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Abstract

A search has been performed for a new charged heavy vector boson produced in
pp collisions at /s = 1.8 TeV and upon observing no significant excess, limits on
the cross section times branching fractions, o(pp — W') - B(W' — puv), are set at
95% confidence level. Assuming that this new boson has standard model strength
couplings, this search excludes a W’ boson with mass less than 660 GeV/c? at 95%

confidence level.
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Chapter 1

Introduction

Pinky, are you pondering what I am pondering?

~from Pinky and the Brain

This thesis describes a search for a new charged heavy vector boson, generically
known as a W' boson, decaying to a muon and neutrino pair. The existence of
such bosons has been predicted by extensions of the paradigm describing elementary
particles and the known forces, the standard model. In this chapter, theoretical
motivations for the W’ boson search are briefly described. The first sections discuss
the standard model of the electroweak interaction and the left-right symmetric model,
a particular extension of the standard model. These are followed by descriptions of
the expected production and decay properties of a W’ boson. Finally, the results

from previous searches and the outline of this thesis are described.

1.1 A Brief History of the Standard Model

The development of the standard model of the electroweak weak interactions can be
traced to the hypothesis of the existence of the neutrino by W. Pauli in 1933 [1].
After the neutrino postulation, E. Fermi proposed his theory of 3 decay, the process
by which a neutron decays to a proton, an electron, and a neutrino [2]. Subsequent
discoveries of processes such as muon decay, which have a comparatively long lifetime

similar to # decay, spurred the identification of a new class of interaction, the weak



interaction.

The parity non-conserving nature of the weak interactions was first proposed by
T. D. Lee and C. N. Yang in 1956 as a way to resolve the “6 — 7 puzzle” [3], the
observation that a K meson could decay into two final states with opposite parity.
Their hypothesis was confirmed shortly after by C. 5. Wu et al. with the observation
of parity violation in § decay [4]. Also, it was shown that neutrinos are purely “left-
handed,”! which implied that parity is violated maximally in weak interactions [5].
The parity non-conserving nature of the weak interactions eventually led to the for-
mulation of a phenomenological theory, referred to as the V — A theory, that described
this force as having both a vector (V') and an axial-vector (A) component with equal
strengths but opposite sign, i.e. V' — A [6]. The V — A interaction involves only the
left-handed fermions, hence the V — A nature of the interaction is also referred to as
left-handed.

It was understood earlier that a physical system invariant under certain symmetry
transformations has associated it a set of conservation laws. The gauge symmetry
(or the local symmetry) is a symmetry with respect to a space-time dependent gauge
transformation and a theory with such property is known as a gauge theory. The
simplest gauge theory is quantum electrodynamics. The unification of the weak in-
teractions with electromagnetism was first suggested by J. Schwinger [7]. Later, S.
L. Glashow proposed a model with an SU(2) x U(1) gauge symmetry [8], where the
interaction associated with the SU(2) representation acts only on the left-handed
fermions. This theory lacked renormalisability because the vector boson masses were
put into the theory by hand.? A similar attempt was made by A. Salam and J. C.
Ward a few years later [9]. Finally, a renormalisable theory with the Higgs mecha-
nism of spontaneous symmetry breaking that generates the vector boson masses was
proposed by S. Weinberg and A. Salam [10]. This is what became known as the
“standard model” of the electroweak interaction.

Despite its enormous successes in describing electroweak phenomena, most notably

!The left-handedness refers to the negative helicity, where the helicity is defined as the projection
of the spin of the particle on the direction of the motion of the particle.

2A theory is called renormalisable if infinities can be isolated and removed from the physically
measurable quantities.



the correct prediction of the properties of the W and Z bosons, the force carriers of
the weak interactions, the fact that the V' — A structure is put into the theory by

hand is quite unsatisfying.

1.2 Left-Right Symmetric Model

The standard model does not explain the reason why the weak interaction has a V — A
structure. Naturally, attempts have been made to extend the standard model to
include a possible V' 4+ A interaction that allows parity conservation. In these models,
the observed V — A nature of the weak interaction is a result of the natural suppression
of the strength of the V + A interaction due to heavy right-handed charged vector
bosons. In this section, the mechanism by which the breakdown of a symmetry leads
to masses for the vector bosons for the standard model and the left-right symmetric

models is discussed.

1.2.1 Symmetry Breaking in the Standard Model

The Lagrangian of the gauge theory in the standard model and its extensions can be
written as

L= Egauge + Efermion + ﬁYukawa + EHiggSv (11)

where L ;4,4 1s the Lagrangian for the gauge fields, £ serpion 1s the Lagrangian for the
interactions between gauge fields and fermion fields, Ly ygawa 1S the Lagrangian for
the fermion fields and Higgs fields interaction, which gives rise to the fermion masses,

and Lpg4s 1s the Lagrangian for the Higgs fields. The Higgs term is written as
'CHiggs = |DM(I)|2 - V((I))7 (1-2)

where D, is a covariant derivative, ® is the Higgs field, and V(®) is the Higgs poten-

tial. The covariant derivative D, is written as

Duzau—gT-Au—%

2 Bp,7 (13)



where g and ¢’ are the coupling constants associated with the SU(2);, and the U(1)y
components of the electroweak interactions, respectively, A, and B, are the gauge
field triplets of SU(2);, and the singlet of U(1)y, respectively, and 7/2 are the SU(2)
generators, the Pauli spin matrices.

The Higgs field is a doublet of a complex field

o (%) »

and the Higgs potential V(®) is chosen to have a minimum

o= () s

where v is a real number denoted as the vacuum expectation value for the Higgs
field. This non-vanishing vacuum expectation value implies that the vacuum is usu-
ally not invariant under the SU(2) x U(1) symmetry, thus the symmetry is broken

“spontaneously”. By replacing ® with &'+ ®q, one gets a gauge field mass term from

EHiggs
v
8
where W* = (A; F iAg)/ﬂ are the W boson fields. The fields in the second term

are identified as the Z boson field

"W T W0+ (g A3, — 9'B,)°], (1.6)

1
Z, = 72(9‘43# —¢'B,). (1.7)
9 +9g
Then the mass term becomes
1 1
§MV2VW+MW_“ + §M%ZMZ“, (1.8)

where My, = %vg and My = %v\/gz + ¢’*. The photon field is orthogonal to 7, and

is massless. The weak mixing angle (or Weinberg angle), fy, is defined as

12

M\ 2
in? ¢ 597:1—(—) 1.9
sin” Oy 714 M, ) (1.9)



which is the unification condition for the electromagnetic and weak interactions.
The masses of the gauge bosons therefore depend on three parameters; ¢, ¢,

and v. These parameters can be inferred from measurements of G, the Fermi cou-

pling constant, «, the electromagnetic coupling constant, and sin® #y,. Therefore, the

masses of W and Z bosons were predicted reasonably well before their discoveries in

1983 [11, 12, 13).

1.2.2 Symmetry Breaking in Left-Right Symmetric Model

Within the framework of a gauge theory, the idea of the left-right symmetry in the
electroweak interaction was realised as the left-right symmetric model based on the
gauge group SU(2)y, x SU(2)r x U(1)p—r, [14]. This model has an appealing feature:
the U(1) generator, B — L, baryon number minus lepton number, has a physical
significance and suggests a deeper symmetry between quarks and leptons.®

The Higgs fields required to break the symmetry are not unique in the left-right
symmetric model. The simplest form of the left-right symmetric model requires three
Higgs field multiplets, which are usually denoted as Ay, Agr, and ®, to break the
SU2), x SUR2)gr x U(1)g—r, down to the U(1)gp. Here, Ar(AyL) controls the
right(left)-handed sector of the theory and ® serves to connect left- and right-handed
fermionic multiplets and to give the fermions mass after the symmetry breaking.

The SU(2);, x SU(2)r x U(1)p—1, symmetry is broken down in the following pat-
tern: SU(2)p x SU2)r x U(l)p_r, — SU2)r, x U(1)y — U(1)gan. The first stage
of the symmetry breaking gives the masses to Wx and Zp bosons, which are bosons
in the right-handed sector corresponding to the standard model W and Z bosons,
respectively. The subsequent stage of the symmetry breaking gives the masses to the
W and Zp bosons, which are equivalent to the standard model W and Z bosons,
respectively. Because the symmetry breaking pattern dictates that the vacuum ex-
pectation value for Ar, which contribute to the Wgr boson mass, be greater than those
for Ay and ®, which contribute to the Wy, boson mass, the Wg boson is expected to
be heavier than the Wy boson. The observable (physical) states of charged bosons

3The weak hypercharge Y in U(1)y of the standard model is introduced to assign the correct
electric charge.



are expected to be a linear combination of Wy and Wx bosons. However, the mixing
angle should be small and the W7 and Wg bosons approximately coincide with their
respective physical states.

Besides the additional vector bosons and multiple Higgs bosons, an important
aspect of the left-right symmetric model is the existence of non-zero mass neutri-
nos. Because the right-handed neutrinos exist in the left-right symmetric models, the
neutrinos obtain masses through the symmetry breaking. In the case that neutrinos
are Majorana particles (i.e. particles that are antiparticles of themselves), the left-
handed neutrino and the right-handed neutrino can have distinctive masses and the
right-handed neutrino can be heavy enough to forbid V + A interactions involving
neutrinos [15].

Although the left-right symmetry based on an SU(2) group was motivated by
“philosophical” considerations as it is aesthetically more gratifying, one can also
obtain SU(2); x SU(2)g from theories based on higher gauge symmetries. For
example, in a grand unified theory based on SO(10), SO(10) may break down to
SU2)p, x SU(2)r x U(1)p_r, as an intermediate stage.

1.3 Production and Decay of a W' Boson

The production of a W’ boson in a pp collision is similar to that of a W boson.?

The Lorentz-invariance and renormalisability of the vector boson coupling requires
the matrix element for the W'-fermion-fermion coupling shown in Figure 1.1 to have
the form of .

M = —%Wéﬁ/}ﬁa(a + bys)h;Ur,, (1.10)
where ¢gpr is the coupling constant for the right-handed sector, ¢ and b are con-
stants, and Upg,, is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element con-

necting fermions ¢ and j for the right-handed sector. It is assumed that gp is the

same as ¢ (= gr,) of the standard model and the CKM matrix for the right-handed

4The mixing angle is assumed to be zero throughout this thesis and, thus, Wx and Wy bosons
are regarded as physical bosons.

>Unless noted otherwise, from here on Wgr and W bosons are referred to as W’ and W bosons,
respectively.



w’
Figure 1.1: W'-fermion-fermion coupling.

sector is the same as that of the standard model.?

The partial width of a W’ boson to a quark pair ¢; and ¢; is

Cl2 + bz NcGFM%VMW’

Iy =
J 9 6\/5

Ui I, (1.11)

where N, is the color factor, which is three for the standard model as well as the

manifest left-right symmetric model. One can define A as

(1.12)

where ¢ = 1 and b = —1, i.e. A? = 1, for the standard model. For the left-right
symmetric model where the coupling strength for the right-handed sector is the same
as that of the left-handed sector, A2 = 1.7 This case will be referred to as “the
standard model strength” couplings from here on.

The lowest order production mechanism for a W’ boson in a pp collision is quark
and anti-quark annihilation as shown in Figure 1.2. The differential production cross

section for a W' boson is

do, _ 4y .
@(pp — W’ _I_ X) = 3M3 / Z xixj%’ (l‘i, Mgvl)q?(l']‘, MI%V/)Fija (113)
7

5The left-right symmetric model with the identical CKM matrices for both left- and right-handed
sectors is referred to as the manifest left-right symmetric model.

“The A? can be absorbed into the definition of gg, but it is used as a measure of the coupling
strength for the left-right symmetric model in the literature.



Figure 1.2: The lowest order W’ boson production Feynman diagram in pp collisions.
A W' boson is produced from a quark-antiquark annihilation and decays into a pair
of fermions.

where ¢%(x;, Mj},/) is a parton distribution, or probability distribution, of a quark
type ¢ with a momentum fraction x; calculated at the scale M3, in a hadron type a.
The rapidity, y, of the W’ boson is related to the momentum fractions, x; and x5, of

quarks by
MW/

T12 = \/g

where /s is the center-of-beam energy of the pp system.

ety

, (1.14)

The total production cross section of a W’ boson is shown in Figure 1.3 at
/s = 1.8 TeV assuming the standard strength couplings and the CKM matrix. The
cross section was calculated with CTEQ4A1 parton distribution function set [16], as
discussed in Section 5.1.

The measurement reported in this thesis is an upper limit on the production cross
section of a W’ boson times its branching fraction to a muon and neutrino pair for
a given W’ boson mass. In order to convert it into a limit on the W’ boson mass,
the branching fraction has to be calculated. Figure 1.4 shows the branching fraction
of possible decay channels of a W’ boson for standard strength couplings, which
includes the W’ — tb decay channel with a top quark mass at 176 GeV/c? [17]. The
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Figure 1.3: The production cross section of a W’ boson for standard strength couplings
in pp collisions at /s = 1.8 TeV. The #f production cross section (M; = 176 GeV/c?)
is also shown for comparison [17].

branching fraction for the individual lepton decay channel approaches 1/12 as the W’
boson becomes heavier. In calculating the branching fractions, it was assumed that
the boson pair decay channel, W' — W Z, is very small and can be ignored. In fact,
the W' — W Z decay channel is substantially suppressed in extended gauge models
and its branching fraction is independent of a W’ boson mass [18]. The total width
of the W’ boson used in this analysis was determined assuming the standard strength
couplings, and also accounted for the top quark contribution. Figure 1.5 shows this
total width as a function of the W’ boson mass.

The choice of the W/ — pr decay channel in this thesis was motivated by the
large size of data available compared to that for the previous search with the same
decay channel (see Section 1.4). With ~ 25 times more data, this search can extend
the limit by a large amount.

There are three different W’ — pr decay scenarios, depending on the right-handed
muon neutrino mass: 1) The neutrino is light and stable. The W’ — ur decay is
similar to the W — pv decay. 2) The neutrino is heavy but lighter than a W’ boson
and is most likely to decay inside the detector volume. In this case, the “neutrino

signature” in the decay is lost. 3) The neutrino is heavier than a W’ boson. All lepton
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Figure 1.4: The branching fractions for a W’ boson to various decay channels as a

function of the W’ boson mass. The decay channel W’ — ¢¢’ does not include the
W' — tb channel.

decay channels are completely closed if neutrinos of other lepton families are as heavy
as the muon neutrino. In this case, a W’ boson predominantly decays hadronically.

In this analysis, a W’ boson corresponding to case 1) is searched for.

1.4 Previous Searches

A W’ boson has been searched for directly by looking for the decay products of the bo-
son. The DO collaboration has set a lower mass limit by searching for W/ — ev events
and concluded that My, > 720 GeV/c* for My > M, and My > 650 GeV /c?* for
1/2Mw: < M, at 95% confidence level, where the v decays into an electron and two
jets [19]. For the W’ — pv decay channel, a lower mass limit of My > 435 GeV /c?
at 95% confidence level has been set by the CDF collaboration [20]. The dijet decay
channel was used to set limits of My > 261 GeV/c? at 90% confidence level at UA?2
and 300 < My < 420 GeV/c* at 95% confidence level at CDF [21, 22]. These direct
searches assumed the manifest left-right symmetric model.

In addition to direct searches, limits on Wx bosons have been placed indirectly

from the absence of V' + A currents in low energy phenomena. Using a polarized u™*
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Figure 1.5: The full width of a W’ boson as a function of its mass.

beam at TRIUMF ® the relative et rate at the momentum end point in a direction
opposite to the pt spin was measured. This yielded the mass limit of 406 GeV/c?
at 90% confidence level assuming a massless right-handed neutrino [23]. Also, us-
ing muons produced in KT — ptv decay that subsequently decayed into etv.v,, a
search has been made for V + A currents at KEK.” This yielded a limit varying from
Myw, > 303 GeV/c* to My, > 653 GeV/c* at 90% confidence level, depending on
the assumption made on the right-handed sector [24].

Theoretical studies have attempted to constrain My, using various experimen-
tal and theoretical inputs. For the manifest left-right symmetric model, My, was
constrained to be My, 2 0.3-1.4 TeV [25].

The mass My, has also been constrained from the observation of neutrino flux
from a supernova. If a right-handed neutrino is light (M,, < 10 MeV/c*) and it has
a charged-current coupling, it can be produced inside the core of a supernova via the
process ezp — vrn. By observing the neutrino flux from the supernova 1987A, one
can exclude 3.7-6.7 < My, /My, < 280-500 in the absence of W;, — Wg mixing [26].

Although these searches have all produced null results, the recent results from

8Tri-University Meson Facility.
YKEK stands for K¢ Enérugi gashokki Kenkusho or literally means the high energy accelerator
laboratory.
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the Super-Kamiokande experiment have shown evidence that neutrinos are not mass-
less [27]. The non-zero neutrino mass, as mentioned earlier, is one of the consequences
of the left-right symmetric models, suggesting the possibility of the existence of a W’

boson.

1.5 Outline of Dissertation

This dissertation describes a new search for a W’ boson decaying to a muon and
neutrino pair, extending the sensitivity of the earlier W’ — uv search. The data used
for this analysis come from a data sample of pp collisions recorded by the Collider
Detector at Fermilab over a three-year period. A new technique is used to extract
the limits on producing such events, in which the expected yields of W’ — uv events
were normalised with respect to the expected yields of W — pv events.

The remainder of this thesis is organized as follows. Chapter 2 gives an overview of
the experimental apparatus, the Tevatron Collider and the CDF detector. Chapter
3 describes W/ — uv event signatures and event selection criteria followed by the
efficiency calculation of the event selection criteria in chapter 4. Chapter 5 describes
the Monte Carlo simulations to generate W and W’ events and to model the detector
response. Chapter 6 describes the estimation of backgrounds in the event sample. In
chapter 7 the search method, the search results, and the technique used to extract

the limits are detailed. The conclusions of this study are discussed in Chapter 8.
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Chapter 2

The Experimental Apparatus

The apparatus used in this experiment consists of two major parts. The Tevatron,
a proton-antiproton collider, provides the counter-rotating proton and antiproton
beams that collide with a center-of-mass energy (1/s) of 1.8 TeV. The Collider De-
tector at Fermilab (CDF), a general purpose particle detector designed to study pp
collisions at the Tevatron, detects and records these collisions.

In this chapter, the Tevatron is briefly described followed by detailed description
of the CDF detector.

2.1 The Tevatron Accelerator

Figure 2.1 shows the schematics of the Tevatron collider complex. In order to obtain
900 GeV counter-rotating proton and antiproton beams, protons and antiprotons are
accelerated in several stages.

First, extra electrons are added to hydrogen gas to make H™ ions. These ions are
then accelerated to an energy of 750 keV by a Cockroft-Walton accelerator. The ions
are then injected into a 175 m long linear accelerator (linac) that accelerates the ions
to 400 MeV, bunching them at the same time. The ions are passed through a thin
carbon foil that strips off their electrons, resulting in a proton beam. The protons
are then injected into a circular booster of 75 m radius and emerge with an energy of
8 GeV.

For antiproton production, protons are injected into the Main Ring and are
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Figure 2.1: A schematic of the Tevatron collider complex (not drawn to scale).
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boosted to an energy of 120 GeV. The Main Ring is a proton synchrotron 6.3 km
in circumference. The protons are kept in a circular orbit using 1000 conventional
magnets that bend and focus the beam. The protons are then extracted and directed
to an antiproton production target, consisting of nickel. Negatively charged particles
coming out from the target as a result of the collisions of protons with the target are
passed through a bending magnet. Only negatively charged particles with an energy
of 8 GeV are collected and transported to the Debuncher, where the particles other
than antiprotons are removed after a few cycles. The Debuncher also reduces the
momentum spread of the beam and stochastically “cools” the beam. The Debuncher
has sensors that measure the momentum spread of the beam and send a signal to
a “kicker” on the other side of the Debuncher that gives corrective “kicks” to the
beam to reduce the spread. After cooling, the antiproton beam is injected into the
Accumulator where the beam is cooled even further and stored for later injection into
the Main Ring.

When there are enough antiprotons (typically 5 x 10* antiprotons) in the Accu-
mulator, protons are no longer directed to the antiproton target but are accelerated
to 150 GeV in the Main Ring. The proton bunches are coalesced further and then
injected into the Tevatron. The Tevatron is a proton synchrotron with ~ 1000 su-
perconducting magnets housed in the same tunnel as the Main Ring. The process
is repeated five more times resulting in six bunches of protons spaced symmetrically
in the Tevatron. Then antiprotons are injected into the Main Ring from the Ac-
cumulator and are accelerated to 150 GeV. Antiproton bunches are also coalesced
into a single bunch and the bunch is injected into the Tevatron rotating opposite to
the direction of the protons. This process is repeated five more times. The proton
and antiproton beams are then accelerated to 900 GeV resulting in counter-rotating
proton-antiproton beams with six equally spaced bunches each. The proton and an-
tiproton bunches pass through each other at six interaction regions in the Tevatron,
labelled AQ through FO. The CDF detector is located at the B{) interaction region.
A second detector DO is located at the D@ interaction region. A proton-antiproton

collision has a center-of-mass energy (1/s) of 1.8 TeV.
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2.2 Overview of the CDF Detector

The Collider Detector at Fermilab (CDF) is a general-purpose detector designed to
study the results of pp collisions at /s = 1.8 TeV. It is almost cylindrically symmetric
with respect to the beam line and also is forward-backward symmetric along the
beam line with the center of the detector located at the nominal pp collision point. It
consists of several layers of different detector subsystems that are designed to measure
the various aspects of particles produced in the collisions. An isometric view of the
detector is shown in Figure 2.2.

Figure 2.3 shows a schematic view of a quadrant of the CDF detector along with
the coordinate system, (z,y,z), employed in this study. The z-direction is defined
to be the proton beam direction and the z-direction is defined to be pointing out
of the Tevatron ring. The polar angle, 8, and the azimuthal angle, ¢, are defined
with respect to the z direction. One useful variable to describe the pp collisions is

pseudorapidity, n, that is defined as
0
n = —In(tan 5), (2.1)

with § measured from either the nominal pp collision point, i.e. z = 0, or the actual
pp collision point.

The nominal pp collision point is surrounded by a beryllium beam pipe 3.8 cm
in diameter and tracking detectors that measure the position of the collisions and
the momenta of the charged particles produced in each collision. They are immersed
inside a 1.4 T magnetic field generated by a solenoid 5 m long and 3 m in diam-
eter consisting of 1164 turns of NbTi/Cu superconductor. The tracking system is
described in detail in Section 2.3.

The tracking detectors are surrounded by the calorimeter systems that measure
the electromagnetic and hadronic energy flow from the pp collision points. Behind the
calorimeter systems are drift chambers comprising the muon systems that detect the
muons that penetrated calorimeters and other materials. The calorimeter systems

and the muon systems are described in detail in Sections 2.4 and 2.5, respectively.
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2.3 The Tracking Detectors

The CDF tracking system consists of the silicon vertex detector (SVX), the vertex
time projection drift chamber (VTX), the central tracking chamber (CTC), and the
central drift tube array (CDT).

The SVX [29, 30] is designed to detect charged particles close to the interaction
points enabling the precise measurement of the proton-antiproton collision point as
well as secondary vertices that result from b-quark decays. The SVX information
is also used to determine the momenta of charged particles in conjunction with the
CTC. Originally the SVX was installed in 1992 and was replaced by an improved
version, the SVX', in 1993.1

The SVX consists of two identical cylindrical modules. An isometric view of one
of the SVX modules is shown in Figure 2.4. Fach module has four layers of silicon
microstrip detectors concentrically arranged from 3.0 cm to 7.9 cm away from the
beam line. For the SVX', the inner most layer is located 2.9 ¢cm from the beam line.
The SVX active region is 51 cm long, with a 2.15 cm gap at z = 0 where two modules
are joined.

Each layer consists of twelve “ladder” modules spanning about 30° in ¢ and aligned
parallel to the z axis. The adjacent ladder modules overlap each other slightly to
ensure that the detector provides complete coverage in ¢ to charged particles, with
the exception of the inner most layer of the SVX, which has 1.26° gaps in ¢ between
the adjacent ladder modules. Fach ladder module is made up of three single-sided
silicon microstrip detectors that are 8.5 cm long and ~ 300 gm thick with the strips
running in the z direction. These three detectors are electrically connected with
“microbonds”. The silicon strips have a pitch of 60 pm for three inner layers and
55 pm for the fourth layer. The SVX has a total of 46080 readout channels. The
average spatial resolutions are 13 pm for the SVX and 11.6 ym for the SVX’, and the
resulting impact parameter resolutions for the high transverse momentum track are
17 pm for the SVX and 13 pym for the SVX’. In the analysis presented here, the SVX

is used to determine the position of the beam line and the particle track positions.

IThe SVX will refer to both the SVX and SVX’, unless noted otherwise.
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Figure 2.4: Isometric view of one of the two SVX barrels. The barrels are joined at
the dummy-ear sides with an effective gap of 2.15 cm between active regions.

The SVX and the beam pipe are surrounded by a set of vertex time projection
drift chambers (VTX) [31]. The VTX measures the r-z position of particle tracks
and is used to determine the z position of the pp interaction vertex with a resolution
of approximately 2 mm. The VTX consists of 28 4-cm long octagonal time projection
chamber modules with outer radii of 22 ecm and covers 280 cm in z direction. Each
chamber module has a high voltage grid that divides it into two equal length drift
regions.

The Central Tracking Chamber (CTC) [32] is a 3.2 m long cylindrical drift cham-
ber with inner and outer radii of 31 cm and 132 cm, respectively, and mounted outside
the VI'X. It consists of 6156 sense wires grouped into 84 layers arranged in nine su-
perlayers labelled 0 to 8. Figure 2.5 shows one of the CTC endplates, which illustrates
the wire mount slots. In a given superlayer, the sense wires define cells that are elec-
trically separated. There are five axial superlayers (0, 2, 4, 6, and 8) whose wires
are parallel to the beam line, with each consisting of 12 layers of sense wires. There
are four stereo superlayers (1, 3, 5, and 7) whose wires are canted +3° with respect

to the beam line providing r-z information. The stereo superlayers have 6 layers of

19



sense wires. There are 30, 42, 48, 60, 72, 84, 96, 108, and 120 cells from superlayer 0
to 8, respectively.

Each cell consists of sense wires surrounded by field wires and and potential wires
in between each sense wire. The sense wires are made of 40 ym diameter gold-plated
tungsten. The field wire voltages control the strength of the drift field whereas the
potential wire voltages control the gas gain on the sense wires. The cells are arranged
such that the electric field inside the cell is approximately 45° with respect to the radial
direction. This ensures that the drift direction is almost perpendicular to the radial
direction when the electric field is 1350 V/cm and the magnetic field is 1.5 T in the
gas mixture consisting of 49.6% of argon, 49.6% of ethane, and 0.8% ethanol. Three
additional wires are located strategically to keep the drift field inside the cell uniform.
When a charged particle deposits ionisation in the cell, the maximum drift distance
of the ions for both axial and stereo superlayers is less than 40 mm corresponding
to a maximum drift time of ~ 800 ns. The r resolution is < 0.2 mm per wire
while the z resolution is less than 4 mm. The transverse momentum resolution is
opr/pr ~ 0.001py, where pr is measured in units of GeV/c.

The Central Drift Tube (CDT) array is located outside of the CTC and consists
of an array of drift tubes operating in the limited streamer mode. The CDT provides

r-¢ information but is not used in the analysis described in this thesis.

2.4 The Calorimeters

The CDF calorimeter system consists of several electromagnetic and hadronic sam-
pling calorimeters covering |n| < 4.2 with electromagnetic calorimeters placed in
front of the hadronic calorimeters relative to the nominal pp collision point. The
calorimeters are segmented into 1-¢ projective “towers”, each pointing back to the
nominal pp collision point. The central region (|n| < 1.1) of the detector is cov-
ered by the calorimeters with scintillator active layers; the Central Electromag-
netic (CEM) calorimeter, the Central Hadronic (CHA) calorimeter, and the Endwall
Hadronic (WHA) calorimeter. The higher |n| regions are covered by gas chamber

active layer calorimeters; the Plug Electromagnetic (PEM) calorimeter, the Plug
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‘ Calorimeter ‘ |n| coverage ‘ active ‘ absorber ‘ Thickness ‘ Energy Resolution ‘

CEM 0—1.1 scintillator Pb 18 X | 137%/VE @ 2%
PEM 1.1 —2.4 | gas chamber | Pb 1821 Xy | 22%/VE @ 2%
FEM 2.2 —4.2 | gas chamber | Pb/Sb 18 X, 26% /v E © 2%
CHA 0—0.8 scintillator Fe 4.7 Ao 50%/\/@ D 3%
WHA 0.7—1.3 scintillator Fe 4.5 X 75%/@ D 4%
PHA 1.3 —2.4 | gas chamber Fe 5.7 Xo 106%/VE @& 6%
FHA 2.4 —4.2 | gas chamber Fe 7.7 Xo 137%/VE & 3%

Table 2.1: Summary of coverage and energy resolution of the CDF calorimeters. The
thickness is given in radiation lengths (Xy) for the electromagnetic calorimeters and
absorption lengths (Ag) for the hadronic calorimeters. The energy in the resolution
formulae is in units of GeV.

Hadronic (PHA) calorimeter, the Forward/backward Electromagnetic (FEM), and
the Forward/backward Hadronic (FHA) calorimeter. The features of these calorime-
ters are summarized in Table 2.1.

The CEM [33] covers |n| < 1.1 and consists of two arches, with 24 modules in each
arch with each module subtending in 15° in ¢. Fach module is further segmented into
10 projective towers with equal 1 sizes. A projective tower consists of 21 to 31 layers of
5.0 mm thick polystyrene scintillator and 20 to 30 layers of 3.2 mm thick lead absorber
depending on the i of the tower. The varying number of scintillator-absorber layers
is to present nearly constant radiation length thickness for particles with different 5.
The scintillator signal from each tower is read out by two photomultiplier tubes. An
array of multi-wire proportional chambers is inserted approximately at the shower
maximum depth in the CEM to provide measurement of the lateral profile of the
electromagnetic shower. The information is used to distinguish between electron and
hadron showers.

The CHA [34] covers the region |n| < 0.8 and is located behind the CEM with
segmentation identical to the CEM in 5 and ¢. The CHA consists of 48 modules,
with each module comprising 32 alternating layers of 2.5 ¢cm thick steel absorber and
1.0 em thick acrylic scintillator. Each tower is read out by two photomultiplier tubes.

The WHA [34] is located at each end of the central calorimeter system (CEM and
CHA) and covers the region 0.7 < |n| < 1.3. The WHA consists of 15 alternating
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layers of 5.0 cm thick steel absorber and 1.0 cm thick acrylic scintillator. Unlike the
CHA, the sampling layers are laid perpendicular to the beam line.

The PEM [35] is a disk-shaped calorimeter 2.8 m in diameter and 50 c¢m thick
located at each end of the CTC and covers 1.1 < |p| < 2.4. The PEM consists of
34 sampling layers of a 2.7 mm thick lead sheet and wire chambers divided into four
quadrants of A¢ = 90° each. A wire chamber is made of a conductive plastic tube of
cross section 7 mm x 7 mm with 0.8 mm thick walls and a 50 gm diameter gold-plated
tungsten anode wire strung in the center. The drift tube wires in each quadrant in
a single layer are ganged up and provide a measurement of the longitudinal shower
development. Each wire chamber layer is attached to a cathode pad plate segmented
into pads of Anp < 0.09 and A¢ = 5°. Pads are ganged together longitudinally to form
projective towers and used to measure the energy of a shower. The shower position
is measured with strips in n and ¢ directions embedded in layers 6 to 15.

The FEM [36] is located approximately 6.5 m from the nominal pp collision point
and covers 2.2 < |n| < 4.2. The FEM consists of four quadrants in ¢. Each quadrant
module has 30 sampling layers, each consisting of a 0.48 cm thick lead sheet and a
chamber of gas proportional tubes with cathode pads. The lead sheets contain 6% of
antimony for rigidity. Fach chamber consists of 124 proportional tubes of cross section
0.7 em x 1.0 cm formed by an aluminium plate attached with “T” shaped extruded
aluminium channels and a cathode plate and 50 pym diameter gold-plated tungsten
wire strung in each tube. The cathode plate is segmented into pads of An = 0.1 and
A¢ = 5°. Pads are ganged together longitudinally to form projective towers.

The PHA is located behind the PEM covering 1.3 < || < 2.4. The PHA consists
of 20 sampling layers of 5.1 cm thick steel plate and proportional chambers of cross
section 14 mm x 8 mm with cathode pad readout. The cathode pads are segmented
into projective towers with size An = 0.09 and A¢ = 5°.

The FHA [37] covers 2.2 < |n| < 4.2 with full azimuthal coverage and is located
behind the FEM. The FHA is similar to the FEM in construction. Each quadrant
consists of 27 layers of a 5 cm thick steel plate and a chamber of gas proportional tubes
with cathode pads. The cathode pads are segmented into Ap = 0.1 and A¢ = 5°

projective towers.
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2.5 The Muon Chambers

This analysis relies on the ability of the detector to identify energetic muons from
the decay of W and W’ bosons and measure their trajectories. The muons penetrate
matter to a much greater degree due to the fact that they are heavy and interact
only through the electroweak force. This penetrating property of muons is used to
identify them by placing the charged particle detectors beyond intervening material.
This material, which is primarily absorbers in the calorimeters in the CDF detector,
absorbs a large fraction (> 99%) of hadrons and electrons before they reach a set of
muon chambers. There are three muon chamber subsystems used in this analysis; the
Central Muon (CMU) drift chambers, the Central Muon Upgrade (CMP) chambers,
and the Central Muon Extension (CMX) chambers [38]. The n—¢ coverage of these
chambers is shown in Figure 2.6. There are muon chambers in the forward region

behind the FHA but they are not used in this analysis.

2.5.1 The Central Muon Chambers

The CMU is located outside the CHA at a radial distance of 347 ¢m from the beam
line and covers |n| < 0.7 with a gap of 3° in polar angle at n = 0. Figure 2.7 shows
the location of the CMU with respect to a central calorimeter wedge. The CMU is
segmented in ¢ into 24 wedges that lie on the top of each central calorimeter wedge.
Each wedge spans 12.6° in ¢, leaving a 2.4° gap in the muon coverage between wedges.
A CMU wedge comprises three modules each spanning 4.2° in ¢. A module is made of
four layers of four rectangular drift cells, as shown in Figure 2.8. Overall dimensions
of the drift cell are 63.5 mm (width) x 26.8 mm (height) x 2261 mm (length). A
50 pm diameter stainless steel sense wire is located at the center of the cell along the
z direction.

Two of the four sense wires in the alternating layers are aligned along the same
ray from the pp interaction point and the other two sense wires are offset by 2 mm
from the first at the mid point of the chamber, as shown in Figure 2.8. This resolves
the ambiguity as to which side of the sense wires a track passes by determining

which two sense wires were hit first. The radial arrangement of the sense wires also
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provides independent of the CTC a crude measurement of the transverse momentum
of a particle by relating the angle between the track and the radial direction (see
Section 2.6.1).

The muon chambers are operated in the limited streamer mode with a 50% argon
and 50% ethane gas admixture. The sense wires are normally held at +3 150 V, the
top and bottom walls at ground, and the sidewalls at —2500 V.

The track position along the z direction can be measured by using the “charge
division” technique? with a resolution of 1.2 mm. However z position information of
the track is not used in this analysis. The position resolution in the ¢ direction is

250 pm.

?The charge division technique determines the position of a passing particle by measuring the
amount of charge reaching the two ends of a resistive wire.
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Figure 2.8: Cross section of a single CMU module. Here ¢ and t4 represent the drift
times of the electrons for the second and fourth layers in the same module. The
difference t4 — t, provides the angle between the radial direction and the muon track,
thus providing a crude method to determine the transverse momentum of the muon
candidate track.
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2.5.2 The Central Muon Upgrade Chambers

Since the CMU is located on average 5.4 pion interaction lengths from the pp collision
point, one in every 220 high energy pions is expected to reach the CMU, leaving little
energy in the calorimeters. These “punch-through” hadrons increase the muon trigger
rate and pose a serious background to muon identification. The CMP is therefore de-
signed to augment the CMU by requiring muon candidates to pass through additional
material between the CMU and a set of additional chambers. The additional mate-
rial averages 3.0 pion interaction lengths, reducing the the background from hadronic
punch-through by a factor of 20.

The overall shape of the CMP is box-like, using the steel return yoke to provide
additional absorption material on the top and the bottom of the CMU and using
60 cm steel slabs on each side. Because of the box geometry and the limited space
available, the CMP covers only part of the CMU acceptance, as is shown in Figure 2.6.

The CMP chambers consist of four half-cell staggered layers of single drift tubes
that operate in proportional mode. Tubes are made of 0.26 cm aluminium extrusions
with a 2.5 cm X 15 em cross section and are typically 640 cm long covering || < 0.6.
A single 50 gm diameter gold-plated tungsten wire is strung in the center of the tube
and the field shaping cathode strips are laid on the top and the bottom of the tube.
The sense wire is held at 45600 V and the cathode strips in the center are held at
+3000 V. The outer cathodes strips are held at successively decreasing voltages from
the center of the cell. The argon-ethane gas mixture used in the CMU is also used

for the CMP chambers.

2.5.3 The Central Muon Extension Chambers

The CMX consists of 32 fan-shaped modules (16 modules at each end) with eight
layers of drift tubes, covering the region 0.65 < |n| < 1.0. The modules are arranged
to form a conical surface tapered towards the higher |n| region with an angle of 45°
with respect to the beam line. The azimuthal coverage of the CMX has a 30° gap at
the top of the detector for the Tevatron Main Ring and the solenoid refrigerator, and

a 90° gap at the bottom of the detector where the conical sections are interrupted by
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the floor. For the CMX, muon candidates have to pass through the calorimeters and
the magnet yoke, representing 6.5 ~ 7.5 interaction lengths.

The drift tubes for the CMX are similar to those for the CMP except that they are
180 c¢cm long. There are 48 tubes in a CMX module grouped into four logical layers
each containing two successive half-cell staggered physical layers. Each physical layer
contains six drift tubes. Figure 2.9 illustrates of the drift tube layout in a CMX
module. This half-cell staggered configuration allows the average muons to traverse
six drift tubes.

Because the maximum drift time of ionisation in the CMX chambers is long (~
1.4 ps) compared to the spread of arrival times of the background particles produced
by the Main Ring and particles scattering from the beam line, a scintillator array
mounted on each side of the CMX module is used to provide background rejection
and fast triggering. There are four scintillators per CMX module, providing a high
degree of segmentation. A muon candidate is required to generate a coincidence
between an inner and an outer scintillator adjacent to a track segment in the CMX

drift chambers.

2.6 The Trigger Systems

The proton and antiproton beam bunch crossings in the Tevatron occurred every
3.5 us, corresponding to a rate of 286 kHz at the B@ interaction point. With a

257! and the measured total pp

typical instantaneous luminosity of £ = 10°! cm
cross section of (80.03 4 2.24) x 1077 cm? at /s = 1.8 TeV, on average ~ 1.6 pp
interactions per bunch crossing was expected [28].

An interaction recorded by the CDF detector generated ~ 165 kB of digitised
information. The offline data handling capacity of the experiment limited this rate of
recorded interactions to be ~ 8 Hz. These necessitated a trigger system that reduced
the recorded event rate by selecting interesting physics events with as little deadtime®

as possible.

3Deadtime is the fraction of time where incoming data cannot be considered because the trigger
system or detector has not completed processing of an earlier interaction.
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Figure 2.9: Drift tube layout for a 15° central muon extension (CMX) module (top).
Also shown is the close up view of the staggered cell configuration (bottom). The
rods in the diagrams are used to attach the module to the support arch.
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The trigger system employed at CDF had three levels. Each level made decisions
using successively more detailed requirements based on more information, thus tak-
ing more time to make a decision. All of the triggers were programmable in several
respects so that each could be tuned to different run conditions and physics require-
ments. The decision at each level was based on a logical “OR” of requirements that
were designed to select events with different characteristics. The overall goal was
to operate the detector with less than 15% loss in efficiency due to deadtime. The
general description of the trigger system is presented here. The trigger requirements

specific to this analysis are given in Section 3.2.

2.6.1 Levell

The Level 1 trigger decision to pass an event to the next level must be made within
3.5 ps in order to ensure the detector could consider the next bunch crossing. To
accommodate this requirement, the analog signals from selected detector subsystems
were read and processed with dedicated FASTBUS-based electronics. By the time
the Level 1 decision was made, the trigger system had accumulated information con-
cerning the global features of the event. The Level 1 decision was based solely on
information from the calorimeters and the muon chambers.

The Level 1 calorimeter trigger decision was made from the analog signal coming
from either the scintillator phototubes in the central calorimeters or the cathode
pads in the gas calorimeters. To reduce the number of signals, the calorimeters were
segmented into logical trigger towers of 0.2 in  and 15° in ¢. The energy from trigger
towers that were above thresholds were weighted in 6 to determine transverse energy,
Er = Esin 6, and then summed over separately for different calorimeters. If the total
E7 determined in this manner exceeded a preset threshold, the event was accepted
by the Level 1 trigger.

The muon component of the Level 1 trigger decision was based on the transverse
momentum, py = psin #, of a muon track candidate observed in the muon chambers.

The time difference between the signals arriving from pairs of sense wires aligned
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in the radial direction* measured the angle between the ray originating from the pp
interaction point and a muon track candidate (see Figure 2.8). Due to the axial
magnetic field inside the solenoid, this angle is a measure of the curvature of the
muon candidate trajectory and is inversely proportional to the py of the track. The
muon triggers required the difference between the arrival time of the signals from a
sense wire pair in any of the alternative layers in a muon chamber to be less than a

preset value, corresponding to the requirement of a specific minimum pr requirement.

2.6.2 Level 2

Upon the Level 1 trigger accept, the analogue event information in the CDF detector
was held for up to 20 ps. During this time, the Level 2 trigger system reconstructed
the event information and created physics objects such as electrons, muons, and jet
candidates and then made trigger decisions based on the criteria imposed on the
physics objects.

At Level 2, a fast track reconstruction was performed with the Central Fast Tracker
(CFT), a hardware track finder. The CFT used timing information from five axial
superlayers of the CTC (see Section 2.3) to determine the pr and ¢ of charged particle
tracks. Two types of timing information were used; prompt hits and delayed hits.
Prompt hits were the signals from the sense wires within 80 ns from the beam bunch
crossing time. The delayed hits occurred 500 ~ 650 ns after the beam bunch crossing
with the same time interval as the prompt hits. By comparing the hit patterns through
a look-up table, the py of individual tracks could be measured with a resolution of
opr/pr ~ 0.035py, where py is in units of GeV/e. The CFT generated a list of track
candidates in eight pr bins and this information was passed to the rest of the Level
2 trigger system to be used to match the track candidates with track stubs in the
muon chambers and calorimeter clusters.

The formation of calorimeter energy clusters was also performed in Level 2. Two
sets of thresholds, the “seed” and “shoulder”, were applied on trigger towers, where

the seed threshold was higher than the shoulder threshold. When a trigger tower

*This is not true in a strict sense. As described in Section 2.5.1, a pair of sense wires are aligned
radially and the other pair is shifted by some distance.
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passed the seed threshold, it formed the basis for a cluster and the four adjacent
trigger towers were checked to see it any of them passed the shoulder threshold. A
trigger tower was added to the cluster if it passed the shoulder threshold. Additional
neighbouring towers were added to the cluster if they passed the shoulder threshold
and did not belong to other clusters. Electromagnetic energy clusters and total energy
clusters were formed in a two pass process, with the former being used in electron
triggers and the latter being used in jet triggers. The trigger towers containing clusters
were matched to the CFT track list in ¢. After the clustering was performed, the E7r,
¢, and n of each cluster were calculated. Global sums of calorimeter energy such as
total energy, total transverse energy, total missing transverse energy, and total cluster
energy were also calculated.

The hits in the muon chambers were matched to the CFT track list. The CFT
tracks were extrapolated to the muon chambers and a match was declared if the
extrapolated track and the hits in the muon chambers were within a certain window
in ¢, 15° in the beginning of the first data taking period and 5° during the remaining
data taking period. A muon candidate was required to have a matching CFT track
with pr greater than a given threshold. The typical threshold in this analysis was 9.2
and 12 GeV/e, depending on the running period.

2.6.3 Level 3

When an event was accepted by at least one Level 2 trigger, all channels in the
CDF detector were digitised and read out by the Data Acquisition (DAQ) system
(see Section 2.7) and sent to the Level 3 processor farm that consisted of a number
of commercial processors.> There were 48 processors in the Level 3 processor farm
during Run 1A and 64 processors in Run 1B. A single processor was assigned to each
event passing the Level 2 trigger, and the event data was transferred to the processor
using a sophisticated high-speed network, known as Ultranet. This system read the
data from the FASTBUS electronics cards using a VME® based microprocessor that

then transferred the data via the Ultranet hub to a processor in Level 3. Up to 48

SManufactured by Silicon Graphics Inc., running under the IRIX operating system.
SVME stands for “Versa Module Eurocard”, a crate-based electronics system.
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events in Run 1A and 64 events in Run 1B could be processed in parallel, freeing up
the detector, the Level 1, and the Level 2 trigger systems for the subsequent beam
bunch crossings.

An event was reconstructed in Level 3 using a special version of the full event
reconstruction programme that was mostly written in the FORTRAN programming
language. The trigger decision was based on combinations of physics objects recon-
structed by detailed algorithms. There were numerous trigger streams that fired on
different physics requirements. The triggers relevant to the analysis in this thesis
required muon candidates to deposit a certain amount of energy in the hadronic
calorimeter, match with a CTC track extrapolated to the muon chambers, and to
have a minimum transverse momentum. When any of the Level 3 trigger require-

ments were satisfied, the event information was written to the data storage medium.

2.7 The Data Acquisition System

The CDF DAQ and trigger system had a hierarchical structure, as shown in Fig-
ure 2.10. At the lowest level of this structure, analog signals from various detector
components were amplified, discriminated, and reshaped. A small fraction of analog
signals that contained the rudimentary event information was sent to the Level 1 and
Level 2 trigger system through dedicated cables from the front end electronic cards.
When an event was accepted by a Level 1 and a Level 2 trigger, an accept signal was
sent to the trigger supervisor, a FASTBUS module that coordinated the readout of
the entire event. The trigger supervisor signalled the front end electronics cards to
digitise the data for the event and instructed FASTBUS Readout Controllers (FRCs)
to read digitised signals from the front end electronics cards. The FRCs sent this data
to Scanner CPUs, or SCPUs, over a 16-bit parallel bus. The SCPUs, VME modules
with Motorola 68030 processors running the VxWorks real-time operating system,
moved the event data to a Level 3 processor through the Ultranet hub, a commercial
data switch. The scanner manager, a VME module with a Motorola 68030 proces-
sor, used Scramnet, a reflective memory network, to instruct the SCPUs to send the

event data to an unoccupied Level 3 processor (see Section 2.6.3). The trigger super-
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visor interface allowed communication between the trigger supervisor and the scanner
manager.

After an event was accepted by a Level 3 trigger, it was sent to the consumer
server, a process running on a dedicated two-processor Challenge L.” via the Ultranet
hub. The consumer server wrote the data on local disk, and the data were subse-
quently written on to 8 mm tapes. The event data could be accessed by various
“consumer” processes over ethernet. The consumers were diagnostic processes that
monitored trigger rate, luminosity, detector performance, and a select set of physics
processes. The data taking was initiated and terminated by an operator issuing com-
mands to run control, a process running on a VAX computer.® The commands and
messages between run control and the scanner manager were relayed by the user con-
trol interface, a VME module with a Motorola 68030 processor running the VxWorks

real-time operating system.

"Manufactured by Silicon Graphics, Inc.
8Manufactured by Digital Equipment Corporation.
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Figure 2.10: A schematic of the CDF data acquisition and trigger system. The
individual components are described in the text.
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Chapter 3

Event Selection

In this chapter, the data sets used in this analysis are defined, the experimental
signature of the W’ — uv process is described, and specific requirements imposed on
the data to identify the candidate events and to reject the backgrounds are outlined.
Characteristics of the W/W’ — pr candidate sample, such as the transverse mass

distribution of the candidates, are discussed.

3.1 The Data Sample

The data samples used in this study were recorded with the CDF detector in the
period from 1992 to 1995. During that time, the Tevatron collided protons and
antiprotons at /s = 1.8 TeV. There were two “runs” during this period. The first
run, referred to as Run 1A, began in August 1992 and ended in May 1993 with a
recorded integrated luminosity of [Ldt = 19 £ 1 pb™'. After the end of Run 1A,
several upgrades were made to the CDF detector: The replacement of SVX with SVX/
(see Section 2.3) and the upgrade of the DAQ system (see Section 2.7) took place.
The second run, referred to as Run 1B, began in January 1994 and ended in July
1995 with a recorded integrated luminosity of [ Ldt = 88 £ 7 pb™".

During the Run 1B data taking period, improvements in the beam optics of the
Tevatron allowed for higher instantaneous luminosity than achieved during Run 1A.
The mean instantaneous luminosity increased from £ ~ 3.6 x 10%° cm™2s™! for Run

1A to £ ~ 7.9 x 10°° cm™2s7! for Run 1B. The peak instantaneous luminosity in
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Run 1B was £ ~ 2.5 x 10! cm™%s™!. This increase in luminosity required certain
triggers to be prescaled (i.e. only a fraction of the triggers were recorded), broadened
underlying event distributions (see Section 5.2.1), and degraded the track momentum
resolution (see Section 5.2.2).

The analysis presented here used both Run 1A and Run 1B data sets. When
necessary, the differences in the run conditions for the data sets were accounted for

so that the data sets could be treated as one data set, which will be referred to as

Run 1A+1B, henceforth.

3.2 Triggers and Production

The events for this analysis were first selected by the three level trigger system, as
described in Section 2.6. The Level 1 muon trigger required a muon stub, which
was defined by at least two hits in a set of muon chambers (see Section 2.6.1), with
pr > 6 GeV/c in either the CMU or the CMP; or with pr > 10 GeV/c in the CMX.
The Level 1 CMX trigger was not available for most of Run 1A and, therefore, was
not used in this analysis for selecting events during Run 1A.

The Level 2 trigger extrapolated CFT tracks to the muon chambers and matched
them to muon stubs that passed the Level 1 requirements. In Run 1A, the CFT
track of a muon candidate was required to have pr > 9.2 GeV/c and its extrapo-
lation to the muon chambers to be within 15° (5°) of a muon stub in azimuth in
the early (late) part of Run 1A. There were three triggers used to select events for
this analysis: CMU_CMP_CFT_9_2, CMUP_CFT_9_2_5DEG, and CMUNP_CFT_9_2 _5DEG. The
CMU_CMP _CFT_9_2 trigger required a muon candidate to have a matching muon stub
in the CMU in the region where there was no CMP coverage or to have match-
ing muon stubs in both the CMU and CMP where the region was covered by both
(see Figure 2.6). The CMU_CMP_CFT_9_2 trigger was gradually replaced by the CMUP_
CFT_9_2_5DEG trigger and the CMUNP_CFT_9_2_5DEG trigger in the course of Run 1A.
The CMUP_ CFT_9_2 5DEG trigger required a muon candidate to have muon stubs in
both the CMU and CMP, and the CMUNP_CFT_9_2_5DEG trigger required a muon candi-

date to have a muon stub in the CMU in the region where there is no CMP coverage.
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In Run 1B, a muon candidate was required to have a CFT track with pr >
12 GeV/e and a matching muon stub within 5° in azimuth that passed the Level
1 requirements. There were three triggers used in this analysis: CMUP_CFT_12_5DEG,
CMNP_CFT_12 _5DEG, and CMX_CFT_12 5DEG. The CMUP_CFT_12 5DEG trigger required a
muon candidate to have muon stubs in both CMU and CMP in the region covered by
both the CMU and CMP. The CMNP_CFT_12_5DEG trigger required a muon candidate
to have a muon stub in the CMU in the region that is not covered by the CMP. The
CMX_CFT_12_5DEG trigger required a muon candidate to have a muon stub in the CMX.
Due to the high trigger rates, both CMNP_CFT_12_5DEG and CMX_CFT_12 5DEG triggers
were dynamically prescaled, i.e. they were limited to never exceed a certain rate.
Approximately 60% of these triggers were therefore rejected due to this prescaling
over the Run 1B data taking period.

In Level 3, a muon candidate was required to have a reconstructed CTC track
with pr > 18 GeV/c¢ and a muon stub that was within 5 em (~ 2°) of the track
extrapolated to the CMU in azimuth or within 10 ecm to a muon stub either in the
CMP or CMX. The energy in the hadronic calorimeter associated with the muon
candidate track was required to be less than 6 GeV.

These events were subsequently processed completely to apply calibration con-
stants, reconstruct charged particle trajectories and analyse calorimeter energy de-
positions. There were 8.3 x 10* events and 6.5 x 10° events in Run 1A and Run 1B

samples, respectively.!

3.3 W' — uv Event Identification

In the scope of this search,? the signature of a W’ — uv decay would be similar to
that of a W — pr decay with a muon and a neutrino from a heavier W’ boson decay
typically having higher transverse momenta than those from a W boson decay. Also,
due to the phase space available to the partons in the initial state, W’ bosons are

expected to be produced more centrally than W bosons (see Figure 5.1).

!These samples included events accepted by other Level 2 muon triggers.
?The neutrino from a W’ boson decay is light and does not decay inside the detector volume.
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A neutrino is not detected directly by the CDF detector. Its presence, however,
is inferred from the observation of a large imbalance in the vector sum of the trans-
verse energy flow in the event, or missing Fr (fr). However, since the longitudinal
momentum of the colliding partons in the lab frame is unknown, the longitudinal
momentum of the neutrino cannot be reconstructed. Therefore, the invariant mass
of the pv system cannot be fully reconstructed. Instead, the transverse mass, My, of
the pv system, which is the analogue of the invariant mass in the plane transverse to

the beam, is calculated as

My = (ol + Br)? — (58 + Fr)2, (3.1)

where pr is the transverse momentum of the muon and ET represents the transverse
momentum of the neutrino.

The transverse mass distribution for a W or W’ boson peaks just below the actual
mass of the boson and quickly falls off above the peak. It also exhibits a Jacobian
smearing below the boson mass.

In this analysis, the W — uv candidate events were used to normalise the expected
yield of W' — pv events. This removes any systematic effects common to both our
model of the W — puv and W’ — puv processes and their detection. The existence
of a W' — puv process would manifest itself as a “bump” in the transverse mass

distribution above the standard model background.

3.4 Primary Muon Selection

A muon candidate was identified as an object that has a track in the CTC with
a matching muon stub in the muon chambers and a small amount of energy in the
calorimeter towers pierced by the track. The selection criteria for the muon candidate
with the highest transverse momentum in an event, referred to as the primary muon
candidate, can be placed into three groups; the event vertex requirements, the track
quality requirements, and the requirements pertaining to the intrinsic characteristics

of a muon.
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Figure 3.1: The zy — z,, distribution of the primary muon candidates. All the cuts
for the W/W' — pv event selection were applied except the cut on zg — z,,. The
arrows indicate where the cuts were made.

A primary muon candidate was required to originate from a pp collision point,
or a primary vertex. The longitudinal coordinate of the primary vertex, z,,, was
determined by charged particles observed in the VT'X. The “quality” of each vertex
candidate depended on the number of tracks in the VTX pointing to the vertex.
Because multiple interactions were common (more so in Run 1B than in Run 1A),
the high quality vertex® that was closest to the longitudinal coordinate of the primary
muon candidate at the point closest to the beam position, zg, was identified as the
primary vertex. The primary muon candidate was required to have a primary vertex
within 5 cm of its zo. The zg — z,, distribution of the W/W' — uv event candidates
is shown in Figure 3.1.

The transverse coordinates of the primary vertices in an event were calculated
from the run-averaged* beam position measured by the SVX. The beam position
typically varied less than 10 pm over a single run period whereas the beam spot

size was on the order of 50 pm. The impact parameter, dy, defined as the closest

3The vertices were placed into 12 classes with class 12 being the highest quality. The vertices
with class 10 or higher were considered as primary vertex candidates in this analysis.

*A “run”, in this context, refers to a period of uninterrupted data collection, usually lasting from
several hours to up to 20 hours.
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Figure 3.2: The impact parameter distributions of the primary muon candidates
measured with the SVX4+CTC (left) and the CTC (right). All the requirements on
the W/W’' — puv event candidates were applied except the cut on dy. The arrows
indicate where the cuts were made. Note the difference in horizontal scale.

distance between the beam position and the muon track candidate, was required to
be less than 0.15 mm if the track had two or more hits in the SVX, or to be less
than 2 mm otherwise. The impact parameter distributions of the W/W' — uv event
candidates are shown in Figure 3.2. Primary vertex information was used to provide
an additional fit point for fitting a track to hits in the CTC (a beam constrained fit)
and to remove tracks that did not originate from an interaction point, such as cosmic
rays, and badly reconstructed tracks.

Track quality requirements were imposed to remove poorly measured tracks. The
quality of a track candidate depends on the number of hits used in the CTC as well
as the distribution of the hits.® To ensure that the trajectory of the primary muon
traversed all nine superlayers of CTC, the track was required to intersect one of the
CTC endplate planes at a radius, r..;;, greater than 132 cm, the radial distance of
the outer-most CTC sense wire layer. Also, the CTC track of the primary muon
candidate was required to have the number of hits in the CTC superlayers through 3

>The rudimentary requirement for successful track reconstruction was that there should be at
least two axial superlayers with at least four hits each and at least two stereo superlayers with at
least two hits each.
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Figure 3.3: The number of hits in the CTC superlayers 3 to 8, np;. All the cuts were
applied except the cut on n,;;. The arrow indicates where the cut was made.

to 8, npi, to be at least 30 out of possible 54 (see Section 2.3). Figure 3.3 shows the
hit distribution for the W/W' — uv event candidates. The muon candidates were
required to have zy within 60 cm of the nominal pp collision point, z = 0.

The main background in this muon candidate sample was expected to come from
pions whose shower was not been fully contained by the calorimeters. The primary
muon candidates were required to have F., < 2 GeV and Ej.q < 6 GeV, where
E.,, and Ej,q were the energy deposited in the electromagnetic calorimeter and the
hadronic calorimeter, respectively, in the towers the muon candidate intersected.
Even though FEp.q < 6 GeV was required for muon candidates in Level 3, it was
imposed here again to remove those events where a muon candidate other than the
primary muon candidate had fired the triggers. The E,,, and E},; distributions of the
W/W'" — uv event candidates are shown in Figure 3.4. In order to remove spurious
tracks, Epeq + Eepn > 0.1 GeV was required for the muon candidates.

Pions that are misidentified as muon candidates usually occur within jets and
are, on average, not isolated from other energy flow. The isolation variable, [so, was
defined as

Iso= FEr(R <04) — EY, (3.2)
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Figure 3.4: The primary muon F.,, and Fj,q distributions. All the cuts were applied
except the cut on FE., and Ej.4, respectively. The arrows indicate where the cuts
were made.

where Ep(R < 0.4) was the transverse energy deposited within a cone of R = 0.4

around the muon candidate, where R = \/(Aq§)2 + (An)?, and E} was the transverse
energy deposited by the muon candidate.® The muon candidate was required to have
Iso < 3 GeV, as shown in Figure 3.5. The matching in azimuth between the CTC
track extrapolated to the muon chambers and the muon stubs in the muon chambers
was required to satisfy |Azcyu| < 2 cm, |[Azeyp| < 5 em or |[Azeyx| < 5 cm.

Finally, the primary muon candidate was required to have py > 20 GeV/ec.

3.5 Missing Transverse Energy

The missing transverse energy was calculated as

Fr ==Y Br — Y5 — B4, (33)
i J

5From here on, 7 is calculated from @ measured at the track vertex of the muon candidate, as
opposed to # measured at the nominal pp collision point as defined in Equation 2.1.
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Figure 3.5: The primary muon [so distributions. All the cuts were applied except
the cut on Iso. The arrow indicates where the cut was made.

where ETi and E)éf] are the transverse energy of all calorimeter towers in the detector
and those towers intersected by the muon candidates, respectively. Because the CDF
calorimeter system is not completely hermetic, the particles can go through uninstru-
mented regions causing the jet energy to be significantly underestimated. Also, the
calorimeter response is not linear to the incident particle energy. The vector sum of
the transverse energy, > ETH was corrected by applying corrections for this calorime-
ter response to each jet energy cluster of a cone of R = 0.7 with uncorrected Er
greater than 5 GeV, and then propagating this correction to the ET- The ET was
also corrected for the primary and a secondary muon candidates if it existed. The
secondary muon candidate for the ET correction was required to pass Iso < 3 GeV,
E., <2 GeV, Eypg <6 GeV, Epgg+ Eepp > 0.1 GeV, and Az matching cuts. Events
were required to satisfy fr > 20 GeV after these corrections.

3.6 Z7/v— pu Rejection

The Z/~ — pp process yields the largest background contribution to the W/ W' — uv

event candidate sample. To remove the evident 7/~ — pp events, events were rejected
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Figure 3.6: The invariant mass distributions of the events removed from the W/W' —
pv event candidate sample by the Z/y — pp rejection cut.

when a second muon candidate was identified. The second muon candidate was
required to have pr > 15 GeV/e, Fpaqg < 6 GeV, E.,, < 2 GeV, Epuq+ Eep > 0.1 GeV,
Iso < 3 GeV, and to satisty the Az matching requirements. Also, the difference
between zp’s of the two muon candidates was required to satisfy [Azg| < 5 cm. The
events that satisfied these requirements were removed regardless of the invariant mass
of the dimuon system. The invariant mass distribution of the rejected events is shown

in Figure 3.6. A small 7 — pp signal is evident.

3.7 Cosmic Ray Rejection

A cosmic ray can be misidentified as a W/W’' — puv event when one of the two
resulting muon candidates is identified as a primary muon candidate whereas the other
is not reconstructed or identified as a muon candidate. Two independent methods
were used to remove cosmic ray events.

Since cosmic rays pass the detector at random time intervals, the timing informa-
tion relative to the beam bunch crossing can be used to reject events. The hadron
TDCs, tpaq, record the time intervals between the signal from the phototubes of each

hadron calorimeter tower and the “common stop” that is issued ~ 550 ns after the pp
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Figure 3.7: The hadron TDC, t},4, distributions of the W/W' — uv event candidates
in Run 1A (left) and Run 1B (right). All the cuts were applied except ;.4 cuts. The
arrows indicate where the cuts were made.

collision.” The primary muon candidate was required to satisfy |tp.q — 2.2| < 14.0 ns
for Run 1A and |ty — 6.2] < 14.0 ns for Run 1B. Figure 3.7 shows the t;,4 distribu-
tions of the W/W’ — pv event candidates without the ¢;,4 requirement.

Cosmic rays were also removed using the event topology information. A fraction of
cosmic rays that leave the obvious signatures, two back-to-back muon candidates, was
removed by the Z/y — pp rejection cut described in Section 3.6. In the case where
one of the muon candidates fails the muon identification criteria, cosmic rays could
end up in the W/W' — pr event candidate sample. Two methods were used to reject
most of the remaining background events. The first method removed cosmic rays
that left a CTC track opposite the primary muon candidate. Events were rejected
if there was a CTC track with pr > 15 GeV/c that satisfied ||¢1 — ¢2| — x| < 0.05
and |n1 4+ n2| < 0.2, where ¢1 (¢2) and 7y (n2) are the azimuthal angle and the
pseudorapidity of the primary muon candidate (CTC track), respectively. Events

“The 4,4 was not the absolute time interval between the signal from the hadronic calorimeter
and the common stop signal, however. A shift was added that centered the TDC around zero for
beam related signals.
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Figure 3.8: The transverse momentum distributions of the “back-to-back” tracks. All
the cuts were applied except the “back-to-back” track removal. The arrow indicates
where the cut was made.

were also removed if there was a muon stub in either the CMU or CMP that satisfied
|1 — d2| — 7| < 0.05, where ¢ and ¢, are the azimuthal angles of the primary muon
candidate and a muon stub, respectively. The muon stubs in the CMX were not
used here since the CMX was found to generate too many “fake” muon stubs. The
transverse momentum distribution of the “back-to-back” CTC tracks and the opening
angle distribution between the primary muon candidate and the muon stub farthest
from the primary muon candidate in ¢ are shown in Figure 3.8 and 3.9, respectively.

These two cuts are referred to as “back-to-back” cuts.

3.8 Final W/W’ — ur Candidate Sample

There were 5408 Run 1A events and 26 584 Run 1B events in the W/W' — uv event
candidate sample. The transverse mass distributions are shown in Figure 3.10. There
were one event and 13 events above My = 200 GeV/c? in Run 1A and Run 1B, respec-
tively, as listed in Table 3.1. The event display of the W/W' — pv candidate event
with the highest transverse mass value (= 40312 GeV/c?) is shown in Figure 3.11.

There is no clear excess of events in the high transverse mass region. In order
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Figure 3.9: The opening angle between the primary muon candidate and the muon
stub farthest from the primary muon candidate in ¢. The arrow indicates where the
cut was made.

to quantify this observation, the efficiency for detecting a W’ — pur event must be
determined relative to the efficiency for detecting a W — ur event, and the expected
transverse mass distribution for the sources contributing to the event sample must be

determined. These are determined in the following two chapters.
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| Run [ p4 (GeV/e) Fr (GeV) My (GeV/c?) |

1A 1211} 98117 21812
1B 9811 1231]2 214122
190+%2 84132 246724

145123 145123 290159

113715 111775 22413

119718 96117 214132

73t ¢ 156+ 2 213712

118 123418 24115

313118 541143 2581710

114775 115715 23015,

132373 119473 25025}

10743 1074 213758

136172 121132 256133

196135 208*35 103453

Table 3.1: List of candidate events with M7 > 200 GeV/c?.
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Figure 3.10: The transverse mass distributions of the W/W’' — ur event candidates
in Run 1A and Run 1B. There are 5408 and 26 584 events in Run 1A and Run 1B,

respectively.
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Figure 3.11: The event display of the highest transverse mass (= 40373 GeV/c?)
W/W’" — pv event candidate. The top figure shows the CTC tracks. The CTC sense
wire hits are indicated as dots and the reconstructed tracks are shown as smooth
curves. The bars outside the CTC represents transverse energy deposited in the
CEM/CHA wedges. The missing £ shown near the top of the figure is not corrected
for muon candidates. The bottom figure is a “lego” display of energy deposit in the
calorimeters. The calorimeter tower associated with the primary muon candidate is
marked with a vertical bar.

52



Chapter 4

Efficiencies

One of the factors in determining the expected number of observed W' — pr events
in the W/W' — pv event candidate sample is the product of the efficiencies of event
selection, including triggers, and the kinematic and geometric acceptance of the event.
However, since the expected number of W/ — uv events is normalised to the number
of observed W — pv events in the sample, it is the ratio of these products for the
W' — uv production to W — ur production that is important (see Section 7.1).
Effects that are in principle common to the efficiencies or acceptances cancel in the
ratio. One therefore can ignore these common effects and only determine the relative
size of those effects that do not cancel.

The efficiencies were measured for Run 1B muon candidates, and were then ex-
trapolated for Run 1A muons from the number of observed W — pr events in Run
1A. This technique, detailed in Section 7.2, was employed because the differences in
efficiencies between Run 1A and 1B were modest.

The measured efficiencies of the trigger and event selection are presented in this
chapter. Also, the corrections to the event selection efficiencies that depend on the
muon momentum are discussed. The efficiencies presented here were incorporated

into the detector model described in Section 5.2.
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‘ Trigger ‘ Efficiency ‘ Prescale ‘
CMUP | 0.8617002 —

Level 1-2 CMNP | 0.871F3981 | 0.40
CMX | 0.69615035 | 0.43

Level 3 0.97010 600 —

Table 4.1: Trigger efficiencies in Run 1B measured in Ref. [39].
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Figure 4.1: CFT efficiency as a function of n measured in Ref. [40]. The solid line is
a fit to the distribution with a 6th order polynomial.

4.1 Trigger Efficiencies

The efficiency of the Level 1 and Level 2 triggers depended on the CFT tracking and
the muon chamber efficiencies. In addition, the CMX trigger efficiency also depended
on the scintillator coincidence efficiency (see Section 2.5.3). The trigger efficiencies in
Run 1B were determined in Ref. [39] and are shown in Table 4.1. Figure 4.1 shows
the CFT tracking efficiency in Run 1B measured in Ref. [40] as a function of 5. The
Run 1A CFT tracking efficiency shows a similar n-dependence [41]. In Run 1A, the
Level 1 and Level 2 combined efficiency of the CMUP and CMNUP triggers was measured
to be 0.88715:015 in Ref. [42]. The CMUNP trigger, the CMNP equivalent in Run 1A, was

not prescaled.

o4



4.2 Muon Selection Efficiencies

The efficiencies of the muon selection cuts were measured with a sample of 7 — upu
event candidates. The events were required to have at least one muon candidate that
passed all the primary muon selection cuts.! The efficiency of a selection cut was
determined from examining whether or not the second muon candidate passed the
selection cut in question after it passed all the other selection cuts.?

Two methods were used to measure the efficiencies. One method used the “like-
detector” muon candidates where both muon candidates hit the same type of muon
chambers, that is, either CMU/P-CMU/P or CMX-CMX.? Since the muon selec-
tion cut efficiencies for the “like-detector” muon candidates would be the same, the

efficiency of a cut was calculated as

2N, /N,

£= —t— 4.1
L+ Ny/N (4.1)

where Ny was the number of events that have at least one muon candidate passing
the cut and Ny was the number of events that had both muon candidates passing the
cut.

The second method used the “unlike-detector” muon candidates where one of the
muon candidates hit CMU/P and the other hit CMX and vice versa. In this case,
the efficiency of a selection cut for a CMU/P muon was calculated as ¢ = Ny/Ny,
where Ny was the number of events that had a muon candidate hitting the CMX and
passing all cuts and Ny was the subset of those events that had a muon candidate
that passed the cut in the CMU/P. Since only one muon is required to pass all the
cuts in either CMU/P or CMX, the analogous efficiency can be calculated for a CMX
muon selection cut as ¢ = Ny/N;, where N; was the number of events that had a

muon candidate hitting the CMU/P and passing all cuts and Ny was the subset of

!This sample was obtained from a similar set of Level 3 triggers but with no Ep.q < 6 GeV
requirement.

?In principle, the second muon candidate should be required to fire the trigger as well. However,
because the trigger requirements were much looser than the muon selection cuts, the bias was
expected to be negligible.

3Here CMU/P refers to either the CMU only or both the CMU and CMP.
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Cut Like-Detector Unlike-Detector

Ny /Ny Efficiency Ny /Ny Efficiency
Iso < 3 GeV 659/714  0.9599 £ 0.0054 | 489/510 0.9588 + 0.0088

Epag+ Eop > 0.1 GeV | 659/659  1.00075000 | 489/489  1.000F5:5056
Epaq < 6 GeV 659/678 0.9858 £+ 0.0033 | 489/496  0.9859 + 0.0053
., <2 GeV 659/697 0.9720 £ 0.0045 | 489/499  0.9800 + 0.0063
|Az| 659/674 0.9887 £+ 0.0029 | 489/494 0.9899 + 0.0045
|do| 659/703  0.9677 £+ 0.0049 | 489/505 0.9683 £ 0.0078
N > 30 659/665 0.9955 £+ 0.0019 | 489/490 0.9980 + 0.0020

Table 4.2: Efficiencies of event selection cuts for CMU/P muons in CMU/P-CMU/P
(like-detector) and CMU/P-CMX (unlike-detector) Z — uu event candidates.

those events that had a muon candidate that passed the cut in the CMX.

Since the two methods used mutually exclusive samples, the measured efficiencies
were combined to reduce the uncertainties. The results of the muon selection efficiency
measurements are shown in Tables 4.2 through 4.4.

The efficiency of the |z — z,,| < 5 cm cut was measured using only the primary
muon candidates since the selection criteria for the primary vertex only demanded a
vertex of class 10 or higher that was closest to the primary muon candidate in the
z direction. The Z — pp event candidate sample for this efficiency calculation was
required to have both muon candidates passing all the primary muon selection cuts,
but not requiring |zo — z,,| < 5 cm and not requiring their zo difference to be less than
5 cm. The efficiency was calculated as e = Ny /Ny, where Vg is the number of events
in this particular Z — pp event candidate sample and N, is the subset of those with
the primary muon candidate passing the cut. The results are shown in Table 4.5.

The effects of the |z9| < 60 cm, 7.y > 132 ¢cm, and pr > 20 GeV/c cuts were

incorporated in the acceptance calculation (see Section 5.2).
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Cut

Like-Detector

Unlike-Detector

Ny /Ny Efficiency Ny /Ny Efficiency
Iso < 3 GeV 83/88  0.9708 £ 0.0131 [ 489/513 0.9532 £ 0.0093
Ehad + Eepy > 0.1 GeV | 83/83 1.000730,« | 489/489  1.000739..¢
Ehaa < 6 GeV 83/87 0.9765 £ 0.0118 | 489/504 0.9702 £ 0.0076
E., <2 GeV 83/90  0.9595 + 0.0153 | 489/506 0.9664 £ 0.0080
Az 83/84  0.9940 + 0.0060 | 489/495 0.9879 + 0.0049
|do| 83/85  0.9881 + 0.0084 | 489/499  0.9800 + 0.0063
npie > 30 83/87 0.9765 + 0.0118 | 489/499  0.9800 + 0.0063

Table 4.3: Efficiencies of event selection cuts for CMX muons in CMX-CMX (like-

detector) and CMX-CMU/P (unlike-detector) Z — pu event candidates.

Cut Efficiency
CMU/P CMX
Iso < 3 GeV 0.9596 + 0.0046  0.9591 =+ 0.0076
Ehag + Fep > 0.1 GeV | 1.000725,0 1.0000:5025

Ehaa < 6 GeV 0.9858 +0.0028  0.9721 =+ 0.0067
E., <2 GeV 0.9747 £ 0.0037  0.9649 =+ 0.0071
Az 0.9891 +0.0024  0.9903 =+ 0.0038
|do| 0.9679 +0.0041  0.9829 =+ 0.0050
npie > 30 0.9966 + 0.0014  0.9792 =+ 0.0055

Table 4.4: Combined efficiencies of the cuts on CMU/P and CMX muons.

‘ Muon Type ‘ Ny /Ny

Efficiency

CMU/P
CMX

904/960 0.9417 + 0.0076
330/350  0.9428 +0.0124

Table 4.5: Efficiencies of the matching cut between the track vertex z position and
the primary vertex z position (|zo — 2| < 5 cm).
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4.3 7Z/v — pp and Cosmic Ray Rejection Effi-

ciency

The efficiency of the Z/y — uu rejection cut was estimated using W/W' — uv event
candidates that passed all the event selection cuts but failed the Z/v — pu rejection
cut. Asshown in Figure 3.6, there were a total of 25 such events in the Run 1B sample
with 18 events within the Z boson mass window, 61 < M < 121 GeV/c*. Assuming
the 7 events outside the mass window had come from W+jets production and the 18
events within the mass window had come from Z/y — up decays, the efficiency of
the cut is the number of W/W' — ur event candidates passing all the cuts divided by
the sum of this number and the number of events that failed the Z/y — pu rejection
cut that were outside the Z boson mass window. This efficiency was 0.9997 4+ 0.0001.

The efficiency of the timing cut, |t;,4—6.2| < 14.0 ns, was measured with the 7 —
pp sample using the same methods discussed in Section 4.2. For the CMU/P muon,
the efficiencies were 0.9578+0.0055 (N5 /Ny = 659/717) and 0.9626+0.0084 (No/N; =
489/508) for “like-detector” muon candidates and “unlike-detector” muon candidates,
respectively, giving the combined efficiency of 0.9593 4+ 0.0046. For the CMX muon,
the efficiencies were 0.813740.0297 (Ny/Ny = 83/121) and 0.8519+0.0148 (N2/N; =
489/574) for “like-detector” muon candidates and “unlike-detector” muon candidates,
respectively, giving the combined efficiency of 0.8442 4+ (0.0133.

The “back-to-back” cuts (see Section 3.7) were correlated with each other. Thus,
their combined efficiency was measured using a “W — pr sample” that passed both
“back-to-back” cuts, a “W — ur sample” that failed either “back-to-back” cuts, and
a cosmic ray candidate sample. Here, the “W — pr sample” was defined as those
events that passed all cuts for the final W/W' — pv event candidate sample but
not requiring the cosmic ray cuts and the Z/~v — pp rejection cut. It consisted of
26746 events. The cosmic ray candidates were defined as those events that failed
both “back-to-back” cuts, and satisfied |dy| > 0.2 cm and |z — 2,,| > 10 cm instead
of the muon selection cuts on the same parameters. Also, the |t;,4 —6.2| < 14 ns cut
was not applied.

There were 176 events in the “W — pv sample” that failed either back-to-back
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Figure 4.2: The hadron TDC, t1,4, distribution of the events that failed the “back-
to-back” cuts (dots) is fitted with that of the W — pr sample and the cosmic ray
sample in Run 1B.

cuts in the whole hadron TDC region and 169 events that were inside the hadron
TDC cut window (|thes — 6.2] < 14.0 ns). The 176 event sample consisted of real
W — pv events and cosmic rays, and these could be statistically separated using the
thaa distribution. The ¢;,, distribution of those 176 events were fitted with that of
cosmic ray candidates and the “W — pr sample” that passed both “back-to-back”
cuts. The fit, shown in Figure 4.2, estimated the number of non-cosmic ray events
within the hadron TDC cut window to be 153 4+ 13. This, therefore, represents the
inefficiency of this cut, assuming that the composition of these 153 events was the
same as the final W/W’' — puv event candidate sample.* The efficiency calculated
was 0.9943 + 0.0005.

Although the 7/~ — pp rejection cut and the “back-to-back” cuts were correlated,
the correlation was found to be small. The efficiencies of the Z/y — pu rejection cut

and the cosmic ray rejection cuts are summarised in Table 4.6.

4The second largest contribution to this sample would be from Z/y — pu. The contribution
was estimated to be 18 &4 using a sample of Z/y — pp Monte Carlo events, thus supporting the
assumption that the 153 event candidate sample consisted primarily of W/W' — uv events.
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‘ Cut Efficiency ‘

7/~ — i Rejection 0.9997 = 0.0001

0.9588 + 0.0037 (CMU/P)

(frad = 6.2] <140 ms |70 0119 4 0.0127 (CMX)
back-to-back cuts 0.9943 £ 0.0005

Table 4.6: Efficiencies of the Z/y — pp rejection cut and cosmic ray rejection cuts.
4.4 Efficiency Correction for Bremsstrahlung

Because the muons from W’ — pr decay are expected to have significantly higher
momenta than those from the Z — up process, the efficiencies of the selection cuts
that depend on the muon momentum need to be corrected for momentum-dependent
effects. The two most significant sources of such muon momentum-dependence in-
volved the amount of energy deposited in the calorimeters by a muon and the final
state radiation of photons off a muon. These were both taken into account in the
efficiency calculation.

At the muon momenta of interest, p 2 100 GeV/c, energy loss in matter by
radiative processes becomes important and this energy loss can no longer be treated
as independent of the muon momentum. The momentum-dependence of the efficiency
of the minimum ionisation cuts (Fy.q < 6 GeV and FE.,, < 2 GeV) had been studied in
Ref. [43] using a detailed GEANT Monte Carlo calculation [44] and this dependence is
shown in Figure 4.3. The efficiency curve was scaled to match the measured efficiency
of the minimum ionisation cuts at the mean momenta of muon candidates in the
Z — pup event candidate sample,® and half the differences between the curve at
the mean momenta of muons and the measured values for the CMU/P and CMX
muons were assigned as the systematic uncertainties for the efficiency of the minimum
ionisation cuts.

The final state radiation of photons off the muon affects the efficiencies of the
isolation cut and minimum ionisation cuts depending on the separation between the

muon and photons that were radiated off the muon. The effects of such final state

>The mean momentum was 47.3 GeV /¢ for CMU/P muon candidates and 56.9 GeV/c for CMX
muon candidates.
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Figure 4.3: The combined efficiency of the minimum ionisation cuts, Fj.q < 6 GeV
and F., < 2 GeV, as a function of muon momentum calculated in Ref. [43]. The
solid line is the nominal value and the dashed lines are the £10o statistical uncertainty
variations.

radiation were studied using a PYTHIA Monte Carlo calculation [45] that generated
W — uv and W’ — pv events as described in Section 5.1. The response of the detec-
tor to these events was modelled by CDFSIM, a sophisticated GEANT-like simulation
of the CDF detector. The correction factor this introduced to the combined efficiency
of isolation and minimum ionisation cuts with respect to the W — pv process had to
account for the effects of these cuts already incorporated in the efficiency calculation,

and was determined using the expression

(4.2)

(N2 + Ni) Nwl] / [(NW + Ni2) Nﬂ]
(Vo1 + Nat) Naz [y 0 [(Nyn 4 Naa) Naz [y,

Correction Factor = l

where N.; (Ns1) is the number of events that did (did not) radiate a photon before
the cuts and N, (Ns2) is the number of events that did (did not) radiate a photon
that passed the cuts. The factor N5;/Nss compensates for the muon momentum
dependence on the minimum ionisation cut efficiency that was already accounted for.

Figure 4.4 shows the correction factor as a function of the W’ boson mass.
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Figure 4.4: The correction factor to the combined efficiency of the isolation and
minimum ionisation cuts arising from the effects of final state photon radiation. The
dashed lines represent the +10 uncertainty variations.
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Chapter 5

Monte Carlo Simulation

The fraction of W — uv or W' — puv events produced in pp collisions ending up
in the W/W’' — uv event candidate sample (see Chapter 3) and the shape of the
transverse mass distribution of these events are determined by the event kinematics,
geometrical effects of the detector, and efficiencies of triggers and event selection.
These were determined by Monte Carlo calculations. This chapter describes the
algorithms used to model W — purv and W’ — uv events and their detection by the
CDF detector.

5.1 W/W'— uv Event Generation

Samples of W — prv and W’ — uv events were generated with the PYTHIA Monte
Carlo programme [45] using the CTEQ4A1 next-to-leading order parton distribution
function set [16]. The choice of the CTEQ4A1 parton distribution function set was
motivated by the facts that it is one of the latest next-to-leading order parton dis-
tribution function sets and it gives median cross section values for W’ production
among the next-to-leading order parton distribution function sets (see Section 7.3.2).
Even though the PYTHIA calculation includes the higher order processes for W and
W' boson production, it was found to be inadequate to describe the W boson pr
distribution. Therefore, d*c/dprdy distributions of W as well as W’ bosons were
calculated separately and used to describe the W/W' — uv system. The d*a/dprdy

distributions of W and W’ bosons were obtained from a next-to-leading order cal-

63



culation of P. A. Arnold and R. P. Kauffman [46]. The calculation used soft gluon
resummation at low pr and a next-to-leading order perturbative QCD calculation
at high pr. The d*c/dprdy distributions were calculated for py < 200 GeV/c and
ly| < 2.875 for W and W’ bosons using the CTEQ4A1 parton distribution function
set with AS]CD = 140 MeV. Figure 5.1 shows the transverse momentum distributions
and the rapidity distributions of W* and W't bosons of various masses.

The production cross sections for W and W’ bosons were calculated to the leading
order process as described in Section 1.3. To account for higher-order QCD effects,

the cross section of the leading order process was multiplied by a K-factor
. 87
K=1+ ?Oés(MW/), (51)

where a,( M) is the strong coupling constant calculated at )* = M7,,. The K-factor
has a typical value of 1.2 ~ 1.3 at /s = 1.8 TeV.

The W’ bosons were generated with masses from 200 GeV/c? to 800 GeV/c? in
50 GeV/c* intervals. The branching fraction of the W/ — puv process and the total
width of the W’ boson as a function of W’ boson mass are shown in Figures 1.4 and
1.5, respectively. The branching fraction of the W — pv process and the total width
and the mass of the W boson in these calculations used were 1/9 and 2.04 GeV,
respectively [47]. The W boson mass used in these calculations was 80.4 GeV/c? [48].

5.2 Detector Simulation

The detector simulation consisted of an underlying event model, which accounts for
the response of the calorimeter to the overall transverse energy flow associated with
the production of a boson, and a detector model, which accounts for the detection
efficiency of the muons, trigger efficiencies, and other resolution effects. For each
Monte Carlo event, the underlying event was determined, the resolution of the muon
candidate was accounted for, and the effects of the trigger and detector acceptance

were taken into account.
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Figure 5.1: The transverse momentum distributions (top) and rapidity distributions
(bottom) of the W boson and W'* bosons with different masses calculated with a
next-to-leading order calculation by P. B. Arnold and R. P. Kauffman [46] using the
CTEQ4A1 parton distribution function set.
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5.2.1 Underlying Event Model

The transverse momentum of the neutrino from a W/W' decay is determined indi-
rectly by the measurement of ET The energy flow associated with the underlying
event, w, is defined as the vector sum of the transverse energy flow of the particles
that are not the decay products of the boson of interest. Therefore, ET is related to
the underlying event as ET =« — py, where pJ is the transverse momentum of the
muon from the W/W' boson decay. Contributions to the observed underlying event
come from the jets produced in association with the boson (the recoiling jets), the
remnants of the pp collision, the jets from other interactions in the same beam bunch
crossing, and any energy mismeasurement in the calorimeter. The recoiling jets are
the component that gives non-zero @ on average whereas other contributions give @
with mean values of zero. Therefore, i is expected to be a function of the boson
pr, which balances out the recoiling jets. The underlying event can be decomposed
into two components; ur, the component longitudinal to the direction of the muon
from W/W’ boson, and ur, the component perpendicular to that of the muon. The

transverse mass can be written as

My = 2\/pr(pr + ur), (5.2)

and, therefore, only uj, contributes to the transverse mass determination.

The many contributions to the observed characteristics of the underlying event
make it difficult to model it accurately with Monte Carlo calculations. Furthermore,
the energy flow in the underlying event cannot be modelled using the W — pv sample,
as the pr of the W boson cannot be determined independently of the underlying event.
Therefore, samples of Z — pu events were used to model the underlying event with
the Z boson pr calculated from its decay muon momenta. If one assumes that the
response to the recoiling jets from a W boson of a given pr is similar to that of the
recoiling jets from a Z boson of the same py [49, 50], their underlying events are also
expected to be similar. In Figure 5.2, the vy, and ug distributions of the W/ W' — uv
event candidate sample and a Z — pp sample for Run 1B are compared and shown

to agree well with each other. Here, uy, and ur for 7 — pp events were calculated
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Figure 5.2: Comparisons of uy, (left) and ug (right) distributions between the 7 — pu
sample and the W/W' — pv event candidates in Run 1B.

by randomly choosing one of the muons to be the analogue of the neutrino and the
other to be the muon from the corresponding W — uv decay.

The Z — pup samples were made by requiring both muon candidates to satisfy the
muon selection criteria used in the W/W' — pv event candidate selection criteria. In
addition to these muon selection criteria, the zy’s of the muon candidates were required
to be within 5 cm of each other and the invariant mass of the dimuon candidate was
required to be between 81 and 101 GeV/c?. The invariant mass distributions of the
7 — pp samples are shown in Figure 5.3. There were 344 events in Run 1A and 1635
events in Run 1B.

The observed underlying event differs from the true underlying event, which is
equal in magnitude and opposite in direction to the transverse momentum of the
boson, due to the energy resolution of the calorimeters. Due to the correlation between
u and the py of the boson, the net energy flow in the observed underlying event was
decomposed into the component parallel to the true underlying event, uy, and the
component perpendicular to the true underlying event, uy, as shown in Figure 5.4.
The u; and uy distributions as functions of the Z boson py for Run 1A and Run 1B

are shown in Figures 5.5 and 5.6, respectively. In order to model uy, and ur correctly,
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Figure 5.3: The invariant mass distributions of the Z — pp samples in Run 1A (left)
and Run 1B (right). The events between the arrows (81 < M < 101 GeV/c*) were
used in the underlying event modelling. There are 344 events and 1635 events within
the mass window in Run 1A and Run 1B, respectively.

the observed u; and wu, distributions and their correlation with the boson pr were
first determined. These were then incorporated into the underlying event model to
produce the correct correlations in the uy and up variables.

The uy and uy distributions for a given Z boson pr were parametrised with double

Gaussian distributions. The probability density for the ith event was assumed to have

the form
. 1-— Rl (uli - ﬂ1)2 Rl (uli - ﬂ1)2
ree ( o1 P (_ 202 * oy P 20,2
1-— R2 u2i2 R2 u2i2
X ( st (—2032) + 5. 5P (—2042 ) (5.3)
where
m . < m
Hl _ 2pTz (pTz — 1) (54)

(mg —mz)my + mapr, (pr, > mi)
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Figure 5.4: Decomposition of the observed underlying event, s, into components
parallel, 4y, and perpendicular, sy, to the true underlying event, t;.,.. The energy
flow @y e is equal in magnitude and opposite in direction to the transverse momentum
vector of the boson pr.

and

o1 = 81+ S2p1;
03 = 83 + S4PT;
03 = 101 (5.5)

04 = U203.

The parameters m;, s;, ax, and R; are determined by a likelihood fit of this probability
density to the Z — pp sample. In this fit, @y was forced to be zero at pr = 0 and
Uy, was assumed to be zero everywhere.! The likelihood fit was performed with the
MINUIT minimisation programme [52]. The results of the fit, presented in Table 5.1,
show that the Run 1B underlying event has wider distributions around mean values
of u; and us than the underlying event in Run 1A. This was expected due to the
larger mean number of collisions per beam bunch crossing in Run 1B compared to

Run 1A.

TEven if w; was let float in the fit, the result was consistent with @, = 0 at pp = 0 within the
fitted uncertainty.
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Fit Parameters ‘ Run 1A Run 1B
my 7.74 +£0.90 8.23 £0.48
me (4.4940.31) x 107" (4.97+0.21) x 107!
ms (7.80 £ 0.28) x 1071 1.01 £0.02
51 1.80 4+ 0.27 2.76 £0.13
S (9.02+1.64) x 1072 (9.13 4+ 0.93) x 1072
S3 1.60 £+ 0.16 3.12+£0.20
84 (3.31 £0.96) x 1072 (2.14 +0.46) x 1072
Ry (3.51 £ 0.14) x 107" (3.724+0.54) x 107!
R, (3.78 £ 0.79) x 107" (4.15 4+ 0.62) x 107!
aq 2.04 £ 0.17 2.19 £0.03
a3 2.47 4+ 0.19 2.06 £0.08

Table 5.1: Results of the MINUIT fit to the uy and uy distributions for the 7 — pu
samples. See equations 5.3 to 5.5 for the definitions of the parameters. The pr is
measured in units of GeV/e.

Since the boson pr in the underlying event probability density function was a
measured boson pr as opposed to the true boson pr, the input pr to the probability
density function must take into account the smearing due to detector resolution. For
each Monte Carlo W or W' boson generated as described in Section 5.1, a Z — upu
event with the same boson pr as that of the W or W’ boson was also generated. The
input pr of the W or W’ boson to the underlying event probability density function
was replaced by the Z boson pr reconstructed from the momenta of the muons with
the detector model described in the following section. The underlying event model
was then adjusted by “bootstrapping” to produce the fit results in Table 5.1.

In order to verify the accuracy of the resulting model, the uy and ug distributions
of a Monte Carlo generated 7 — pp sample that incorporated the underlying event
model and of the 7 — pu sample in Run 1B are compared in Figure 5.7. Also, uy,
and ur distributions of a Monte Carlo W — pr sample and of the W/W' — uv event
candidates in Run 1B are shown in Figure 5.8. The model and data distributions are

in good agreement, validating the accuracy of this modelling technique.

71



150

100

Events per GeV

50

Run 1B
x’/dof=1.32

Z —> uu data
Z—> upu MC

0
u. (GeV)

150

100

Events per GeV

50

Run 1B
x’/dof=1.27

Z —> uu data
Z—> upu MC

Figure 5.7: Comparisons between the uy distributions of the 7 — ppu data sample
and a Z — pp Monte Carlo sample (left) and the ur distributions of the same samples
(right) for Run 1B. The Monte Carlo distributions are normalised to the number of
events in the 7 — pp data sample within |ug 7| < 50 GeV.

2000

1500

1000

Events per GeV

500

W —> ur dato
W—> ur MC

-50

-25

0
u, (GeV)

(o))
o

2000

1500

Events per GeV

1000 —
500 -

— W—uv MC

W —> ur dato

-25

0
uy (GeV)

N
&)}
o

Figure 5.8: Comparisons between the wuj, distributions of the W/W' — puv event
candidate sample and a W — v Monte Carlo sample (left) and the up distributions of
the same samples (right) for Run 1B. The Monte Carlo distributions were normalised
to the number of events in the W/W' — pv event candidate sample within |ug 7| <

50 GeV.

72



5.2.2 Detector Model

The measured momentum of a muon is smeared due to the finite momentum resolution
of the tracking system. The momentum resolution of a beam constrained fit of a track

was measured to be [51]

(0.81 + 0.09) x 107*py (Run 1A)
épr/pr = (5.6)
(1.01 +0.06) x 10~?py (Run 1B),

where pr is in units of GeV/c. Since the transverse momentum was determined by
the track’s curvature, which is proportional to 1/pr and has a Gaussian resolution
function, the curvature of the muon track was smeared with a Gaussian probability
density function with widths of 0.81 x 1072 and 1.01 x 1072 for Run 1A and Run 1B,
respectively.

The distribution of the primary vertex along the z direction was parametrised
with a double Gaussian function fitted to the z distribution of the class 12 vertices
(see Section 3.4) in the events in Run 1B before applying any event selection cuts.
The fitted double Gaussian function had means at 1.7 cm and 2.3 ¢cm and widths of
33.9 cm and 18.4 cm, respectively, in the detector model. The ratio of the areas of
two Gaussians was approximately 2:1.

The efficiencies of the Level 1 and Level 2 triggers were taken into account using a
model of their performance. The trigger simulation used the measured efficiencies and
prescalings of the Level 1 and Level 2 triggers for Run 1B (see Section 4.1). The Run
1B trigger efficiencies were used for the CMUP and CMUNP Run 1A triggers, but with
no prescaling for the CMUNP trigger. The parametrisations of the trigger efficiencies,
with the n dependence of the CFT efficiency incorporated, were used to determine the
probability that a given Monte Carlo event satisfied the trigger requirements. The
event selection efficiencies (see Chapter 4) were also parametrised to determine the
probability of a given Monte Carlo event satistfying the event selection. The Level 3
triggers were not simulated but the effect of the Fj,q < 6 GeV cut was accounted for
in the event selection efficiency parametrisation.

The efficiency times acceptance for W/W' — uv events for Run 1B as a function

73



0.20

o
o
x
\

Efficiency X Acceptance
o
S
I
|

o
o
3]
T
|

0.0o 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
0 200 400 600 800

My (GeV/c?)

Figure 5.9: Efficiency times acceptance of W/W’' — pv events in Run 1B.

10°

T T T

W—> urv MC
10° H

T T
Ll

10*

T T
Ll

10°

10%

Events per 5 GeV/c?

10

o

1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
100 200 300 400 500
M; (GeV/c?)
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events in Run 1B. The distribution shown is not normalised.
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of W’ boson mass is shown in Figure 5.9. It rises as the W’ boson mass increases
in the low mass region due to an increase in the geometrical acceptance but falls
in the high mass region due to the effects of cuts with muon momentum-dependent
efficiencies (see Section 4.4).

The expected transverse mass distributions of observed W — puv and W/ — puv
events are shown in Figures 5.10 and 5.11, respectively. The pile-up in the low
transverse mass region for high mass W’ bosons is due to the enhancement in the
contribution from off-mass-shell W’ bosons caused by the steeply falling proton and
antiproton parton densities for partons with large momentum fractions. The position
of the peak in the measured transverse mass distribution for a relatively heavy W’
boson (2 600 GeV/c?) is noticeably lower than the nominal mass due to the asym-
metric resolution for very high-pr tracks. The expected transverse mass distributions
of observed W’ — puv events overlaid with that of W — puvr events are shown in

Figure 5.12.

75



1.0

—————
~ | ]
o0 My=200 GeV/c? |
— 0.75F a
> L 4
e
N I ]
O
\ F -
> I ]
o
O o5k a
(@) . 4
N I ]
o F 4
[eB
o I ]
2 0250 a
[ F 4
>
] L i
O‘O>A L P - PR PR L ]
0 500 1000 1500 2000
M, (GeV/c?)

1,00
~ | ]
o0 My=600 GeV/c? |
— 0.75F a
> L 4
e
N I ]
(&)

\ F -

> I ]

o

O 0.50F a

(@) . 4

N I ]

o F 4

[eB

o I ]

2 0250 a

[ F 4

>

] L i
OAOOV‘ o b e LT | AA

0 500 1000 1500 2000
M, (GeV/c?)
Figure 5.11:

for different

Events per 10 GeV/c? (X 107%)

Events per 10 GeV/c* (X 107°)

0.25

©
i
o

©
-
o

©
=
o

©
o
3]

0.60

©
19
o

0.40

0.30

0.20

©
=
o

T

My=400 GeV/c”

Lo by by

L1

[ - PR P -

1000 1500 2000

M; (GeV/c?)

My=800 GeV/c”

1000
M; (GeV/c?)

1500 2000

The expected transverse mass distributions of observed W' — pv events

W’ boson masses for Run 1B. The distributions are shown in units of

the expected number of observed W — pr events. The pile up in the low transverse

mass region at high My is due to contributions from off-mass-shell W’ bosons (see

text).

76



10"

10°
— M,=80.4 GeV/c?

—  My=400 GeV/c?
My' =500 GeV/c’
My =600 GeV/c’
My =700 GeV/c’

10

10’

Events per 5 GeV/c?

107

o
Ll

g

|
| i
N 1 Y

0 500 1000 1500 2000
M; (GeV/c?)

1075

107

Figure 5.12: The expected transverse mass distributions of observed W’ — uv events
for various masses overlaid with that of W — uv events for Run 1B.

77



Chapter 6

Backgrounds to W’ Production

Backgrounds to W’ — pr production come from sources with real muons such as
W — uv, W —71v —uX, Z/y — pp, 7|y — 77 — pX, tt — pX, and cosmic rays,
and from QCD jet production that result in fake muon candidates. In this chapter,
the background sources to W’ — pr production other than the W — pv process are

described.

6.1 Z/v— pu

The Z/y — up process becomes a source of background when one of the muons is
not identified as a muon candidate and the event then satisfies the [y requirement.
There are two cases: 1) The secondary muon falls outside the muon chamber coverage
or 2) the secondary muon fails the secondary muon selection requirements for the
Z[y — pp rejection (see Section 3.6) and the event passes the “back-to-back” cuts
(see Section 3.7).

Although it is possible to use a Z — ppu event sample to construct a transverse
mass distribution of the Z/y — up background by assuming one of the muons to be
“lost”, Monte Carlo calculations were used to determine this transverse mass distri-
bution mainly due to statistical considerations. A sample of Z/y — pp events was
generated with the PYTHIA Monte Carlo programme using the CTEQ4A1 parton
distribution function set. The Z boson mass was set to 91.2 GeV/c* [53] and the min-

imum dimuon invariant mass of the Z/y — pup events was 30 GeV/c*. The events
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were reconstructed with the simple detector model described in Section 5.2.
The expected transverse mass distribution of Z/y — uu events was normalised
with respect to that of W — pr production using the measured ratio of the production

cross section times branching fractions of the processes pp — WX — evX to pp —

ZX — eeX [H4]
o-B(W — ev)
o-B(Z — ee)

o B(W—=pv) _ o-B(Z—pu)
o B(W—ev) =~ o-B(Z—ee)

= 10.90 =+ 0.43, (6.1)

= 1. The ratio of the cross sections for Drell-

assuming that
Yan (Z/~) to Z boson production was used to correct for the non-resonant part of

the Z/~ production process:

= do o do
D9 gaM / Y9 ZVdM = 1.25 + 0.01 6.2
/30GeV/c2 dM( /7) / 30GeV/c2 dM( ) ’ ( )

where M is the invariant mass of the produced Z or Z/v system. The expected
Z]y — pp event transverse mass distribution is shown in Figure 6.1. The relative

expected rate of observed Z/~v — pp events with respect to the W — pv events is

(1.01 £0.04) x 107! for Run 1B.

6.2 W —7rvand Z/y— 717

Backgrounds from W and Z production involving tau lepton decays have lower accep-
tances than the direct decays W — pv or Z/y — pp since the additional neutrinos
from the tau lepton decay carry off a fraction of the transverse momentum of the
tau lepton. The expected contribution from the W — 7v — pvvv sequential decay
process was modelled by a PYTHIA Monte Carlo calculation using the CTEQ4A1
parton distribution function set and the simple detector model. The resulting trans-
verse mass distribution was normalised with respect to the W — puv process using
the branching fraction B(7 — prr) = 0.1735 4+ 0.0010 [55].

The Z/y — 77 — pX decays are complicated by the presence of a second tau
lepton, which can decay either leptonically or hadronically. The PYTHIA Monte

!The relative expected rate of observed Z/v — up events with respect to the W — pv events in
Run 1A is similar to that in Run 1B.
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Carlo programme was used to generate the sequential decay 7/v — 77 — pX and the
detector response was determined with the CDFSIM. The expected transverse mass
distribution of Z/v — 77 events was normalised with respect to that of W — uv
production in the same manner as that of Z/v — pp production, taking into account
the tau lepton branching fraction to pvvv. The expected transverse mass distributions
for W — 7v and Z/y — 77 events are shown in Figure 6.1. The relative expected
rates of the observed W — 7v events and Z/y — 77 events with respect to the
W — uv events are (2.64 & 0.02) x 1072 and (2.21 +0.09) x 1072, respectively, for
Run 1B.

6.3 tt Production

Top quark (¢¢) production is not a large background since the cross section for this
process is relatively small. However, because the top quark is heavy, the muons
produced by a top quark decay are expected to have high pr, thus contributing
events to the high transverse mass region. There are two sources of muons from
tt production: A top quark decays into a b-quark and W boson pair and the W
boson decays into a uv pair, or the b-quark decays into a muon and other fragments.
Because the muon produced from b-quark decay is typically accompanied by hadrons
and therefore is likely to fail the isolation cut imposed in the event selection, the muon
from the W boson decay is expected to be the main source of the ¢ production.

A sample of {{ events were generated with the PYTHIA Monte Carlo programme
using the MRS-R2 parton distribution function set [56]. The mass of top quark was
set to be 176 GeV/c* [17]. The detector response was modelled with CDFSIM. The
resulting transverse mass distribution was normalised by the measured ¢ production
cross section of 7.511% pb [57] and is shown in Figure 6.1 The relative expected
rate of the observed tf production events with respect to the W — uv events is

(5.99%1352) x 10~ for Run 1B.
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Figure 6.1: Expected transverse mass distributions of Z/y — up, W — v, Z/y —
77, and ¢! production normalised with respect to the expected number of observed
W — pv events Run 1B. The distributions are shown in units of expected number of
observed W — pv events.
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6.4 QCD Background

Background to the W/W' — uv events from high-py light quark and gluon production
(QCD background) is expected when one or more of the resulting jets are misidentified
as isolated muons that, in turn, result in a significant mismeasurement of fr.

The contribution from QCD background was calculated using a modified W/ W' —
pv event candidate sample created by removing the isolation requirement on the
primary muon candidate. Since QCD background has more than one jet in an event,
events in this sample were required to have at least one jet with observed Fr greater
than 5 GeV that was at least 30° in azimuth away from the primary muon candidate.
Three subsamples were created using different isolation requirements: Iso < 1 GeV
(“muon enriched”), I'so < 3 GeV (“W + jets”), and Iso > 6 GeV (“dijet enriched”).
The “muon enriched” sample was expected to mainly comprise events that have a W/
boson produced with jets, whereas the “dijet enriched” sample was expected to have
an enhanced component of QCD background. The “W + jets” sample was simply a
subset of the W/W' — uv event candidate sample with an additional jet requirement
and was expected to contain the majority of the QCD background in the candidate
sample. Since a majority of QCD background events come from dijet topologies, the
azimuthal opening angle between the primary muon candidate and the jet with the
highest Er, ¢(u,7), would be expected to have a distribution that peaks at 180° for
QCD background whereas the distribution of ¢(y, j) for the “muon enriched” sample
would not display this effect as prominently.

In order to estimate the number of QCD background events in the “W + jets”
sample, the ¢(u,j) distribution of the “W + jets” sample was fitted to the sum
of the “muon enriched” sample and the “dijet enriched” sample simultaneously, as
shown in Figure 6.2, with the relative fraction of each component being the only free
parameter. From the fit, the numbers of QCD background events in the W/ W' — uv
event candidate sample were determined to be 37757 events for Run 1A and 201 4 99
events for Run 1B.

The QCD background transverse mass distribution was assumed to be well rep-

resented by that of the “dijet enriched” sample and was normalised to the expected
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Figure 6.2: The distribution of the azimuthal opening angle between the muon candi-
date and the highest Fr jet, é(p, ), for the “W + jets” sample (Iso < 3 GeV) fitted
with the “muon enriched” sample (Iso < 1 GeV) and the “dijet enriched” sample
(Iso > 6 GeV) for Run 1A and Run 1B.

number of QCD background events. The transverse mass distribution of Run 1B
“dijet enriched” sample was used to model the QCD background transverse mass dis-
tributions for both Run 1A and Run 1B because of the low statistics of the Run 1A
“dijet enriched” sample. The effect of this substitution was expected to be negligible
due to the fact that the predicted number of QCD background in Run 1A was small.
Figure 6.3 shows the predicted transverse mass distribution of QCD background for
Run 1B.

6.5 Cosmic Rays

As was seen in Figure 3.7, the W/W' — uv event candidates and the cosmic rays
had different hadron TDC distributions. This was exploited to estimate the number
of remnant cosmic ray events in the W/W’' — uv event candidate sample.

The hadron TDC distribution of the W/W’ — puv event candidate sample without
the hadron TDC cut was fitted using a double Gaussian parametrisation in the region

where the non-cosmic ray events dominate (|tp.q| < 15 ns). The number of events in

83



B0 v v v

QCD background
50+ —

Events per 5 GeV/c?

oo e o v e o a L L

0 100 200 300 400 500
M; (GeV/c?)

Figure 6.3: The transverse mass distribution of QCD background normalised to the
expected number of events in Run 1B.

the t5,4 < —7.8 ns region was subtracted from the number of events from the fit in the
same region. The difference was the expected number of cosmic ray events outside the
signal region of the hadron TDC distribution. The hadron TDC distribution of the
cosmic ray sample (see Section 4.3) was then normalised to the number of expected
cosmic ray events with #,,4 < —7.8 ns. This yielded 1273' cosmic ray events in the
hadron TDC signal region.

Given that the estimated number of cosmic ray background events in the final
sample was negligible compared to the total number of W/W' — uv event candidates
and these events are expected to have a low transverse mass distribution, the effect

of the cosmic ray background will remain insignificant. Therefore this background

contribution was ignored.?

2If all cosmic ray events were assumed to be in the low transverse mass region, where the W — puv
background was expected to be dominant compared to the expected number of signal events, the
decrease in the expected number of W — pv events was at most ~ 0.2%.
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Chapter 7

Results

As in any new particle search, the results of this study could either be an observation
of the particle or quantitative limits on the rate for producing such an object. Since
no clear signal for W' — uv decay was observed, in this chapter the methodology of
extracting limits from the data using the information about the expected backgrounds

and possible signal is presented along with the search results.

7.1 Expected Number of W' — uv Events

The expected number of observed W/ — uv events, Ny, is calculated as

[O"B'(‘:‘A]W/
Ny = N 7.1
w [a-B-e-A]WX W, ( )

where [0 - B - ¢ - Alw ) is the product of the production cross section, branching
fraction, efficiency, and acceptance of W — uv (W' — uv) events. The quantity Ny
is the expected number of observed W — uv events in the W/W' — pv event candi-
date sample, which was determined by the fit described in the following section.! The
expected numbers of observed W' — uv events in the W/W' — uv event candidates

in Run 1A+1B are shown in Table 7.1.

In obtaining Ny, it was assumed that there was no W’ — uv events in the data sample.
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My (GeV/e?) | ZE=2d Ny,
80.4 (W) 1.00 28200
200 512 x 1072 2330
250 2.09 x 1072 984
300 9.50 x 107 456
350 4.66 x 1072 224
400 2.40 x 1073 115
450 1.28 x 1072 60.2
500 6.95 x 107*  32.5
550 3.83 x 107 17.2
600 2.14 x 107 9.69
650 1.21 x 107*  5.37
700 6.93 x 107> 3.01
750 4.03 x 107 1.72
800 2.40 x 107°  1.01

Table 7.1: The ratios of cross sections times branching fractions of W' — puv to
W — uv productions and the expected numbers of observed W’ — uv events, Ny,
in Run 1A+1B. The expected numbers of observed events were obtained from the

fits described in Sections 7.2. The number of events for My = 80.4 GeV/c? is the
number of W — puv event candidates determined from the same fit.
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7.2 Transverse Mass Distribution Fitting

7.2.1 Fitting Method

To determine the observed number of W' — pv events in the W/W' — puv event
candidate sample (or to set a limit on this yield), the transverse mass distribution of
the candidate events was simultaneously fitted with the expected background distri-
butions and a signal distribution using an unbinned likelihood fit method.

A likelihood, L, can be written as

L= ne’” exp(—n.) ﬁ (E) ) (7.2)

n,! 1 \ne

where n, is the observed number of events in the data, n. is the mean number of
expected events, and P; is the unnormalised probability for the ith event to be pro-
duced [58]. The Poisson probability term, (n."/n,!)exp(—n.), constrains n. to be
approximately equal to n,. The “lineshape” term, [1(P;/n.), is what primarily con-
strains the unknown variables that are being determined by the fit.?

The quantity P; is the probability of the ¢th event having the observed transverse
mass value. This is simply proportional to the size of the expected transverse mass
distribution of the combination of background and signal events at the observed value
of M7. The unnormalised probability distribution at a given transverse mass value

My, P(Mr), can be written as

P(Mr) = aolW(Mr) + 3 a;B;(Mr) + BW'(Mr, My»)] + 7Q(Mz), (7.3)

where W (Mry) is the transverse mass lineshape of the W — puv process, B;(My) are
the transverse mass lineshapes of the background other than the W — pv process
and QCD background (i.e. W — 7v, Z/v — pu, Z/v — 77, and t¢ production),
W'(Myp, My) is the transverse mass lineshapes of the W’ — pv process, and Q(Mr)

is the transverse mass distribution of QCD background.® Each lineshape, excluding

?This maximum likelihood fit method is based on an a priori knowledge of the shape of the
probability density distributions of the event distributions.
3For each event, each transverse mass lineshape was averaged over within £2.5 GeV/c? of the
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QCD background, was normalised to its expected number of events relative to the
W — pv process. The parameters ag, (5 # 0), 3, and v are the parameters to be
determined by the fit.

The parameters a;(; # 0) and 3 are multiplied by the overall normalisation
ag. Therefore, the fit estimates a;(; # 0) and 8 as fractional yields of non-QCD
backgrounds (excluding the W — pv process) and the W’ — pv process, respectively,
normalised with respect to that of the W — puv process. This removes a large
fraction of the systematic uncertainties that come from cross section and efficiency
calculations, and completely removes the systematic uncertainty that arises from the
integrated luminosity of the event sample. Because QCD background was estimated
from the data and, thus, is not affected by the aforementioned factors common to
Monte Carlo generated events, 7 is in principle independent of other background
sources and the signal. If there exists a W' — uv process, one would expect to have
8 =1 when the the correct choice of My is made for W/(My, My+). The expected

number of events from the fit, n., is calculated by
ne = /P(MT) M. (7.4)

Since it is more convenient to deal with the negative log-likelihood function, from
Eq. (7.2),
—InL =n.—n,Inn. — Zln (E) + constant, (7.5)
- Ne

where the constant is not a function of the fit parameter and can be ignored. The
minimisation of the negative log-likelihood was performed with the MINUIT minimi-

sation programme [52].

7.2.2 Statistical Fluctuation and Smoothing

Any fluctuations due to low statistics in the high transverse mass region of the back-

ground transverse mass lineshapes need to be “smoothed out” for fitting. There are

My value of the event in calculating P(Myg). Therefore, strictly speaking, P(Mr) is an averaged
probability distribution for a given transverse mass value Mrp.
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at least two ways to approach this issue; piecewise smoothing or parametrisation. The
latter was used in this analysis since the piecewise smoothing tended to smear the
distribution. The high transverse mass regions (150 < My < 1000 GeV/c?) of the
distributions for the Monte Carlo generated W — uv, Z/v — pp, and ¢ production

events were fitted with

dn
dMr

= C/(Mr)", (7.6)

where (' and P were the parameters to be determined by a fit to each background
component.

The low statistics in the high transverse mass region of the QCD background
required that a different technique be used to smooth the background distribution.
The fit region was extended down to My > 50 GeV/c? and a parametrisation that
accounted for phase space with momentum smearing using an unbinned likelihood

fitting technique was used:

dn
dMr

=[O0 = My V3 (M) % S(My; Ma)dMy, (7.7)

where C'; N, and P were parameters to be determined by the fit, /s was the center-

of-mass energy, 1.8 TeV, and S(Mp; My) was a smearing factor, which was defined

L (/=2
W%%“ﬂmmmXp(zwww)‘ (78)

The smearing was used to account for the fact that My was measured with the pr of

as

a muon. Here, it was assumed that M7y = 2pr. Figure 7.1 shows the transverse mass
distributions of the W — pv, Z/~ — uu, tt production, and QCD backgrounds over-
laid with their smooth parametrisations. The transverse mass distributions for the
W — 7v and Z/y — 77 processes were not parametrised because their contributions

in the high transverse mass region were negligible.

7.2.3 Fit Results

When performing the fit, the fit parameters for backgrounds other than the W — pv

process, a;(j # 0) and v, were fixed to unity. This was done to avoid instabilities
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Figure 7.1: Parametrised transverse mass distributions of W — pv, Z/v — pp, tt
production, and QCD background for Run 1B. The arrows show the lower bound of
the parametrised M7 regions. The distributions shown here are not normalised.

in the fit due to several background sources having very similar transverse mass
lineshapes. The effect of fixing the fit parameters was accounted for in the systematic
uncertainty calculation described in Section 7.3. Also, ap and 3 were constrained to
be in the physical region, i.e. g, > 0 [59]. The fit was performed in the region of
40 < My < 2000 GeV/c*. This fit region reflects the difficulties in modelling the
transverse mass lineshapes in the low and high transverse mass regions. The fraction
of observed events expected above My = 2000 GeV/c* for an My = 800 GeV/c* W’
boson was estimated to be ~ 2% and the impact of the loss of events on the results
due to the the choice of fit region is small.

Two schemes were considered to extract the combined results from the two sets
of data taken under slightly different conditions, i.e. Run 1A and Run 1B. The
likelihood distributions can be calculated for each data set and then combined to
extract a common results. The other method is to combine the data sets, calculate
the likelihood distribution for this single sample, and extract the common results.
The latter was chosen for this analysis because the transverse mass distributions for

the two samples were very similar.
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In order to fit the transverse mass distribution of the combined Run 1A and Run
IB W/W' — pv event candidates, the predicted transverse mass lineshapes config-
ured for each data set were needed before they were added together. The transverse
mass distribution of the W/W’ — pv event candidates from each data set was fitted
separately with their respective background transverse mass lineshapes, as shown in
Figure 7.2. The resulting «ap from each fit determines the scale factor for the trans-
verse mass lineshapes for each data set. The ratio of a’s for Run 1A to Run 1B was
0.2214 4+ 0.0033. This ratio accounts for the differences in the integrated luminosity
and the efficiencies between Run 1A and Run 1B. The transverse mass lineshapes of
backgrounds, except that of QCD background, for each data set were normalised by
ap from the separate for Run 1A and Run 1B fit.* The normalised transverse mass
lineshapes for each data set were added lineshape by lineshape to obtain the trans-
verse mass lineshapes for the combined data set. This method avoids any systematic
uncertainties arising from the relative integrated luminosity measurements as well as
any absolute efficiency measurements when combining the data sets.

These combined transverse mass lineshapes were then used to fit the transverse
mass distribution of the W/W’ — pv event candidates in the combined Run 1A and
Run 1B data set. The search results are shown in Table 7.2. The fit prefers non-zero
3 values for low My, due to the small excess of events with M7 ~ 200 GeV/c* above
the background prediction, as shown in Figure 7.3. However, the excess is statistically
insignificant.

In order to extract limits on the rate of W’ — pv production, it is convenient
to deal with a likelihood distribution that is a function of # only. A likelihood
distribution as a function of 3 only was obtained by fixing /3 at a succession of points
and minimising the negative log-likelihood at each point with respect to ag. The
normalised likelihood distributions obtained this way for 250 GeV/c? and 700 GeV /c?
W' bosons are shown in Figure 7.4. The peak away from 8 = 0 for a 250 GeV/c* W’
boson indicates that the fit prefers a small non-zero W’ boson fraction, as shown in

Table 7.2.

*The transverse mass lineshape of QCD background was normalised to the numbers of QCD
background events obtained for each run as described in Section 6.4.
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‘ Mw: (GeV/c?) ‘ Fraction of W' — pv () ‘

200 0.0091 5004
250 0.01113 506
300 0.006%5 00
350 0.000%5 050
400 0.0000 005
450 0.00015000
500 0.0001 5000
550 0.000%5005
600 0.000%5-00
650 0.0009 850
700 0.000F5:27
750 0.000%5-005
800 0.000%5:55

Table 7.2: The results of the fit to the My distribution of the W/W' — puv event
candidates in the Run 1A+1B data sample. The fit parameter g is the fraction
of W/ — pv production observed in data with respect to the expected number of
observed W' — puv events. The fit was performed in the physical region of 3, i.e.
B > 0. The uncertainties shown are statistical only. The systematic uncertainties are
shown in Figure 7.7 and range from ~ 0.04 (My = 200 GeV/c*) to ~ 0.18 (M =
800 GeV/c?).
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Figure 7.2: The transverse mass distribution of the W/W' — puv event candidates
(dots) overlaid with the standard model background prediction fit (solid line) in Run
LA (left) and Run 1B (right). The disagreement between the prediction and data
for My < 20 GeV/c? in the Run 1A distribution arises from the use of the QCD
background shape for Run 1B. However, this does not affect the overall fit because
each fit was performed in the region of 40 < My < 2000 GeV/c?.

7.2.4 Fitting Bias

It is important to verify that the fitting method can indeed identify a W/ — puv
contribution, if it exists. In order to check the soundness of the method, a set of
Monte Carlo “pseudo-experiments” was performed. A transverse mass distribution
template of the background was produced by fitting the data with the nominal set
of transverse mass lineshapes.® The template for the expected signal was produced
by setting ap to be the value obtained from the background fit and g = 1. A set
of at least 1000 pseudo-experiments were performed for a given My value, where
in each experiment an observed transverse mass distribution was created using the
template. The number of background events in each sample was fixed to the number
of events obtained from the fit. The signal events were generated according to a

Poisson distribution with the mean equal to the expected number of signal events. A

>Henceforth, the “nominal” set of transverse mass lineshapes refers to the set used to search for
W' — pv production as opposed to the sets of the transverse mass distribution lineshapes used to
calculate the systematic uncertainties in Section 7.3.
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Figure 7.4: The likelihood distributions for My = 250 GeV/c* (left) and My

700 GeV/c* (right) for Run 1A+1B. The areas under the curves are normalised to
unity.

fit was performed on each pseudo-experiment sample produced from the templates in
the same manner as the data.

A summary of the results of the fits to the Monte Carlo transverse mass samples
are shown in Table 7.3. The results show that the fitting method has a small bias
in 3 when the relative event rate of W’ — puv production is small compared to that
of W — pr production, resulting in fitted values of § that are slightly less than
1.0. This is due to the fact that the transverse mass distribution of W’ — uv events
extends to the low transverse mass region that is heavily populated by the background
events. The addition of small number of events from the W’ — pv contribution in
the low transverse mass region results in fits that assign most of these to the much
larger background contribution. This can be see in Figure 7.5, where the fit results
for Monte Carlo samples created with a 700 GeV/c* W' boson are shown. Except for
the null signal event case, the mean number of signal events found by the fit, n;,
is less than the number of actual signal events in the pseudo-experiment, ng,. The
pile-up at ny;; = 0 for the cases where there are ny, < 2 events in the sample is due
to the fact that f is constrained to the physical region, # > 0. Therefore, when the

fit prefers a negative value of 3, 3 is forced to be 0. This bias from the fitting method
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‘ MW/ (GGV/CQ) ‘ 60 ‘

200 1.00
250 1.00
300 1.00
350 1.00
400 1.00
450 1.00
500 9.99 x 107!
350 9.96 x 107!
600 9.88 x 107!
650 9.72 x 107!
700 9.52 x 107!
750 9.44 x 107!
800 9.62 x 107!

Table 7.3: The biases in 3, Jy, from the fitting method. The fy is the mean value of

(3 determined from the Monte Carlo pseudo-experiments (see text).

was compensated for when calculating the limits on 3 (see Section 7.5).

7.3 Systematic Uncertainties

Systematic uncertainties in the fit results come from various sources of the uncertain-
ties in the theoretical calculations and the measured quantities incorporated into the
determination of the efficiency times acceptance of the events. The dominant sys-
tematic uncertainty comes from the choice of parton distribution function sets (see
Section 7.3.2), which is independent of the data taking period (i.e. Run 1A and Run
1B). The uncertainties from the boson pr scale and the relative production rate of
background processes are independent of the data set. Other systematic uncertainties
are expected to be similar in Run 1A and Run 1B. Therefore, effects from the differ-
ences in the systematic uncertainties between the Run 1A and the Run 1B analyses
are expected to be small, especially when limits on /3 are large compared to the sys-
tematic uncertainties. Also, the Run 1A data constitutes only 18% of the combined
Run 1A and Run 1B data in terms of the number of W/W' — uv event candidates.

Thus the systematic uncertainties calculated for the Run 1B data were used for Run
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of actual signal events (ng,) inserted into the background sample.
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1A and Run 1B combined data instead of calculating them independently for the Run

1A sample. This is a conservative assumption but simplifies the combined analysis.

7.3.1 Systematic Uncertainty Calculation

To account for the effects of systematic uncertainties on the limits set on 3, a set
of Monte Carlo pseudo-experiments similar to those described in Section 7.2.4 was
performed. Normalised transverse mass lineshapes were produced with a given source
of uncertainty varied, such as different parton distribution function sets. The trans-
verse mass distribution templates for the background and the signal were produced
from a fit to the data. Then at least 1000 pseudo-experiments were generated for a
given My according to these templates. The transverse mass distribution from each
pseudo-experiment was fitted with the nominal set of transverse mass lineshapes to
determine the mean value for 3. This resulted in shifts in 8 that reflected how the
systematic uncertainty affected 3. The difference between the mean /3 of the set being

tested and that of the nominal set, A3, was calculated as

AB = (B4 = Bol + 8- = Bol) /2, (7.9)

where 3 is the fit value from the pseudo-experiment that was generated from the
transverse mass distribution templates produced by fitting the data with the nominal
set of transverse mass lineshapes, and 4 is the fit value from the pseudo-experiments
with £1o systematic uncertainty variations.®

The entire procedure was repeated for each systematic effect. Finally, A3 from

each systematic effect was summed in quadrature to obtain the total systematic un-

certainty in 3, AB. A Gaussian distribution was used to smear the observed likelihood

distribution, L(3), with A3 as its RMS deviation,

1) = [ L) es (—%) 4 (7.10)

to obtained the smeared likelihood distribution, L'(/). The smearing was performed

5Except for the choice of parton distribution function set, as will be seen in Section 7.3.2.
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only in the physical region, i.e. 5 > 0.

7.3.2 Systematic Uncertainty Effects

The systematic effects that were considered are listed here.

Choice of Parton Distribution Functions

The systematic uncertainty from the choice of parton distribution function set comes
primarily from the difference in the ratio of the cross sections of W’ and W bosons
and secondarily from the differences in shapes of the predicted transverse mass dis-
tributions. In Figure 7.6, the ratios of o - B(W' — puv) to o - B(W — pv) for various
parton distribution function sets with My = 650 GeV/c? are shown. To estimate
the systematic uncertainty due to the choice of parton distribution function set, the
MRS-R2 [56] and MRS-H (MS) [61] next-to-leading order parton distribution function
sets were used to generate W — v, W — rv, Z/y — pp, Z/v — 77, and W' — pv
events. This resulted in uncertainties ranging from ~ 5% for My = 200 GeV/c* to

~ 12% for My, = 800 GeV /.

Muon Momentum Resolution

The muon pr resolution (see Eq. (5.6)) was varied by +10 and the Monte Carlo events

were reanalysed. This resulted in uncertainties ranging from ~ 0.4% to ~ 8%.

W/W' Boson pr

The W/W' boson pr distribution was scaled by +10% to model the uncertainty in the
production mechanism for W and W’ bosons. This resulted in uncertainties ranging

from ~ 0.8% to ~ 9%.

Relative Production Rate

The relative production rates of various background components were varied individ-

ually by £10. Table 7.4 shows the one standard deviation variations of the relative
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Figure 7.6: The ratios of o-B(W' — uv) to o-B(W — uv) for various next-to-leading
order parton distribution function sets (except for CTEQ2L, which is leading-order)
for a 650 GeV/c* W’ boson [16, 56, 60, 61]. The cross sections were calculated within
+61'(W/W’) of the mass values. For the systematic uncertainty calculation, MRS-
H(MS) and MRS-R2 parton distribution function sets were used.
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‘ Background ‘ Fraction Varied ‘

Z]y — pp +0.04

Zly — 7T +0.04
tt production | +0.24/ — 0.20

QCD +0.49

Table 7.4: Summary of the uncertainties in the relative rates of the backgrounds.
Fractions of Z/y — pp and Z/y — 77 were varied together.

production rate of the background sources. The resulting changes were added in

quadrature. This resulted in uncertainties ranging from ~ 0.3% to ~ 3%.

Muon Selection Efficiency

The muon selection efficiencies for CMU/P muons and CMX muons were varied
by +1o. When the CMU/P muon selection efficiency was varied, the CMX muon
efficiency was fixed at the nominal value and vice versa. This resulted in uncertainties

ranging from ~ 0.8% to ~ 2%.

Trigger Efficiencies

The combined efficiencies of the Level 1 and Level 2 triggers were varied by +lo
in the same manner as the muon selection efficiency. This resulted in uncertainties

ranging from ~ 0.3% to ~ 3%.

Underlying Event Model

The widths of the w; and us distributions were varied by 41o. This resulted in

uncertainties ranging from ~ 0.3% to ~ 5%.

Summary of Systematic Uncertainties

The systematic uncertainties (Af) are shown as functions of My in Figure 7.7. The
total systematic uncertainty varies from ~ 4% at My = 200 GeV/c* to ~ 18% at
My = 800 GeV/c?. In most of the My region, the systematic uncertainty due to the
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choice of parton distribution function set dominates the total systematic uncertainties.
The uncertainty stemming from the scaling of the Run 1A transverse mass lineshape
with respect to that of Run 1B is small compared to other systematic uncertainties
and was ignored.

The likelihood distributions for 3 for a 200 GeV/c* W’ boson and a 650 GeV /c* W’
boson before and after the systematic uncertainty smearing are shown in Figure 7.8.
For a 200 GeV/c? W’ boson, the smearing is large compared to the statistical precision
by which 3 is determined. For a 650 GeV/c* W’ boson, the smearing effects are visible
only near § = 0. A peak away from # = 0 appears after the smearing because of
the constraint, § > 0, in the systematic uncertainty smearing procedure: A point
in physical region (8 > 0) can move into the unphysical region (5 < 0) but not the

other way around.

7.4 Background Contribution Estimate

The contributions from individual background components were obtained from the
fit. Table 7.5 shows the expected numbers of observed contributions in Run 1A+1B in
the transverse mass region dominated by backgrounds (40 < M7 < 200 GeV/c?) and
the high transverse mass region (Mr > 200 GeV/c?) where the expected number of
background events is small. The uncertainties were obtained with the same procedure
described in Appendix A. The uncertainties are correlated. The expected total
number of observed background at M7 > 200 GeV /c? is 11.8£0.9 and is in agreement

with the data, which has 14 events in the same transverse mass region (see Table 3.1).

7.5 Limits

The limit on 3 at 95% confidence level (CL), fgs, is calculated using the formula

0.95 = ;/% L(B)dj (7.11)
T T L(B)ds Jo ' '
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Figure 7.7: The systematic uncertainties (Af) as a function of My. The total sys-
tematic uncertainty is a sum in quadrature of the individual systematic uncertainties.

Background Number of Events
(40 < My < 200 GeV/c*) (Mg > 200 GeV/c?)

W — uv 27925 £+ 209 8.99 £ 0.81
Z]y — pp 2824 + 196 2.02+£0.35
W — 1v 687 £ 27 0.04 £0.01
Zly =TT 47+ 3 0.02 £0.02

tt Production 1413 0.2910-97

QCD Background 4+ 37 0.4215-%5

Table 7.5: The contributions from individual background components.
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Figure 7.8: The likelihood distributions of My = 200 GeV/c* (left) and My =
650 GeV/c? (right) before and after the systematic uncertainty smearing. The areas
under the curves are normalised to unity.

The bias from the fitting method described in Section 7.2.4 is corrected by defining
Bos as

Bos = b5/ Po- (7.12)

The values of g5 with and without the systematic uncertainty smearing are shown
in Table 7.6.

Since flgs is the limit on the fraction of the number of W’ — pur events expected
for a W’ with the standard model strength couplings and branching fraction, the
limits on the cross section times branching fraction for W’ — uv production at 95%

confidence level (CL) are calculated using the relationship
(o -BW'— uv))esq cr = Bos - (o - BIW' — pv))sar, (7.13)

where (o - B(W' — uv))sm is the cross section times branching fraction of W/ — pv
with the standard model strength couplings, branching fraction, and the CKM matrix.
The limit on the cross section times branching fraction as a function of Myy: is shown
in Figure 7.9 where the region above the curve is excluded at 95% CL. Also the
prediction for W’ — uv production with the standard model strength couplings and
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My Bos o - B(W'— pv) (pb)
(GeV/c*) | (without smearing) (with smearing) | SM Strength 95% CL
200 1.64 x 1072 8.22 x 1072 1.40 x 10? < 1.13 x 10¢
250 2.49 x 1072 9.90 x 1072 5.71 x 10! < 5.54
300 3.00 x 1072 9.82 x 1072 2.60 x 101 < 2.49
350 3.86 x 1072 9.45 x 1072 1.28 x 10* < 1.17
400 5.58 x 1072 1.08 x 107! 6.57 <6.91 x 107!
450 8.92 x 1072 1.40 x 107! 3.50 < 4.81 x 107!
500 1.50 x 101 2.03 x 107! 1.90 < 3.83 x 107!
550 2.58 x 107! 2.97 x 107! 1.05 < 3.10 x 107¢
600 4.61 x 107¢ 5.02 x 107¢ 5.86 x 107t < 2.93 x 1071
650 8.39 x 107! 8.83 x 107! 3.31 x 107 <292 x 107!
700 1.54 1.60 1.90 x 107! < 3.04 x 107!
750 2.86 2.94 1.10 x 107! < 3.24 x 107!
800 5.17 5.27 6.57 x 107% < 3.46 x 107!

Table 7.6: The 95% confidence level limits of 3, Bg5, with and without the systematic
uncertainty smearing, and the cross sections times branching fraction of W’ — puv
with the standard model (SM) strength couplings and their 95% CL limits.

branching fraction is shown. Consequently, the limit on the W’-¢g-¢ coupling (see

Section 1.3) times branching fraction of W’ — pv can be written as

()‘2 BW!' — puv))osy oL
(A2 - B(W' — pv))su

Bos = (7.14)

where (A-B(W' — pv))sa is the standard model strength couplings times branching
fraction. Figure 7.10 shows the region of (A?-B)/(A\?- B)sy excluded at 95% CL as a
function of My. The limits are summarised in Table 7.6. For a W’ boson with the

standard model strength couplings and branching fraction, these limits imply that

My > 660 GeV/c? (at 95% CL). (7.15)

A cross-check was performed on the Run 1B results by performing a “counting
experiment” to set the mass limit of a W’ boson. This is discussed in Appendix A.

The limits from Run 1A and Run 1B separately are shown in Appendix B.
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Figure 7.9: The 95% CL o-B(W’ — uv) limit. The region above the curve is excluded.
Also shown is the o - B(W' — uv) curve for the standard model strength couplings
and the branching fraction. The intercept yields My > 660 GeV/c* at 95% CL.
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Figure 7.10: The 95% CL limit on the ratio of coupling strength times branching
fraction, A? - B. The region above the (\* - B)/(A? - B)sy = fos curve is excluded
at 95% CL. For the standard model strength couplings and branching fraction, (A? -
B)/(A\* - B)sy = 1. The arrow shows the resulting 95% CL mass limit for the W’
boson, My > 660 GeV/c?, assuming these couplings.
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Chapter 8

Conclusions

8.1 Summary of Results

The new charged vector boson W' was searched for in the W’ — puv decay channel
using a data sample recorded by the Collider Detector at Fermilab corresponding to
an integrated luminosity of (107 & 7) pb™" of pp collisions at /s = 1.8 TeV at the
Tevatron Collider at Fermilab. No evidence of W/ — puv production was found and
limits were set on the coupling strength times branching fraction, A* - B(W’' — puv),
and, conversely, the production cross section times branching fraction, o(pp — W’) -
B(W' — puv). These limits are shown in Figures 7.9 and 7.10, respectively. Assuming
the standard model strength couplings and branching fraction, the lower mass limit
of a W’ boson is

My > 660 GeV/c* (at 95% CL). (8.1)

This is the most stringent direct limit set for a W’ boson coupling to the pr final
state and 1s competitive with the indirect measurements. Also, we can conclude that
this channel is not background limited yet, as the expected yield at high transverse
mass comes from the irreducible background from the W — uv process.

This result can be converted into the limit on the event rate of low energy processes
such as muon decay due to the V' 4+ A interaction. The event rate of such a process is
proportional to (1/Myy)*. Therefore the ratio of event rates due to V + A interactions

to that of V — A interactions is (Mw /My )*. The result in Eq. 8.1 implies a limit on
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the ratio
n(V 4+ A)
n(V — A)

where n(V 4+ A) and n(V — A) are the event rates due to the V 4+ A and V — A

<2.2x107* (at 95% CL), (8.2)

interactions, respectively.

8.2 Future Prospects

The Tevatron is being upgraded with a “Main Injector” and is expected to deliver an
instantaneous luminosity of 2x10%? cm™%s™! at a center-of-mass energy of /s = 2 TeV
starting in 2000. This “Run 2” is scheduled to deliver a total integrated luminosity
of 2 fb™! to an upgraded CDF detector. At /s = 2 TeV, the production cross section
of 900 GeV/c* W' bosons is expected to be ~ 1.8 times that of the cross section at
/s = 1.8 TeV. With ~ 20 times more integrated luminosity and the higher center-of-
mass energy, the range of the W’ — uv search can be expanded to ~ 900 GeV/c?, as
shown in Figure 8.1, which is an extrapolation of the past and the current searches
in the muon decay channel.!

In Refs. [23] and [24], indirect limits on the mass of a W’ (Wg) boson were inferred
from a study of the positron asymmetry, {P,6/p, in the decay of a polarised muon,
pt — etv.v,, where £, 6, and p are the Michel parameters, and P, is the muon
polarisation. Conversely, one can exclude a region of £P,¢/p from the W’ boson mass

limit presented in this thesis. Assuming no Wy — Wpg mixing, the limit on the positron

asymmetry is found to be

4
EP6S/p=1—4 (A]ZW) > 0.9991 (at 95% CL). (8.3)

Wr

This result is comparable to the sensitivity of the planned muon decay experiment at

TRIUMF, E614 [62].

!The increase in the center-of-energy has almost the same effect as the increase in the integrated
luminosity. Therefore, the expected range of the W' — puv search at /s = 2 TeV with 2 bt
would be about the same as the expected range of the search at /s = 1.8 TeV with ~ 3.6 fb™" in
Figure 8.1.
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Figure 8.1: The integrated luminosity versus prospective W’ mass limit from a W/ —
pv search at CDF. The Run 2 limit was extrapolated from the curve assuming /s =
2 TeV. See Appendix B for the limits from the individual data sets. The “Run 07
limit is from Ref. [20].
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Appendix A

Cross-Check: Counting

Experiment

The lower mass limit for a W’ boson for the Run 1B data set was extracted from
counting the number of events in the high transverse mass region where the expected
number of background events is small. The limits obtained from the counting ex-
periment should be comparable to the limits presented in Section 7.5, and represent
a cross-check of the technique used in the analysis. This technique does suffer from
larger systematic uncertainties and the arbitrary signal region selection.

A probability of observing less than or equal to n, events with the expected number
of background events, yp with its uncertainty Aupg, and the expected number of signal

events, us with its uncertainty Apug, is

1 0 0
P(no; up, Aps; pus, Aps) = E/o /0 dplgdp's
(ﬂB—ﬂﬁa)z) ( (Ns—ﬂfs)z)
X ex ——— 7 Jex A >
p( 2(8up)? ) P\ 2(As)?
exp(— (il + ply)) The, Vet

To (“’/B)n ’

eXp(_lulB) Zn:O n!

(A1)

where

R= /OOO /OOO dpsdp's exp (—%) exp (—%) . (A2)

The expected numbers of events, up and pg, were calculated from the transverse
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mass templates obtained by fitting the Run 1B W/W’' — puv event candidates with
the nominal transverse mass lineshapes as described in Section 7.2.4. The systematic
uncertainties on pp were calculated from the transverse mass templates obtained by
fitting the Run 1B W/W’ — puv event candidates with the transverse mass lineshapes
that included systematic effects, similarly to what is described in Section 7.2.4. The

uncertainty of each systematic effect, 6up, was calculated as

opp = (lpp+ — pBl+ luB- — 1Bl)/2, (A.3)

where pp1 is the number of expected background events from the Monte Carlo sam-
ple with +£10 systematic uncertainty variation. Each systematic uncertainty épup as
well as the statistical uncertainty was summed in quadrature to obtain the total un-
certainty Appg. Similarly, each systematic uncertainty for pg, opg, was calculated for

each systematic effect as

ops = (lps+ — ps| + lps— — psl)/2, (A.4)

where pg and psy were calculated from the transverse mass templates of the signal
from the nominal and the +lo systematic uncertainty variation of the transverse
mass lineshapes, respectively. Again, the total systematic uncertainty for pg, Aus,
was calculated by adding épus for each systematic effect and the statistic uncertainty
in quadrature. Here, it was assumed that opup and dpg were not correlated.

Table A.1 shows the expected number of events and the number of observed events
in the transverse mass regions My > 200, > 250, > 300, > 350, and > 400 GeV/c>.
The probability of observing equal to or less than n, events with the number of
expected background events up with its uncertainty App and the number of expected
signal events pg with its uncertainty Aupg is 1 — P(no; pp, Apup; ps, Aps). Figure A.1
shows the probability of observing equal to or less than n, events as a function of
M. The intercept at P = 5% gives an exclusion at 95% CL. The counting cutofl at
My =300 GeV/c* gives the most stringent mass limit at My, > 650 GeV/c?, which

is consistent with the results presented in Section B.
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Figure A.1: The W’ boson mass limits from the counting experiment for different
transverse mass cutoffs. The intercepts at the 5% probability give the 95% CL limits.
The highest mass limit is My» > 650 GeV/c?, counting the events in the region
Mr > 300 GeV/c
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My (GeV/c?) Number of Events in My (GeV/c?)
> 200 > 250 > 300 > 350 > 400

550 139+1.0 135+1.0 127£09 11.5+£09 9.64+£0.8
600 7.505+057 7354+£055 T7.06+£054 6.55+0.50 5.77+0.45
650 4.144+£0.34 4.0240.33 3.874+0.32 3.65+0.31 3.32+0.29
700 227+£0.21 2204020 2.1240.20 2.01 £0.18 1.86+0.17
750 1.27+0.12 1.21+0.11 1.16 £0.11 1.11£0.10 1.04 £0.10
800 0.71+£0.07 0.67+0.07 0.64+0.06 0.60=+0.06 0.57+0.05

‘ Background ‘ 9.63 £0.77 3.83£047 1.81£0.30 0.964+0.21 0.56 +0.16 ‘

| Observed | 13 5 1 1 1 |

Table A.1: The expected numbers of events for the background (pp) and the signal
(us) for different transverse mass regions (in GeV/c*) in Run 1B. Also shown is the
number of observed events (n,).
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Appendix B

Individual Limits from Run 1A
and Run 1B

The limits on the W’ production cross section were calculated for Run 1A and Run
1B separately as a check of the efficiencies, acceptances, and background calculations.
The likelihood distributions were obtained in the same way as described in Section 7.2
but separately for Run 1A and Run 1B using their respectively configured transverse
mass lineshapes. The systematic uncertainty smearing of the likelihood distributions
for Run 1A was performed using the the systematic uncertainties calculated for Run
I1B. The 95% CL limits on o - B(W' — puv) and A? - B(W' — uv) are shown in

Figures B.1 and B.2, respectively. The lower mass limits are
My > 540 GeV/c? (Run 1A at 95% CL) (B.1)

and

My > 641 GeV/c? (Run 1B at 95% CL), (B.2)

assuming the standard model strength couplings and branching fraction.
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Figure B.1: The 95% CL limits on o - B(W' — uv) vs My for Run 1A, Run 1B, and
Run 1A and Run 1B combined (Run 1A+1B). The regions above the 95% CL curves

are excluded.
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Figure B.2: Couplings strength times branching fraction limits for Run 1A, Run 1B,
and Run 1A and Run 1B combined (Run 1A+1B) as a function of My.. The regions
above the curves are excluded at 95% CL.
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