg is a cutoff parameter and x, and x, are the momentum fractions of
the intial state partons. The form of the function S is motivated phenomenologi-
cally and the parameters g;, g» and g3 have to be determined from experimental
datasets.

We shall see in Chapter 11 that the hard-scattering process that produces the
vector boson can be described by perturbative QCD [76] to a point that there
is relatively good agreement between theoretical predictions and measured cross-
sections. However problems arise when the perturbative corrections from real and
virtual gluon emissions (by the quarks/gluons) are computed. Soft (low energy)
gluons or final state partons that are emitted collinear with the initial parton
cause a double logarithmic divergence of the perturbative expansion. These large
contributions to perturbative diagrams in which the emitted partons are soft or
move in collinear groups and communicate over long distances while carrying small
momentum fall in the regime of non-perturbative physics. This requires a separate
treatment, most of which is derived on the basis of phenomenological models at
present. More information on these divergences is presented in the section on the
transverse momentum of the gauge bosons.

After generating the kinematics of the W /Z boson, the mass dependence of
the production cross-section needs to be folded in. The line shape of the vector
boson is not exactly easy to describe analytically. A Breit-Wigner curve with a
mass dependent width is used to model the line shape of the resonance. However

in pp production, the mass spectrum differs from the strict Breit-Wigner resonant
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line shape of the partonic cross-section due to the variation of the parton flux with

the parton momentum. Hence the mass spectrum is given by:

do Q?
e G 1 R R W

(3.9)

The intrinsic width of the W is I'yy = 2.09840.048 GeV [77]. The function £,4(Q)

is called the parton luminosity and is given by:
2Q ax 2 2 2 1
X, e @)@ 5. @) (3.10)

The parton luminosity is evaluated by generating W — ev events using Monte-
Carlo event generators (e.g. PYTHIA, REBSOS) interfaced with parton distribu-
tion functions and subjecting them to the same kinematic and fiducial criteria as
for the collider data W and Z samples.

The variables d*c/dg2dy and do/dQ are treated as probability densities for

generating the four-momenta of the vector bosons as we shall see in Chapter 11.

3.3 Determination and Use of the Parton Distribution Functions

The parton distribution functions include the contribution from the soft pro-
cesses (i.e. where the momenta of the emitted gluons are much less than that of
the vector boson). Hence they are derived from experiment while the cross sec-
tions (6; ;) are calculated in QCD perturbation theory. The MS definition [76, 78]
is in terms of operators and is independent of any particular physical process.
These parton distributions then appear in the QCD formula for any process with
one or two hadrons in the initial state.

Currently the most comprehensive derivations of the parton distributions are
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being done by the CTEQ [79] collaboration in the U.S.A. and MRST [80] group in
the U.K. These groups perform a global fit to the data from various experiments
with the help of a parameterization for the PDFs at some standard factorization
scale (ug).

The CTEQ 6.1 version of the PDFs [81] does a twenty parameter fit to the
world data and obtains a set of parameters that are orthogonal to each other.
Each parameter is varied by a positive and negative one-sigma deviation to give
rise to a pair of PDFs. A set of 40 PDFs (20 pairs) is generated in this way over
all the parameters. The variations are based at the 90% confidence level. The
central set of the parameters (obtained from the fit) is referred to as the central
PDF set for future purposes. In the FAST MC the central PDF set is used for
generating the W and Z events and the 40 PDF sets are used for estimating the
systematic errors associated with the PDFs.

Given some set of values for the parameters describing the PDF's at 119, namely
faja(Zq, 1i§), one can determine f,4(,, ?) for all higher values of p by using the

evolution equation [76].

3.4 Transverse Momentum of the Gauge Bosons

The initial momenta of the colliding quarks that undergo hard scatter and
produce the vector (W/Z) boson is not known. Hence we cannot reconstruct
a Lorentz-invariant mass for W — erv decays. A knowledge of the transverse
momentum distribution of the W boson (p¥') is necessary for measuring its mass
from the kinematic distributions.

We can measure the W boson pr spectrum indirectly by measuring ur, the

summed pr of all the particles that recoil against the W boson. Momentum
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conservation requires the W boson pr to be equal and opposite to uy. However
the precision of the W7 measurement is insufficient, especially for small values of
tr, for constraining the W spectrum as tightly as is necessary for a precise W
mass measurement.

Thus, other data sets need to be used for constraining the model. Just like
the rapidity distribution, one can calculate the pr distribution of the produced
vector boson. Theoretical calculations provide a formalism to describe the boson
pr spectrum, but it includes g1, g2, g3 at low pr (Eqn. 3.8) and perturbative QCD
at high pp.

Like Drell-Yan lepton pairs, most W and Z bosons (collectively referred to as
V') are produced with relatively little transverse momentum, i.e., pr << My. In
the lowest order Drell-Yan mechanism, the colliding partons are assumed to be
exactly collinear with the colliding hadrons, and so the vector gauge bosons are
produced with pr=0 only. This approach does not take into consideration the
intrinsic (non-perturbative) transverse motion of the quarks and gluons inside the
colliding hadrons, nor of the possibility of generating large transverse momentum
by recoil against additional energetic partons produced in the hard-scattering.

At low transverse momenta (pr), the intrinsic transverse motion of the partons
inside the colliding hadrons, kr ~ Aqcp, cannot be ignored (Aqep is the scale
parameter in QCD theory [2]). Thus effects of multiple soft gluon emission in
the initial or final state of the interacting partons could dominate the low pr
distributions of the vector bosons. In theoretical terms, these effects are of order
Q.

The dominant contribution to the production cross-section of the vector bosons

comes from the leading order (LO) quark-antiquark annihilation partonic process
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qq — V, the first diagram of Figure 3.2. The next-to-leading-order (NLO) partonic
processes are ¢ — Vg and gg — V¢ (Compton scattering) as shown in the second
and third diagrams of Figure 3.2. Their contribution to the physical cross-section
turns out to be rather large and cannot be ignored at low py. Besides, processes
where soft interactions occur along with hard interactions need to be understood

for comparisons to the perturbative predictions.

Q

o
<
o
<

Ql
Q

Figure 3.2. Feynman diagrams for (a) LO, and (b,c) NLO partonic
processes contributing to the vector boson production

The measured pr distribution of the lepton pairs from Drell-Yan in fixed target
pN collisions is well parameterized by assuming a Gaussian distribution for the kp
with (kr) ~ 700 MeV. However this data clearly shows evidence of a hard power-
law tail, which can be attributed to the momenta of one or more hard partons that

could have been emitted (perturbative contribution) from higher-order processes
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like q¢ — Vg and gq — Vi, etc.

The matrix elements for these annihilation (¢¢ — V' ¢g) and Compton scattering
(9qg — Vq) processes can be computed with the help of their Feynman diagrams
and the transverse momentum distribution of the V' boson do/dp% can then be
obtained by convoluting these matrix elements with the parton distribution func-
tions in the usual way.

A major problem lies in the fact that the lowest-order perturbative contribution
to the pr distribution defined in this way is singular as pr — 0. This is because the
final state partons become soft and/or are emitted collinear with the initial-state
partons. In addition, higher-order contributions from processes like ¢g — V gg are
also singular when the final-state gluons become collinear. The former singularity
appears as logarithmic terms of the form log(py/My ) which start to diverge as pr
and My become very disparate (i.e. pr << My ). The perturbative descriptions
of these processes thus break down in these non-perturbative regimes.

In order to describe the phenomena observed at high-energy colliders and to
estimate genuine non-perturbative effects correctly (in pr distribution at pr <<
My), the large logarithimic terms are brought under control by the “resummation”
technique. This is an alternate approach to the systematic determinations of the
higher and higher orders in the perturbative expansion of a particular observable.
This approach can prove to be very useful under a different set of conditions than
a fixed-order approach.

Resummation is an analytical approach in which the dominant contributions
from each order in perturbation theory are singled out and “resummed” with the
help of an evolution equation. Various methods for performing resummations are

available [82-86].
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The RESBOS program [87] is one such publicly available program that provides
NLO resummed predictions at low values of the transverse momenta (pr) of the
bosons, for processes such as W, Z, vy and Higgs boson production at hadron-
hadron colliders. At high transverse momenta of the bosons (pr > 50 GeV) the
perturbative QCD calculations are reliable for dealing with the emission of hard
partons. The hard (perturbative) and intrinsic (non-perturbative) contributions
can be combined using a convolution integral in transverse momentum space, to
yield a theoretical prediction that is valid for all values of pr [71, 72, 88]. This
allows RESBOS to describe the perturbative and non-perturbative regions of the
partonic processes correctly, with the aid of the py-resummed perturbative QCD

calculations for these Drell-Yan processes.

3.5 Vector Boson Decay

The W and Z are massive gauge bosons and have very short lifetimes ( ~
1072* sec). They decay dominantly into two fermions. Thus the Z boson can
decay into a quark-antiquark pair or into a pair of leptons, keeping the lepton
number conserved. Similarly the W boson can decay into a lepton pair (lepton
number is conserved) or into a quark-antiquark pair. The lepton and neutrino
pair, namely [7; or [y, is known as the leptonic channel. The quark-antiquark pair
qq is known as the hadronic channel.

As the decay of W bosons into fermions has been well studied and understood
to proceed via the standard V' — A coupling of the charged current, it is possible
to predict the angular distribution of the decay fermions if the helicity of the W
boson is known. At lowest order the W boson is fully polarized along the beam

direction due to the V' — A coupling. The resulting angular distribution of the
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charged lepton in the W rest frame is given by:

do

o *\ 2
Toostr & (1 —MAgcos®") (3.11)

where A is the helicity of the W with respect to the proton direction, ¢ is the
charge of the lepton and 6* is the angle between the charged lepton and proton
beam directions in the rest frame of the W boson. In the rest frame of the W, the

fermions are produced back-to-back and so the energy of each is half of the mass

of the W.
+z +z
u d d u
S S_ S_ S
q q q q
<« e
S S
w+ w+
- < —_— —_—
S S S S
e+ v v e+
- —_—» - e
pe+ pv pv pe+

Figure 3.3. Illustration of the spin states for W production and decay.
The left plot is for a W+ produced with valence quarks while the right
plot is for a W™ produced with sea quarks
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Figure 3.3 shows the polarization of the W produced in pp collisions. Since the
weak interactions are left-handed, the spin of the quark is directed opposite to its
momentum (left-handed) while the spin of an antiquark is along the same direction
as its momentum (right-handed). Most of the time during the production of a
W, the valence quark comes from the proton and the valence antiquark from the
antiproton so that the spin of the W points along the direction of the incoming
antiquark. The helicity A=-1. In the event that the W is made from sea quarks,
there is a 50 % chance that the quark comes from the antiproton and the antiquark
from the proton so that the resulting W points in the direction of the proton and
A=1.

Radiation from the decay fermions or the W boson, known as final-state radia-
tion, can bias the mass measurement. If the decay electron radiates a photon that
is well separated from its parent so its energy cannot be included in the electron
energy, or if the on-shell W boson radiates a photon and becomes off-shell at the
time of its decay, the measured mass will be biased low. The energy spectrum
and angular distribution of these final state photons are studied and are included
as electroweak radiative corrections in the energy of the decay products up to
next-to-leading-order «, while simulating the W events.

Radiation by the initial interacting quarks or the W, if the final W is still

on-shell, does not affect the mass of the fermion (ev) pair from the W decay.
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CHAPTER 4

THE EXPERIMENTAL APPARATUS

4.1 A Brief Introduction

The experimental apparatus used for this precise measurement of the W mass
consists of the multi-purpose particle detector at the D@ experiment at Fermi-
lab. Fermilab is home to the Tevatron - the most powerful operational particle
accelerator in the world at present. It is a synchrotron that accelerates beams
of protons and antiprotons to 99.99999954 % of the speed of light around a ring
of four-mile circumference. Beams of protons and antiprotons, each of energy ~
1 TeV (10'2 eV), travel in opposite directions through a vacuum pipe, mostly
surrounded by superconducting electromagnets which bend the beam through the
circular tunnel.

The two beams collide at the centers of two 5,000-ton particle detectors po-
sitioned around the beam pipe at two different locations inside the tunnel. The
collision point BO is the location of the CDF (Collider Detector at Fermilab) ex-
periment, whereas the D@ experiment derives its name from its collision point.
Both of these hadron collider physics experiments scour the debris of these highly
energetic collisions, looking for signs of interesting physics and discoveries that
could roll back the frontiers of knowledge.

The collisions occur every 396 ns at enormously high energies, with a center

of mass energy (FE.,, or y/s) of 1.96 TeV. Thus they recreate conditions similar

61



to those present at the very early stages of the universe (moments after the Big
Bang) and thus probe the structure of matter at a very small scale.

There are more than 1,000 superconducting magnets inside the Tevatron,
which operate at -268° Celsius temperatures and produce magnetic fields much
stronger than those of conventional magnets. The various types of magnets help
to bend, focus and steer the beams in the beam pipe along the tunnel

The different accelerators in the Fermilab complex which contribute to the
Tevatron’s operation at these extremely high energies are described in this chapter.
The D@ detector which helps physicists find the occurrence of interesting collisions
and records them on tape for many an interesting analysis later on is described in

details here.

4.2 Fermilab’s Accelerator Chain

Fermilab uses a series of accelerators to create the world’s most powerful par-
ticle beams. The first step involves creating proton and antiproton beams with
hydrogen gas. Upon enough accumulation and consequent acceleration up to en-
ergies of 150 MeV | both the beams are loaded into the Tevatron. The Tevatron
accelerates them further, up to energies of 1 TeV each, before allowing them to
collide at the center of the two detectors, CDF and D@. Figure 4.1 shows a layout
of the different accelerators in the chain and their contributions to the production
and acceleration of the protons and antiprotons, at various stages of the process

are outlined below.
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Figure 4.1. A general layout of Fermilab’s accelerators chain

4.2.1 The Cockcroft-Walton Generator

The Cockeroft-Walton pre-accelerator provides the first stage of acceleration.
Here hydrogen gas is ionized to create negative ions, each consisting of two elec-

trons and one proton. The ions are accelerated by a positive voltage and reach an

energy of 750 keV.

4.2.2 The Linear Accelerator (LINAC)

The negative hydrogen ions enter a linear accelerator (Linac). It is approxi-
mately 155 meters long and it accelerates the hydrogen ions up to 400 MeV by
means of oscillating electric fields. Just before entering the Booster, the ions pass
through a carbon foil, which strips off the electrons from the ions thus leaving

only the protons.
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4.2.3 The Booster

The third-stage accelerator is the Booster. It is a circular accelerator that
bends the proton beams into a circular path. The protons coming in from the
Linac travel around the Booster some 20,000 times. With each revolution, the
radio-frequency(RF) cavities in the booster provide an accelerating force to the
beam. By the end of the acceleration cycle, the energy of the protons is boosted

up to 8 GeV.

4.2.4 The Main Injector

The Booster delivers protons to the Main Injector. The Main Injector com-
pleted in 1999, has become an essential part of Fermilab’s accelerator complex for
accelerating and transferring beams. It has four primary functions that support

the Tevatron Collider.

1. It accelerates protons from 8 GeV to 150 GeV before injecting the beam

into the Tevatron.

2. It produces protons of energy 120 GeV and delivers them for antiproton

production.

3. It contains the Recycler (storehouse for cooling and storing antiprotons),

receives antiprotons from it and accelerats them to energies of 150 GeV.

4. It injects protons and antiprotons into the Tevatron for further acceleration

of up to 1 TeV.
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4.2.5 The Antiproton Source

Producing antiprotons is a difficult and expensive undertaking. The antiproton
source consists of three major components and Figure 4.2 is a pictorial represen-

tation of it.

1. The Target Station - Antiprotons are produced by irradiating a Nickel target
with a beam of 120 GeV protons from the Main Injector every 1.5 sec. For
every one million protons that hit the target, only about 20 antiprotons at
energies of 8 GeV, survive to be stored in the Accumulator. The antiprotons
are focussed into a beam line by a Lithium lens. The beam from the lens
consists of several other particles besides antiprotons, hence the antiprotons
are separated by sending the beam through a pulsed magnet which acts as

charge-mass spectrometer.

2. The Debuncher - The beam in the Main Injector is accelerated using radio-
frequency sources(RF), hence it is “bunched” by the time it is incident at
the target station. The antiprotons produced are also bunched, but they
possess a large spread in energy which is undesirable for the accelerators
downstream of the target station. Thus the function of the Debuncher is
to shape the beam so it possesses a narrow energy spread and large time

spread.

The Debuncher receives the low energy antiprotons at a different phase of
the RF than the high energy ones, due to the difference in path lengths
around the accelerator. This difference in RF phase causes the low energy
particles to be accelerated while the high energy particles are decelerated.
Subsequently the energy spread is reduced and the time spread is increased

in this way. The debunching process takes about 100 milliseconds.
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3. The Accumulator - This device accumulates the antiprotons by the momen-
tum stacking of the successive pulses of antiprotons from the Debuncher
over several hours or days. Both the RF and stochastic cooling systems (a
technique used to reduce the transverse emittance of the beam) are used in
the stacking process. The Accumulator is capable of cooling and storing the
antiproton beam over many hours. It also transfers the antiprotons to the

Recycler periodically, for additional cooling and accumulation.

Transfer

A ceumulator

o4
41 GeV'

Target Protons
Station

«——
Debuncher

Figure 4.2. The different components of the antiproton source
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4.2.6 The Recycler

Since 2005 the Recycler has become the sole storage ring for the antiprotons
used in the Tevatron collider. The operational role of the Antiproton source
at present, is confined to producing the antiprotons and transferring them to
the Recycler periodically. The Recycler is 3.3 km in circumference located in
the Main Injector tunnel, directly above the Main Injector beamline. It uses
permanent magnets to store antiprotons at 8 GeV. It has an electron-cooling
system which mainly reduces the longitudinal emittance of the beam by “mixing”
the antiprotons with a continuous 4.3 MeV beam of electrons. These electrons
are provided by a Pelletron accelerator adjacent to the ring. The electron beam,
with a current of up to 0.5 Amperes and power of up to 2 MegaWatt, travels for
approximately 20 m along the same path as the antiprotons, and is then sent back
to the Pelletron for recirculation. The electrons interact with the antiprotons,
cooling the beam and reducing the spread in longitudinal momentum. The beams
are improved since the antiprotons that are traveling too fast are slowed down as
they bump into the electrons and the slow antiprotons are sped up as they are hit
by faster electrons. The Recycler injects the antiprotons into the Main Injector

for acceleration up to energies of 150 GeV.

4.2.7 The Tevatron

The Tevatron receives the protons and antiprotons at energies of 150 GeV from
the Main Injector and accelerates each beam to 980 GeV before colliding them.
The Tevatron tunnel is buried 8 meters below grade, underneath an earthen berm.
Its more than 1000 super-conducting magnets operate with the help of about

200,000 adjustable parameters. They operate at - 450° Fahrenheit and produce
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magnetic fields of 4.2 Tesla. The dipole magnets bend the particle beam so that it
stays within the beam pipe during its orbit, while the quadrupole magnets focus
particle beams confining them into a thin line inside the beam pipe. Correction
magnets are used for the fine-tuning of beam orbits, thus providing extra focus or
horizontal and vertical steering of the beam.

The beam delivered by the Tevatron comes in “bunches” which are spaced
according to the RF frequency of 53 MHz. Thus each bunch is said to occupy
a RF “bucket” of about 19 ns duration. There are 1113 RF buckets around the
Tevatron and thus each turn takes about 21 ms (1113 x 18.87 ns). Each of
the beams consists of 36 bunches and is split into 3 trains of 12 bunches each.
Each train of bunches is also called the “super bunch”. In a train, each bunch is
separated by the next by 21 RF buckets or 396 ns, or 3 BS (beam sync) ticks.
Here 1 BS tick corresponds to 7 buckets. Two subsequent trains are separated by
a gap of 20 BS ticks or 140 buckets or 2.64 us. Thus for each turn of the beam
there are 159 BS ticks. During Run I, the beam structure consisted of 6 bunches
each of protons and antiprotons, separated by a 3.5 us gap. This gap was used for
developing the trigger and sampling the detector baselines before the next beam
crossing. Figure 4.3 shows the bunch structure for Run I and Run II.

When colliding, the beams are focussed by collimators into a cross-sectional
area of 5 x 107° cm? at the center of each detector. The length of the luminous
region is described by the factor §* and is about 30 cm.

The Tevatron has had an excellent history of performance. It has undergone
two major upgrades, in 2003 and 2006, in order to maximize the integrated lu-
minosity delivered to the CDF and D@ experiments. During its run from April

2002 to February 2006 it has delivered about 1.55 fb~! of integrated luminosity to
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Figure 4.3. Tevatron bunch structure for Run I and Run II data taking
periods

D@. This is also referred to as the Run Ila data taking period of the experiment.
The peak luminosities delivered by the Tevatron have more than doubled after
the luminosity upgrade in 2006. Peak luminosities of 300 x 103 cm™2 sec™! are
the order of the day now. The data taking run starting in June 2006 has been
termed as the Run IIb of the experiment and more than 6.0 fb~! of data has been
delivered by June 2009, during this run.

This precise measurement has been performed with 1.0 fb~! of data recorded
during the D@ Run Ila data taking period.

More details on the technical aspects and operation of the Tevatron are given

in [89] and [90].
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Figure 4.4. Total integrated luminosity delivered by the Tevatron and
recorded by D@ during Run II

4.3 The DO Detector

The DO detector is a multipurpose detector made up of specialized sub-
detector systems. In simple words, this detector can be envisioned as a camera
that is capable of taking snapshots of the debris that results from the collisions of
the highly energetic protons and antiprotons at the center of the detector, every
396 ns. The collision of a proton bunch with an antiproton bunch at the Tevatron
is called an “event”. Since each of these collisions produce myriads of particles,
some of them could prove to be new and extremely interesting for searches of new
physics. Particle physicists sift through this debris of particles to look for signa-
tures of the Higgs boson or other signs of physics beyond the Standard Model. In

order to do this a complicated, algorithm-based, decision-making tool known as
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the “trigger system” is used for deciding on how interesting an event is. The inter-
esting events are recorded and stored on tapes to be used for offline analyses in the
near future. The “trigger system” is described in detail later. A cross-sectional
view of the D@ detector as installed in the collision hall is given in Figure 4.5.
A more detailed description of the Run IT D@ detector from a construction and

technical point of view, can be found in [91].
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Figure 4.5. Cross-sectional view of the D@ Run II detector as viewed
from inside the Tevatron ring
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The importance of the sub-detectors lies in the fact that the information de-
livered by each one of them when put together, helps in an accurate identification
of the various particles that are formed as a result of the proton-antiproton col-
lisions. The chances of mis-identification are significantly lowered. The central
tracking detectors, the uranium-liquid argon calorimeters and the muon spectrom-
eters are the major sub-systems that constitute the D@ detector. The central
tracking system includes the Silicon Microstrip Tracker (SMT) and the Central
Fiber Tracker (CFT) within a 2T solenoidal magnetic field. The SMT helps iden-
tify the secondary vertices from b-quark decays while the magnetic field enables
a measurement of the energy to momentum ratio (F/p) for purposes of lepton
identification and calorimeter calibration. The calorimeters provide identification
and energy measurements for electrons, photons and jets and also measure the
transverse energy balance in events. The calorimeter consists of a central part for
measuring the energy of particles emitted in the central region of the detector and
two end parts for covering the forward regions of the detector. Each part consists
of the electromagnetic and hadronic sections.

In the region between the solenoid and central calorimeter (CC) lie the Central
Preshower (CPS) detectors which help detect the early parts of the shower devel-
opment and thus improve identification of electrons, photons and jets. Similarly
the Forward Preshower (FPS) detectors are placed in the forward regions near the
end calorimeters (EC).

The muon detecting system consists of the central and forward muon sub-
systems. The central muon system consists of scintillation counters to improve
muon triggering and proportional drift tubes (PDT) for tracking purposes. The

forward muon system consists of mini drift tubes (MDT) and the pixel scintillation
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counters that are resilient to radiation damage. Additional shielding from the
beam pipe is also present. The muon toroidal magnets play an important role
in the functioning of the detectors. The central and the two end iron toroids are
mounted on the platform.

The SMT, CFT and calorimeters are cylindrical in shape and were mounted
to be concentric around the beryllium beam pipe. The latter has a thickness of
0.508 mm, an outer diameter of 30.1 mm and is 2.37 m in length. The SMT is the
innermost detector, surrounded by the CFT which in turn is surrounded by the
calorimeters. The muon detectors are large, consisting of scintillator counters and
drift tube chambers. They surround the calorimeter on all sides. Each of these

sub-detectors is described below in more detail.

4.3.1 Calorimeter Coordinates

The calorimeter and tracking systems are the important detectors for this
measurement of the W mass. The DO detector uses a right-handed coordinate
system that has its origin at the geometric center of the detector. The +z axis is
along the direction of travel of the proton beam. The +y axis is directed upwards.
The +x axis is horizontal and points out of the Tevatron ring. A cylindrical
coordinate system is used to describe the geometry of the detector, in that the
radius “r” is used to denote the distance of the point from the geometric center of
the detector, the angles ¢ and # are measures of the azimuthal and polar angles
respectively.

A commonly used variable for locating polar coordinates is called the “pseu-

dorapidity”. Two types of pseudorapidity are defined, 74 and 7ppys. In both
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cases:

6
n = —Intan 3 (4.1)

For n4et, the angle 6 is measured from the origin of the detector whereas for npys,
the 6 is measured from the primary interaction vertex. The primary vertex may
be located up to £+ 60 cm up or down the beampipe from the origin of the detector.

The pseudorapidity n = —In[tan(f/2)], approximates the true rapidity y =
iIn[(E + p.c)/(E — p.c)], for finite angles in the limit that (mc?/E) — 0. The
term “forward” is used for regions at large |n|, while the term “central” is usually
used for |n| < 1.2 (or 1.0 in some cases).

The large reduction in the bunch spacing (396 ns) in Run II as compared
to the 3.5 pus in Run I required a significant upgrade of the readout electronics
for the front-end signals of the various sub-systems of the D@ detector. The
calorimeter preamplifiers and pulse-shaping electronics have been upgraded and
all the electronics for the muon system have also seen change. The trigger system
has also undergone significant upgrade, with the introduction of three full trigger
levels to cope with the high collision rate and new hardware has been added to
identify the displaced secondary vertices for b-quark tagging. The design and
performance of the various sub-systems of the D@ detector is described in the

sections below in greater detail.

4.3.2  The Silicon Microstrip Tracker (SMT)

The Silicon Microstrip Tracker is the innermost tracker. It provides tracking
and vertexing almost over the entire pseudorapidity coverage of the calorimeter
and muon systems. It consists of silicon detectors which are p-n junction diodes

operating at reverse bias. Two classes of beam interactions drive the design of
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the SMT. The high-py processes give rise to highly collimated jets. These jets
produce high track densities within the interaction region of length ~ 25 cm.
Thus the length of the interaction region sets the length scale of the device, a
long detector is necessary for achieving good high-pr acceptance. On the other
hand, QCD and B-physics produce lower pr tracks that extend into regions of
high pseudorapidity. To detect these tracks, disk geometries are placed in the

forward region. An isometric view of the SMT detector is shown in Figure 4.6.

F-DISKS
p-side: +15°

Figure 4.6. The barrel and disk design of the Silicon Microstrip Tracker

Six barrel-and-disk modules are used to measure tracks with low psuedora-

pidity (|n| < 1.5). Each of the 12 cm long barrels has readout layers of silicon
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detectors, each silicon module is called a “ladder”. The ladders are arranged in
four layers, two staggered and two overlapping sub-layers. A “F” disk with 12
double sided wedge detectors caps each barrel at high |z|. The barrels and disks
yield » — ¢ and r — z measurements for an efficient 3D track reconstruction in
the central region. The two end modules of three F disks combined with four
far forward, large-diameter “H” disks provide good resolution for tracks at high
pseudorapidity. Twenty four full wedge detectors consisting of two back-to-back
single sided “half” wedges, are mounted on each H-disk. This design should keep
momentum resolution less than 10 % at 1 GeV/c and impact parameter resolution
to within 30 pum out to |n| < 3.

The five different detector types used in the SMT are shown in Table 4.1.
The 4 inner barrels have 90° double sided double metal (DSDM) and 2° stereo
double sided (DS) sensors. Double sided detectors are used to minimize material
in the tracking volume. The two outer barrels have single sided (SS) and 2° stereo
double sided (DS) sensors. This is done in order to avoid a degrading resolution
of small angle tracks where the charge deposition would tend to be distributed
over many strips. The ladders are mounted and aligned to 10-20 pym between
two precision machined Beryllium bulkheads. These bulkheads are equipped with
cooling channels. The F disk wedges are comprised of 12 wedges of double sided
stereo sensors and each H disk consists of 24 wedge assemblies, each with two
back-to-back single sided detectors. The barrels and F disks are mounted on 2
carbon fiber cylinders which meet at the interaction point in the detector. The H
disks are mounted separately on carbon fiber cylinders.

There are approximately 800,000 readout channels from 912 readout modules

of the SMT. Figure 4.7 shows the chain of electronics reading out the SMT detec-
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tor. The SMT is readout by the custom-made 128-channel SVXIIe chips. These
readout chips are held by the High Density Interconnectors or HDIs, these are as-
semblies of flex circuits laminated to the Be substrates. The SVXIIe chip performs
preamplification, analog delay, digitization and data sparsification. Its features are
a readout speed of 53 MHz and downloadable ADC (analog-to-digital converter)
ramp, pedestal and bandwidth settings. The SVXIle is manufactured using the
1.2 pm UTMC radiation-hard technology [92]. The preamplifier integrates the
input charge for a train of beam bunches and resets during the inter-bunch gaps.
This charge is delivered to a 32 cell analog pipeline. Upon a Level 1 trigger ac-
cept, a double correlated sampling ! is performed on the appropriate cells before
the analog information is sent for digitization. The digitization provides 8 bits of

ADC information every 2.4 us. Please refer to [93] for more details on this.

The SVXIlIe sequencers send data from the silicon ladders and wedges to the
VME readout buffer (VRB) memories viz optical link fibers. The VRBC (VRB
controller) controls the operation of the VRBs with the help of the trigger infor-
mation via the Serial Command Link (SCL). The SCL (Serial Command Link)
carries all the trigger information required by the sequencers and VRBs to operate
in a DO RunlI environment for data acquisition.

Upon a Level 2 trigger accept, a Single Board Computer (SBC) mounted on
the VRB crate collects the data from all the VRBs and sends them to the Level
3 for readout and storage to tape. The second SBC present on the VRB crate is

called the Power PC and is responsible for slow monitoring and calibration.

Double correlated sampling is the process of subtracting the analog baseline pedestal value
from the signal being measured.
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TABLE 4.1

SMT DETECTOR TYPES (MODULE: LADDER OR WEDGE)

Location Module| Stereo Pitch No. of | Chips/| No.
type | angle(®) | (um) mod- | Mod of
ules HDI
L1,L3 (outer barrels) | SS 0 50 72 3 72
L1,L3 (inner barrels) | DSDM | 0/90 50/150 | 144 3/3=6 | 144
L2,L4 (outer+inner) | DS 0/+2 50/60 | 216 5/4=9 | 216
F-disks DS +15/-15 | 50/60 | 144 8/6 | 288
H-disks ss +7.5/-7.5 | 50/50 | 96 6/6 | 192

4.3.3 The Central Fiber Tracker (CFT)

The CFT is the other main component of the central tracking system. It
consists of scintillating fibers mounted on eight concentric support cylinders, has
an inner radius of 20 cm and an outer radius of 52 cm from the center of the
beampipe. The two innermost cylinders are 1.66 m long, to accommodate the
forward H-disks of the SMT, the other six cylinders are 2.52 m long. The outer
cylinder provides coverage for n < 1.7. Each support cylinder is double walled
with a 0.25 inches thick core of Rohacell [94]. Carbon fibers impregenated with
40 % resin were used for constructing the walls of the cylinders. Two doublet
layers of scintillating fibers are mounted on each cylinder. The first doublet layer
is aligned parallel to the beam direction (z) whereas the second layer is oriented
at a stereo angle in ¢ of +3° (u) or -3° (v). Layers of fiber that are oriented along

the beam direction are referred to as the axial layers while those at an angle of 4+
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