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Chapter 1

The Standard Model and the Top Quark

1.1 Introduction

This thesis describes a measurement of the decay properties of the top quark !.
The six quarks are fundamental building blocks matter in the universe. The most common
quarks, named up and down, combine to form the protons and neutrons which exist at the
nucleus of all atoms. Together with electrons they make up all matter that can be touched
or seen with human senses. The top quark, which was discovered recently by the CDF and
DO collaborations (2, 3], is the most massive of the six quarks. The decay properties of all
the quarks are governed by the weak interaction of the standard model of particle physics,
so the enormous mass of the top quark provides us with an opportunity to study the weak
interaction at a much higher mass scale than was previously available.

In the remainder of this chapter we describe the standard model [4]. Our focus will
be the weak sector of the standard model and its predictions about the helicity of W bosons
in top quark decays. In chapter 2 we describe the CDF detector apparatus. Event selection
is described in chapter 3, and we describe the models for the signals and the backgrounds
that are used in this analysis in chapter 4. The methods used to measure the helicity of the
W boson are outlined in chapter 5, and the systematic uncertainties in the measurement

are discussed in chapter 6.

! This measurement was first published in [1].
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1.2 The Standard Model

The standard model of high energy physics is a theory which successfully describes

the interactions of all fundamental particles which have been observed to date. The building

blocks of the theory are the quarks and leptons. These particles are spin—1/2 fermions. Each

generation contains two leptons and two quarks, for a total of six quarks and six leptons in

the three generations. The quarks and leptons interact via four forces: electromagnetism,

the weak force, the strong force, and gravity. According to the standard model they also

interact via a fifth force associated with the origin of their masses?2.

Quarks are fermions that interact with the strong force. There are two types of

quark. Up type quarks possess an electrical charge of 2/3, and down type quarks possess

an electrical charge of ~1/3. The up type quarks are up (u), charm (¢), and top (t) and

the down type quarks are down (d), strange (s), and bottom (b).

Leptons are fermions which interact with the weak force and the electromagnetic

force. Leptons come in two types, charged leptons and neutrinos. The charged leptons

have an electrical charge of —1 and are named the electron (e), the muon (z), and the tau

(7). The neutrinos have 0 electrical charge, and interact with other particles only via the

weak force. The neutrinos are named for their weak partner. Thus we have the electron

neutrino (v.), the muon neutrino (v,), and the tau neutrino (). Note that all neutrinos

(anti-neutrinos) are left (right) handed 3.

The photon (v) is a massless spin—1 gauge boson that mediates the electromagnetic

force. The weak force is mediated by the W and Z, which are both massive spin-1 gauge

bosons. The strong force is mediated by eight spin-1 gluons (g), which are massless. The

gravitational force is so weak compared to the other three that we have not been able to

observe the gauge boson that mediates it. If it exists it would be a massless spin—2 boson

called a graviton.

The theories which describe the interactions between the fermions and the gauge

2This force is called the Higgs force. The standard model description of this force requires the existence

of the Higgs boson, which has not yet been discovered
3The handedness, or chirality, property of the fermions is discussed in Section 1.2.2
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bosons are local gauge theories. They are so called because the Lagrangian function which
summarizes the interactions is invariant under an appropriate local gauge transformation.
For instance, quantum electrodynamics (QED), the theory of electromagnetic interactions,

is invariant under the following local gauge transformation:

¥(z) — explieA(z)]y(2),
Au(z) — Au(z) +0A(z)/02,,

where %(z) is the fermion field, A,(z) is the photon field, e is the strength of the photon-
fermion coupling, and A(z) is any arbitrary differentiable function of z. The phase factor
exp[ieA(z)] belongs to the symmetry group U(1) of unitary transformations in one dimen-
sion. The importance of gauge invariance is difficult to overstate. If we postulate that the
fermion field is locally invariant under a U(1) gauge transformation then the existence of the
photon field is mandatory, and the nature of its coupling to the fermion field is completely
specified. Note that the photon must be massless in order for the theory to be exactly U(1)

invariant. The strong and weak forces are also described by local gauge theories.

1.2.1 Quantum Chromodynamics

The portion of the standard model that describes the strong force is referred to as
quantum chromodynamics (QCD). In QCD the quark fields possess a color charge which
can have three different values: blue, yellow, and red*® The three quark color fields form
a triplet field ¥ = (¥, %y, ¥s) which is invariant under the SU(3) group of local gauge
transformations. This local gauge invariance requires the existence of eight massless gauge
boson fields. These are the gluons mentioned above. Each of the gluon fields carries a
double color charge.

A subtle consequence of the fact that the gluons carry the charge of the interactions

that they mediate is that the force between two color charges increases as the distance

“The color charge is so named because its additive properties are similar to the visible spectrum of light.
Red, yellow, and blue color charges sum to sero when present in equal measure, just as red, yellow, and blue
light become white light when mixed together.
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between them increases. This is in direct contrast to the electromagnetic force, which
decreases as a function of the distance between two charges. This property of the strong
force implies that color charges cannot freely exist, because the energy used to separate two
or more color charged particles will in general create new color charged particles that will
bind with the original particles to formn new color neutral composites. This is called color
confinement. A second consequence of gluon color charge is that the color charge carried
by a quark is diffused outward by the virtual gluon field which surrounds it. This means
that QCD interactions at short range have a much smaller coupling than QCD interactions
at long range. This property is called asymptotic freedom.

QCPD interactions are very complicated. An interaction which creates a quark will
inevitably be followed by a flurry of QCD activity called “hadronization” wherein the quark
is confined within a color neutral hadron. In general, this process produces many hadrons
in addition to the one that contains the quark produced by the original interaction, and the
energy and momentum of the original quark can only be measured accurately if all of the
hadrons that are produced can be observed, and that is a very difficult endeavor. Thus, it
is often more convenient to focus on measurements that involve the colorless leptons, which

can be observed directly.

1.2.2 The Electroweak Force

The electromagnetic and weak forces are described by a single local gauge theory,
called the electroweak theory. The gauge group of the electroweak theory is SU(2). x U(1).
The subscript L refers to the chirality of the fermions that the gauge transformation operates

on. Chirality is a property which is related to the spin and helicity of the fermion:

Helicity Helicity is the projection of a particle’s spin along its direction of motion. Because
spin is quantized, there are a limited number of helicity values that a particle can
possess. The number of possible spin projections is 25 + 1, where j is the spin of the
particle, and the values range from —1j to +1j in integer increments. Thus a spin——;-

particle can have a helicity value of —% or % and a spin-1 particle can have a helicity
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value of —1,0, or 1. Note that throughout this document we will often refer to the 0
helicity state of a vector boson as its “longitudinal” mode. This nomenclature derives
from the fact that the polarization vector of the boson points along its direction of
motion when it has 0 helicity. For massive particles helicity is not Lorentz invariant,

so the frame in which it is measured must be specified.

Chirality An important basis set for the fermion spinors is called the chiral basis. For
massless fermions the chiral spinors correspond to the +1 and —1 helicity states for
the fermion and the anti-fermion. The +1 state is called a right-handed chiral state
and is denoted by the subscript R. Similarly, the —] state is called a left-handed
chiral state and is denoted by the subscript L. For massive fermions the right and
left handed chiral states are orthogonal mixtures of the positive and negative helicity
states. Chirality is important in the theory of electroweak interactions, because the
left chiral fields transform as a doublet under an electroweak gauge rotation whereas

the right chiral fields transform as a singlet.

Under the U(1) hypercharge gauge group each fermion field is multiplied by a phase
factor, analogous to the electromagnetic phase factor described above. Under the SU(2),

portion of the gauge group, fermion fields transform as doublets or singlets as follows:

u c t
Quarks ) ’ y UR, dRa CRy 3R, LR, bR-
s b
L L L
e I T
Leptons ' ] s €Ry KR> TR-
Y, V, V.
©dL wlr TdL

The pairs of left-handed fermions are called weak isospin doublets. The right-handed (R)
particles are weak isospin singlets, and are unaffected by SU(2), transformations. The weak

isospin doublets transform as:

(¥l,9t) — expligh(z)](¥],¥})-
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The T and | refer to the upper and lower fermion in the parentheses above, and A(z) is a
2 x 2 matrix which operates on the fermion doublet. Note that the off-diagonal elements of
A can transform one of the fermions in the doublet into the other fermion in the doublet.

Four gauge boson fields are required to maintain electroweak gauge invariance.
These fields have been observed experimentally, but three of them (the W+, W—, and
the Z) are massive. This means that electroweak symmetry is broken in nature.

The unbroken gauge group requires four massless gauge bosons, three for the SU(2),
gauge group and one for the U(1) gauge group. For convenience, we will call the three gauge
bosons of the SU(2), group W, W>, and W3, and the gauge bosons of the U(1) group B.
Note that the electroweak gauge fields that have been observed experimentally are a linear
combination of these four fields. The gauge bosons have a spin of 1. However, they have
only 2 spin degrees of freedom, because massless vector bosons are forbidden from having
a longitudinal polarization.

The exact mechanism whereby the electroweak gauge symmetry is broken has not yet
been established experimentally. The standard model method for breaking the symmetry is
called the Higgs mechanism. In the Higgs mechanism, a complex scalar doublet & = (¢*, ¢°)
is introduced. This scalar field is named the Higgs doublet, and it is invariant under
SU(2). gauge transformations. This doublet has electroweak quantum numbers, and thus
interacts with the bosons of the electroweak gauge group. The Higgs doublet also has a self

interaction, with potential:

V=pt|E2+r]8 ", (1.1)

where | & |2= (¢%)?+(¢°)?. For u? < 0 the ground state of | # [> occurs at | & |?= —Ju?/A.
In other words, the theory has a non-zero vacuum expectation value (vev).
It is inconvenient to work with a field that has a non-zero vacuum expectation value,

so the Higgs doublet is redefined as follows:

i(z) 0
&(z) = e ’ 1.2
i exp( 2v ) (v + H(z))/V2 -2
6
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where v is the modulus of the vev (v/v/2 = (~u2/2))3, the £ are three scalar fields called
Goldstone bosons, the r are the Pauli spin matrices, and H(z) is a scalar field called the
Higgs boson. All of the scalar fields have zero vev in this formulation. Note that the
Goldstone bosons can be removed by a finite gauge transformation. The gauge in which
they appear to vanish is called the unitary gauge. The degrees of freedom represented by
the Goldstone bosons are absorbed into the W and Z bosons, which thereby acquire a
longitudinal degree of freedom and a mass.
We now redefine the gauge bosons of the theory as follows:

wt = W'-iw?
wW- = W!'4+iw?
= siné,B + cos 8, W3

= cosf,B — sin 8, W3.

The parameter 6,, is called the electroweak mixing angle, and its value must be determined
experimentally. A is the photon of QED. Note that the linear combinations that compose
the A and the Z were chosen to guarantee that the neutrino does not interact with the
photon (4). The W+ and W interactions violate parity maximally, because they do not
interact with right-handed fermions (or left-handed anti-fermions). The Z boson does inter-
act with both left-handed and right-handed fermions, but the interaction is not symmetric,
so the Z boson interactions also violate parity. The A field (also known as the <, or photon
field) interacts with both left- and right-handed fermions with equal strength, and thus does
not violate parity. The W and the Z gain a longitudinal degree of freedom and a mass. The
theory predicts that the mass of the W and the Z are related by the weak mixing angle:
Mz = My, / cos@,,. The scale of the weak boson masses is set by the vacuum expectation
value of & field, and is given by Mz = }(vev)e/ sin#8,, cos8,,, where e is the charge of an
electron. Since the mass of the Z has been very well measured (see table 1.1) we can use it

to calculate the vev: v = Mz sin#8,, cos 8, = 246GeV.
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Force Particle Charge(e) Mass (GeV/c?)

Electromagnetic Photon (v) 0 0
Strong Gluon (g) 0 0
Weak (charged) W Boson (W) +1 80.3
Weak (neutral) Z Boson (2) 0 91.2
Gravitational Graviton (G) 0 0

Table 1.1: Mass and charge of the gauge bosons in the standard model.

To summarize, the electroweak symmetry is broken because the gauge bosons of
the theory interact with a scalar Higgs doublet field that possesses a non-zero vacuum
expectation value. This interaction generates a mass and a longitudinal degree of freedom
for the W and the Z. This can be seen explicitly by transforming the fields into the unitary
gauge. The photon does not couple to the scalar field and thus remains a massless boson
with only transverse degrees of freedom. The fourth component of the Higgs doublet is a
physical scalar particle called the Higgs boson. The Higgs boson has not yet been observed
experimentally.

1.2.8 Fermion Mass

The fermions in the standard model obtain a mass via a Yukawa coupling to the
Higgs doublet. The coupling strength of the fermions to the Higgs doublet determines the
mass of the fermions my = ysv, where y; is the coupling constant and v is the vacuum
expectation value. Nothing in the theory predicts what this mass will be, so each fermion
mass must be measured experimentally. This is one of the unsatisfying features of the
standard model, since it introduces several parameters whose value cannot be predicted by
the theory.

The massive fermions also acquire a Yukawa coupling to the physical Higgs boson.
This coupling is also proportional to the mass of the fermion, so it is quite small for the
lighter quarks and leptons. The couplings to the three Higgs degrees of freedom which

vanish in the unitary gauge become the coupling of the fermions to the longitudinal mode
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of the gauge bosons. These couplings are also proportional to the mass of the fermion. This
implies that the lighter quarks and leptons will couple primarily to the transverse modes,
whereas a heavy fermion like the top quark will predominantly couple to the longitudinal
mode. This thesis is about the first measurement of the coupling of the top quark to the
longitudinal mode of the W boson.

Generation Particle Charge(e) Mass (GeV/c?)
Electron (e) -1 5.1 x 1074
First Electron neutrino (v.) 0 <15x107°
Up quark (u) 2/3 1.5 - -5x 1073
Down quark (d) -1/3 3 - -9 x 1073
Muon (u) -1 1.06 x 10~! .
Second Muon neutrino (v,) 0 <17x10°*
Charm quark (¢) ' 2/3 1.1- -1.4
Strange quark (s) -1/3 6 - —-17x10"2
Tau (1) -1 1.78
Third Tau neutrino (v,) 0 <1.8x 102
Top quark (t) 2/3 173.8 £ 5.2
Bottom quark (b) -1/3 4.1 — —4.4

Table 1.2: Mass and charge of the fermions in the standard model.

The Yukawa couplings of the fermions to the Higgs sector are independent of the
coupling of the fermions to the electroweak gauge sector of the standard model. For quarks,
the mass eigenstates and electroweak eigenstates can be related by a matrix called the

Cabibo-Kobayashi-Maskawa (CKM) matrix:

d Vud Vus Vs d
s = Vcd Vc, Vd, ]
b weak ‘,‘d ‘,“ Vs CKM b mass

There are four independent parameters in the CKM matrix, and they are often parametrized
as three angles and a complex phase. The complex phase can give rise to charge-parity (CP)
violating effects. The elements of the CKM matrix must be determined by experiment. The

diagonal elements are all close to 1, but the off-diagonal elements are non-zero, so quarks
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can change generation in interactions with the W boson. If neutrinos have mass then a

similar parameterization will describe lepton mass mixing.

1.3 The Top Quark

The top quark was discovered in 1995 by the CDF and DO collaborations (2, 3].
The dominant production mode for top quarks at CDF is qq 3, tt. At Tevatron energies
approximately 10% of the tt pairs are produced via gg > tt. Note that in both of these
production modes gluons can be radiated from all of the quark and gluon lines involved in
the interaction. This gluon radiation is an important source of systematic uncertainty in
many top quark measurements, because the gluons can produce hadronic jets that mimic
the decay products of the top quark.

In the standard model the top decays almost exclusively to a ¥ quark and a W
boson. An interesting feature of the top quark is its mass of m; = 174.3 £+ 5.1GeV, which
is considerably more than the mass of the W boson. This allows the top quark to decay to
a real W boson, in contrast to all other fermions, which decay to leptonic or hadronic final
states via a virtual W. Furthermore, as mentioned in the previous section, the massive top
quark will decay to the longitudinal mode of the W a large fraction of the time, given by

the following equation:
o _miME
1+ im? /M,

where Fj is the fraction of longitudinal W bosons that are produced in top decay.

(1.3)

Note that the chiral nature of the coupling of the W requires the b () to be in the
right-handed (left-handed) chiral state. The left (right) chiral state is a superposition of
the b quark positive and negative helicity states, but since the mass of the b is very small
compared to the mass of the W and ¢t the positive (negative) helicity part of the left (right)
chiral state will be very small. The b (8) will thus have negative (positive) helicity, and, in
the rest frame of the top quark, this will in restrict the helicity of the W+ (W ™) to negative

(positive) or longitudinal values, because the helicities of the W and the b must sum to {,
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the spin of the top quark. These considerations in concert with equation 1.3 completely
specify the helicity distribution of the W for any given top mass. Any deviation from this
predicted helicity distribution would be a violation of the standard model and would thus

be very interesting.

1.8.1 Identifying Top Quark Fvents

The top quark and the W boson both decay before they can be observed by the
instrumentation of the CDF detector. Thus, we must identify tt events by the decay
products of the top and the W. Both the top and anti-top quarks decay to a bottom (or
anti-bottom) quark and a W boson. The W then decays almost instantly into one of the
weak isospin fermion doublets which is allowed by the energy of the W. The signal for tt
production depends upon the type of fermions into which the two W bosons decay. There
are nine possible decay channels for the W+ 5 one for each lepton pair (€gv.L, BrV,.L, and
TRv-L) and three for each quark pair (u.dg, c,3%). The quarks are counted three times
because they have three color degrees of freedom. The probability of each of the W decay
channels is roughly the same, because the mass of all of the final state fermions is very
small compared to the mass of the W. In the following paragraphs we will discuss each of
the top decay channels. Note that events where one or both of the W’s decay leptonically
are of particular interest to us, for reasons that we will outline in section 1.4.

If both W bosons decay into quark/anti-quark pairs then the signature for the tt
event will be six hadronic jets, two of which come from bottom quarks. These are called
hadronic top events. These are the most common type of tt event, because each W will
decay to a hadronic final state 2/3 of the time, and both will thus decay hadronically
4/9 of the time. Unfortunately, hadronic top events are difficult to distinguish from hard
QCD scattering events, which are produced copiously at CDF. Furthermore, these events
are unsuitable for an analysis of the helicity of the W boson because neither W decay’s

leptonically.

5The decay products of the W~ are the charge and parity conjugates to the decay products of the W+.
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If one W boson decays hadronically and the other decays to ev. or uv, then the
signature for the event will be an energetic charged lepton and four hadronic jets (two from
bottom quarks) recoiling against large missing transverse energy from the neutrino, which
passes through the detector apparatus unobserved. These are called lepton+jet events.
There are a number of other processes which can produce this same signature, but if one or
both of the hadronic jets from the b quarks can be identified then the tt signal dominates
the backgrounds. One nice feature of this decay channel is that it is possible to completely
reconstruct the top and anti-top from its daughter particles, up to some combinatoric un-
certainties.

If both W bosons decay to ev. or py, then the signature for the event will be two
energetic charged leptons and two hadronic jets (both from b quarks) recoiling against large
missing transverse energy from the two neutrinos. These are called dilepton events. This
signature is a very clean one, because very few alternative processes can mimic it at CDF.
Unfortunately, the branching ratio to this final state is only 4/81. Nevertheless, as we shall
see, this decay channel is very useful in the analysis of the W boson’s helicity, because it is
clean and both W’s decay leptonically.

Events where one or both of the W bosons decay to Tv, are a special case because
the 7 lepton decays quickly and is thus difficult to identify. The hadronic decay channels
of the tau, v — @dv,,Esvt, have some distinctive features and some attempts have been
made to use these features to identify tt events which contain 7 lepton decays. We do not
make use of these tau samples in this analysis. However, when the T decays leptonically,
there is a possibility that the event will pass the selection requirements for the lepton+jet

or dilepton data samples.

1.4 Strategy for Measuring W Helicity

The chiral nature of the weak interaction is what makes a measurement of the helicity
of the W boson possible. The W will decay to a left-handed fermion and a right-handed

anti-fermion, and since the W is far more massive than its daughter particles, the right
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and left chiral states of the fermions will correspond almost exactly to their positive and
negative helicity states. At tree level, the spins of the W daughters must sum to 1 because
angular momentum is conserved in the decay, and the daughters will tend to decay such
that the projection of their spin along the W direction of motion follows the projection of
the W’s spin along its direction of motion. Thus, the decay of the anti-fermion, which has
positive helicity, will follow the spin projection of the W, and the decay of the anti-fermion
will be opposite the spin projection of the W.
Explicitly, the decay distribution for the fermion in W decay is [5]:

IMW_)? = %(1-';050;)2 (1.4)
MW, = %(1+c050;)2 (L5)
IM(Wo)? = %(l—coszﬁ). (1.6)

In these equations the subscript on the W denotes its helicity, and 8 is the angle between
the momentum 3-vector of the W in the top rest frame and the momentum 3-vector of
the fermion in the W rest frame. The angular distribution of the anti-fermion is given by
the replacement cos §; — — cos 87. Note that these equations would be valid for any other
definition of 6, but we must use the top rest frame in our definition because that is the
frame in which we wish to measure the helicity of the W.

We need to make a few important observations about these equations:

1. We must know which daughter is the fermion and which is the anti-fermion in order
to make full use of these equations. We possess no reliable means for identifying the
charge of a quark, so we must restrict ourselves to tt events where at least one W

decays leptonically, because the charge of the lepton can be measured.

2. We explained in Section 1.3 that the W+ can have a negative helicity, but not a
positive helicity, and that this situation is reversed for the W—. Thus, according to
equations 1.4 through 1.6 the cos 8} distribution of the W~ fermion daughter will be

the mirror image of the W+ fermion daughter. However, if we follow the direction of
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the charged lepton instead of the fermion, then the distributions for the W+ and W~
will be the same, because the charged lepton daughter of the W+ is an anti-fermion

whereas the charged lepton daughter of the W~ is a fermion.

We can now formulate a strategy for measuring the helicity of W bosons in top quark
decays. First, we must build a sample of tt events which contain leptonic W boson decays.
Second, we must reconstruct the angle between the charged lepton’s 3-momentum in the W
rest frame and the W boson’s 3-momentum in the top rest frame. Third, we compare the
resulting distribution of cos 83 to equations 1.4 through 1.6 to determine which W helicities
are present in the data.

This strategy has drawbacks. To measure ; we must completely reconstruct the
tt event. This is impossible for dilepton events, because we do not have enough kinematic
information to reconstruct the momentum vectors for the two neutrinos. It is possible to
fully reconstruct lepton+jet events, but even here there are problems. The event must
produce at least four hadronic jets, and we must endeavor to correctly match each of these
jets to the quark which produced them. In some cases this is impossible, because one or
more of the jets in the event may have originated from a gluon radiated off of one of the
quark or gluon lines in the tt production diagram. Fortunately, we can afford to mismatch
some of the jets as long as we manage to correctly match the jet from the b quark that is
recoiling against the leptonically decaying W boson. In tt events where we have identified
at least one jet as having come from a b quark our chance of correctly matching the lepton
to the b jet is approximately 50%.

Another concern is that this strategy relies on our ability to reconstruct the W rest
frame, which means that we must determine the energy and momentum of the neutrino.
However, we can observe the neutrino only through the recoil of all other objects in the tt
decay from the neutrino. Thus, the precision of our measurement of the neutrino momentum
depends upon the precision of our measurement of every other object in the event, and this

means that the neutrino momentum is poorly measured.
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1.4.1 Using lepton Pr

Because of these considerations we have devised an alternative strategy. Note that
equations 1.4 through 1.6 imply that the charged lepton will decay in the opposite direction
of the W momentum (in the top rest frame) if the W is not longitudinal, and it will decay
perpendicular to the W momentum if the W is longitudinal. It turns out that this affects
the momentum distribution of the charged lepton in the rest frame of the CDF detector
(henceforth referred to as the lab frame). This is very convenient, because the lepton
momentum spectrum is the most precisely measured quantity in a tt event. We show
the predicted lab frame lepton transverse momentum (Pr) © distributions for the three W
helicities in Figure 1.1. The three distributions are distinctive, so we should be able to
exploit them to determine the W helicity.

Our strategy then is first to compose a selection of tt events where at least one
of the W bosons decays leptonically. Second, we plot the distribution of the transverse
momentum (Pr) of the charged lepton. Finally, we compare the resulting Pr distribution
to Figure 1.1 to determine the amount of each W helicity in our data. The remainder of
this thesis describes in detail the implementation of this plan.

In chapter 2 we describe the CDF detector plant. Event selection is described in
chapter 3 and we describe the Monte Carlo samples which are used in this analysis in
chapter 4. The methods we use to measure the helicity of the W boson are outlined in

chapter 5 and the systematic uncertainties in the measurement are discussed in chapter 6.

®The transverse momentum of a particle is the projection of its momentum in the plane perpindicular to
the beam line. We use this quantity instead of the momentum because the momentum of the initial state
partons along the beamline is unknown in pp collisions.
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Figure 1.1: Lepton Pr distributions for the three W helicities. The solid.circles are from
negative helicity W+ and positive helicity W, the open circles are from longitudinal W+

and W™, and the closed squares are from positive helicity W* and negative helicity W~.
All three distributions are normalized to the same area.
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Chapter 2

The Fermilab Tevatron and the CDF Detector

The Tevatron at Fermi National Accelerator Laboratory (FNAL) is a superconduct-
ing particle accelerator which produces high energy protons (p) and antiprotons (p). These
high energy particles can be utilized in two ways. The protons can be supplied to a num-
ber of “fixed target™ detector plants which study the debris from a collision between the
protons and a stationary target. Alternatively, the protons and antiprotons can be collided
at a center of mass energy of up to /s = 1.8TeV. These pp collisions are studied by two
detector facilities, the Collider Detector at Fermilab (CDF) and the D0 detector plant. The
data used in the measurement of the helicity of W bosons in top quark decays were collected
by CDF during two collider runs: run 1A (1992-1993) and run 1B (1994-1996).

In this chapter we describe the collider mode of the Tevatron and the CDF detector

apparatus.

2.1 The Tevatron

The Tevatron accelerator complex is depicted schematically in Figure 2.1'. The
protons for a collider run come from a hydrogen gas (H.) which is ionized to form H™
and accelerated to 750keV by a Cockroft-Walton electrostatic accelerator in the PreAcc.

The H~ ions are then injected into the Linac, which uses radio-frequency (RF) chambers

! Accelerator elements that are pictured in this figure are italicised when they first appear in the text
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to further accelerate them to an energy of 400MeV. The ions are passed through a thin
carbon foil to scrape the electrons off and thus form protons, which are then injected into
the Booster accelerator. In the Booster the protons are accelerated to an energy of 8GeV
and are gathered into bunches. The bunches are injected into the Masn Ring, a synchrotron
of 1 km radius. In the Main Ring the bunches are accelerated to an energy of 150GeV
and are then coalesced into a single bunch and finally injected into the Tevatrom, its final
destination. The Tevatron is the same size as the Main Ring and is located directly below
it. The Tevatron uses superconducting magnets cooled by liquid helium to attain the large
magnetic fields that it needs to contain 900 GeV beams of protons and antiprotons.

The formation of antiproton bunches is considerably more complicated. To create
antiprotons, protons are accelerated to 120 GeV in the Main Ring and are then collided
with a tungsten target in the PBar Target area. This collision produces a menagerie of
exotic particles which includes some antiprotons. These antiprotons are separated from
the other particles, focused by a lithium lens, and then injected into the Debuncher. In
the Debuncher the antiprotons are stochastically cooled before they are transferred to the
Accumulator, where they are stored at an energy of 8 GeV. The antiprotons are “stacked”
into the accumulator until roughly 10!? are accumulated. This process takes about a day.
The antiprotons are finally injected into the Main Ring in six bunches of roughly 3 x 10*°
particles. These bunches are accelerated to 150 GeV in the Main Ring, and are then
inserted into the Tevatron, where they attain an energy of 900 GeV. The antiprotons orbit
the Tevatron in the opposite direction from the protons. Their paths cross at the B0 and D0
interaction regions, where the collisions are recorded by the CDF and D0 detector plants,
respectively. The typical instantaneous luminosity delivered to the B0 interaction point was

0.5 x 10%'ecm~2s~! during Run 1A and 1.6 x 103'em~2s~! during Run 1B.

2.2 The Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF) is a general purpose machine that was

designed to study the debris produced in pp collisions in the Tevatron. The design and

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tevatron Extraction
for Fixed Target Experiments

Tevatron

Tevtron
Injection

DO detector

Figure 2.1: A schematic diagram of the Tevatron collider complex.
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function of the CDF detector plant is described in detail in [6]. We describe in this section
the detector components that were most useful in the analysis of the W helicity. We depict
in Figure 2.2 a cross-sectional schematic of the CDF detector. The apparatus is cylindrically
symmetric about the beam line and forward-backward symmetric across the plane through
the interaction point and transverse to the beam-line, so only a quarter of the detector is
pictured. The CDF coordinate system uses (7, ¢, z), where z an axis along the proton beam
line, ¢ is the azimuthal angle, and 7 is a variable called “pseudorapidity” and is defined by
n = —log[tan(6/2)], where 8 is the polar angle. The origin of this coordinate system is at
the nominal interaction point.

The detector consists of a number of different subsystems which work in concert to
identify and then measure the properties of the particles which are produced in pp collisions.
These subsystems can generally be divided into four categories: tracking, calorimetry, muon
chambers, and triggering.

The tracking systems are located inside of a 1.5m radius superconducting solenoid
which produces a 1.4T magnetic field that aids in the identification of the charge and the
momentum of the particles which leave tracks in the tracking chambers. The tracking sys-
tem closest to the beamline is the Silicon Vertex Detector (SVX), which provides precise
tracking information in the plane transverse to the beamline and is used to identify sec-
ondary vertices from B hadron decays. The SVX is mounted inside of the Vertex Time
Projection Chamber (VTX), which provides information on the z-position of the primary
interaction vertex. Surrounding the VTX is the Central Tracking Chamber (CTC). The
CTC is a cylindrical drift chamber which provides three dimensional tracking of charged
particles with a momentum resolution of § P/ P# ~ 0.002GeV/ L

The calorimetry systems are located outside of the solenoid, and are used to measure
the electromagnetic and hadronic energy of photons, electrons, and hadronic jets. The
calorimeters are divided into electromagnetic (CEM, PEM, FEM) and hadronic (CHA,
WHA, PHA, FHA) components. Finally, located outside the calorimeters are three drift
chambers (CMU, CMP, CMX) which are used to identify muons.
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INTERACTION POINT

Figure 2.2: A schematic diagram of the CDF detector plant. Note that CDF has a cylindrical
symmetry and that this picture shows only a quarter of the detector. For the entire detector
rotate this picture about the beamline and add its mirror image across the left side of the

picture.
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Information from these systems is supplied to a three level trigger which is used to

select in real time the events which are to be recorded for further study.

2.2.1 The Tracking Systems

The tracking systems at CDF are enclosed within a 3m diameter superconducting
solenoid {7] which provides a 1.4T magnetic field along the beamline. The solenoid is 4.8m
in length. The magnetic field causes charged particles to move in a helical trajectory. The
charge and transverse momentum of a particle can be derived by measuring the degree of
curvature in its track.

The SVX [8, 9] is the tracking system located closest to the Tevatron beampipe
(radius 1.9cm). The SVX consists of two identical barrels which are located to either side
of the nominal interaction point (z = 0). Each barrel is composed of 4 layers which are
segmented azimuthally into 12 wedges. Each of the 4 layers within a wedge are constructed
of silicon microstrip detectors that are bonded together into groups of three called ladders.
The innermost layer had a radius of 3.0cm in run IA and a radius of 2.86cm in run IB. The
outermost layer had a radius of 7.87cm. The total active length of the SVX is 51 cm, which
corresponds to a pseudorapidity coverage of | n |[< 1.9. The SVX can measure track impact
parameters relative to the beam position with a precision of 17 um. This makes the SVX
a crucial part of CDF’s ability to identify B mesons, which have a mean decay length of
et = 480um.

The next tracking chamber, the VTX [10], is used to measure the location of the
primary interaction vertex along the z-axis. The VTX has an inner radius of 8cm, an outer
radius of 22cm, and has a pseudorapidity coverage of | n |< 3.25. The VTX can find the
event vertex with a precision of about 1mm. The distribution of primary vertices along the
z-axis has been found to describe a Gaussian of width 30cm.

Surrounding both the SVX and the VTX is the CTC. The CTC [11] is a 3.2m long
cylindrical drift chamber with an inner radius of 31em and an outer radius of 132.5cm.

The CTC has a pseudorapidity coverage of |  [< 1.1. The chamber contains 84 layers of
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sense wires that are organized into 9 superlayers. The superlayers come in two types, axial
and stereo. The five axial superlayers consist of 12 layers of sense wires oriented parallel
to the beamline. These layers are interleaved with the four stereo superlayers, which are
composed of six layers of sense wires which are oriented with a tilt of £3° relative to the
beamline. The axial layers provide accurate tracking in the r — ¢ plane, while the tilt of the
stereo layers provides some information on the z position of a particles track. The CTC, in
concert with the SVX, can measure the transverse momentum of a track with a resolution

of §Pr-/Pr = 0.0011Py.

2.2.2 Calorimetry

Calorimetry systems are located outside of the solenoid at CDF. These systems
are divided into three major regions of | | coverage: central, plug, and forward. The
calorimeters in each of these regions are organized in a tower geometry. Each tower consists
of an electromagnetic calorimeter placed in front of a hadronic calorimeter. These towers
are projective, which means that they point back to the nominal interaction region. The
hadronic calorimeters have a somewhat larger cross-sectional area than the electromagnetic
calorimeters in order to give both calorimeters in the tower the same coverage in 7-¢ space.
In the central region the towers are 15° wide in ¢ and 0.1 units wide in 7, while the towers
in the forward and plug regions are 5° wide in ¢ and 0.1 units wide in 7. The coverage and
energy resolutions of the various components which make up the CDF calorimetry system
are summarized in Table 2.1.

The central electromagnetic calorimeter (CEM) [12, 13, 14, 15, 16] towers are com-
posed of alternating layers of lead absorber and scintillator with a total thickness of 18
radiation lengths. The energy resolution of the CEM is o(E)/E = 13.5%/\/E sin 8, where
FE is measured in GeV. Embedded within the CEM at the approximate shower maximum
depth of six radiation lengths is a system of proportional chambers with strip and wire
readouts, called the CES. The CES provides shower shape and position information in both

z and r—¢. Another set of proportional chambers, the CPR, is located between the CEM
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and the solenoid. The CPR samples the early development of an electromagnetic shower
within the solenoid.

The CEM is surrounded by the central hadronic calorimeter (CHA) [17] and the wall
hadronic calorimeter (WHA). The CHA shares the cylindrical geometry of the CEM and
in fact is contained within the same physical wedges that house the CEM. The geometry
of the WHA is considerably different from the CHA because its function is to cover the
edge of a cylindrically shaped region. Both detectors are composed of alternating layers of
iron and plastic scintillator. The pseudorapidity coverage of the CHA is | n |< 0.9 and the
coverage of the WHA is 0.9 <| n |< 1.3.

The calorimetry in the endplug region is handled by the plug electromagnetic calorime-
ter (PEM) (18] and the plug hadronic calorimeter (PHA) [19]. Both systems share the same
projective geometry and segmentation. These systems are adjacent to the CEM and the
WHA /CHA and extend the pseudorapidity coverage of the central region of the CDF de-
tector calorimetry out to | 7 |[< 2.4. The active region in both calorimeters is a system of
argon-ethane gas proportional chambers. These proportional tube arrays are interleaved
with lead in the PEM and iron in the PHA.

The pseudorapidity coverage of the calorimeter systems is extended out to | n < 4.2
by the forward electromagnetic calorimeter (FEM) [20] and forward hadronic calorimeter
(FHA) [21]. These calorimeters are composed of two modules which are physically separated
from the CDF detector proper and are positioned 6.5m upstream and downstream of the
nominal interaction point. The active and inactive elements of these detectors are similar

to their counterparts in the plug region.

2.2.8 Muon Detectors

There are three muon detector systems which are germane to this analysis, the
central muon chambers (CMU), the central muon upgrade (CMP), and the central muon
extension (CMX). These chambers provide muon identification and crude momentum in-

formation to the CDF trigger, and work in concert with the tracking systems to provide
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System 74 Range Energy Resolution Thickness
CEM Imal < 1.1 13.7%/VEr @ 2% 18 X,
PEM ll< (<24 22%/VET ®2% 18-21 X,
PEM 2.2<|n <42 26%/VEr ® 2% 25 X,
CHA In4l < 0.9 50%/VET & 3% 4.5 Ao
WHA 0.7<[n4l <13 75%/VEr ® 4% 4.5 Ao
PHA 13<|nl <24 106%/VEr ® 6 5.7 Ao
FHA 24<|ml<42 137%/VET & 3 7.7 Ao

Table 2.1: Summary CDF calorimetry properties. The symbol & signifies addition in
quadrature. Energy resolutions for the electromagnetic calorimeters are for incident elec-
trons and photons; for the hadronic calorimeters, they are for incident isolated pions. Energy
is in GeV. Thicknesses are given in radiation lengths (X,) for electromagnetic calorimeters,
and in interaction lengths (Ag) for hadronic calorimeters.

accurate muon momentum information for use in data analysis. All three systems are four
layer drift chambers.

The CMU is located immediately outside of the CHA. The CHA acts as a hadron
absorber for the CMU, but there is still a considerable number of hadrons which punch
through and leave a track in the CMU. An additional 0.6 meters of steel (3.5)¢) surrounds
the CMU and is in turn surrounded by the CMP. The steel reduces hadronic punchthrough
to the CMP by a factor of 30. For various reasons, the CMU and CMP do not completely
cover the central region of the CDF detector. The CMU covers about 84% of the solid
angle, while the CMP covers 63% of the solid angle. The simultaneous coverage of the two
systems is 53% of the solid angle.

The CMX chambers provide additional muon coverage in the pseudorapidity region
from 0.6 <|  |< 1.0. The drift chambers are placed on four free standing conical arches.
Much like the CMU/CMP systems, there are gaps in the coverage of the CMX. The coverage

is roughly 71% of the solid angle in that pseudorapidity region.
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2.2.4 The CDF Trigger System

The Tevatron delivers an event rate of approximately 280 kHz to the CDF detector.
In contrast, the CDF data aquisition system is capable of reading out the detector and
storing all relevant event information at a rate of 6 to 8 Hz. CDF uses a three tier trigger
system to select the events which are most likely to be interesting for data readout and
storage. The three levels of the trigger system are engaged sequentially, and if an event
does not pass the trigger algorithm for one of the levels then it does not get passed on to
the next level in the sequence and no further analysis of that event is performed.

The level 1 trigger was designed to arrive at its decision between bunch crossings,
which occur every 3.5us. This means that the level 1 trigger operates without any deadtime?.
The quick decision is possible because the entire trigger was implemented in dedicated
hardware. The relevant level 1 triggers for the top analysis are the muon triggers and
the calorimeter triggers. The muon triggers use fast outputs from the CMU, CMP, and
CMX, to identify muon candidates, but no effort is made to match muon chamber hits
to tracks in the CTC. In fact, no CTC information is available to the level 1 trigger.
The calorimeter triggers separately sum the electromagnetic and hadronic energy in trigger
towers of (An = 0.2) x (A¢ = 15°). The hadronic or electromagnetic energy in a trigger
tower must pass a certain threshold to be accepted. The level 1 trigger typically reduces
the event rate from 280 kHz down to 1 kHz.

The level 2 trigger performs a more sophisticated analysis of events which are ac-
cepted by the level 1 trigger. Dedicated hardware forms calorimeter clusters by searching
for a trigger tower above a certain seed threshold, and then adds adjacent towers that
are above a lower threshold. Another dedicated hardware system, the central fast tracker
(CFT) uses information from the five axial superlayers of the CTC to measure the trans-
verse momentum of tracks with a resolution of § Pr/ Pr ~ 0.035GeV~! - Pr and an efficiency
of (93.5 + 0.3)% for events with Pr above 10 GeV/c. These CFT tracks can be matched
to ealorimeter clusters to form electron candidates or to CMU, CMP, CMU/CMP, or CMX

?Dead time is the fraction of beam crossings during which the detector is not operating
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hits to form muon candidates. The final trigger decision is made with software which runs
on a DEC Alpha 21064 processor. Depending on the complexity of the event, the level 2
trigger can take from 10’s to 100’s of microseconds. During this time the level 1 trigger
cannot accept new events, so the level 2 trigger incurs a downtime of about 4%. The level
2 trigger reduces the event rate of 1 kHz from the level 1 trigger down to 20 to 35 Hz.
The level 3 trigger is software based and runs on a farm of eight Silicon Graphics
processors. It bases its decision on a complete readout of the detector instead of the fast
readouts that were available to the level 1 and level 2 triggers. The level 3 trigger algorithms
perform a simplified version of the offline event reconstruction that is used in data analysis.
The level 3 trigger and data aquisition systems incur a dead time of about 10%. The accept
rate is about 5-8 Hz, and all accepted events are written to 8mm magnetic tapes for future

study.
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Chapter 3

Event Selection

This measurement is a shape analysis of the Pr distribution of leptons. Thus we
require a sample of events where at least one top decays to a lepton via the decay chain
t — bW — blv. Both the detector signature and the backgrounds for tt events depend very
strongly upon whether both top quarks decay to leptons, or just one of them does. Events
where only one top decays to a semi-leptonic final state and the other decays hadronically
are called “lepton + jet” events, because the signature for these events is a high Pr lepton
that is recoiling off of three or more jets and large £1. Events where both top quarks decay
to a semi-leptonic final state are called “dilepton” events. The signature for these events
is two high Pr leptons, large F1, and two or more hadronic jets. We discuss both of these
samples in detail below.

Note that we do not include events in which the W decays to a T lepton in our
lepton+jet or dilepton samples. This is because the T is a short lived particle that decays
to a variety of final states that mimic other processes, thus making it a difficult particle to
identify. Throughout the rest of this thesis it should be understood that we use the word
lepton to mean only electrons and muons, unless we specifically refer to the = lepton as
well.

This chapter is organized as follows. First we describe the selection of a large
sample of high- Pr inclusive leptons. This sample is the starting point for the creation of

both the dilepton and lepton+jet samples. In the following chapters we discuss separately
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the selection requirements for the lepton+jet samples and the dilepton sample, and the
backgrounds to both. The efficiencies and motivations for these selection are discussed

briefly in this chapter, and are well documented in [22, 23, 24, 25].

3.1 Inclusive High Pr Electrons

We consider only electrons which deposit energy in the central calorimeter region
(] 7 < 1.0). The electron is expected to deposit most of its energy in a single electromagnetic
calorimeter tower. It should also leave a track in the CTC which points to the associated

CEM cluster. Finally, it should have a well defined shower profile in the CES.

3.1.1 Electron Triggers

Electron events are collected online using the three tiered CDF trigger system that
is outlined in Section 2.2.4. The exact thresholds used differed between the two data taking
runs (run Ia and run Ib).

The level 1 electron trigger required one CEM or CHA tower above 6 GeV or 8
GeV, respectively, in run Ia. In run Ib the thresholds were raised to 8 GeV and 12 GeV,
respectively, in order to cope with the increased instantaneous luminosity delivered during
this run.

During run Ia, the level 2 electron trigger required a CFT track with Pr > 9.2GeV/c
to be associated with a cluster of CEM trigger towers with Er > 9GeV. During run Ib
these thresholds were lowered to 7.5 GeV /c and 8 GeV, respectively.

The level 3 trigger uses three dimensional track reconstruction, and requires a track
with Pr > 13GeV/c for run Ia and P;r > 10GeV/c for run Ib to point at a CEM cluster
with ET > 20GeV for run Ia and Er > 18GeV for run Ib.

3.1.2 Offline Electron Selection

The following cuts are applied offline to select the high Pr lepton sample:
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o Er > 20GeV
« E/P<18

— The ratio of the energy deposited by the electron in the CEM to the momentum
of the electron is expected to be near unity. In Run Ia this ratio was required to

be less than 1.5. This cut was loosened to 1.8 for Run Ib.

o Ean < 0.05.
EM

— Electromagnetic showers generally occur within the first few radiation lengths of
the CEM and consequently deposit very little energy in the hadronic calorimeters.
Thus we insist that the ratio of the energy that is deposited in the CHA or WHA
to the energy that is deposited in the CEM be less than 0.05.

o Ly <0.2

— The variable L,, is the lateral shower profile for electrons. It compares the
energy in the electromagnetic cluster’s seed tower to that of adjacent CEM tow-
ers, and we require that this profile resemble that seen in test beam electrons.

When L,sr = 0 the match with test beam electrons is exact. L,,, is defined
Egh_ L
(0.14\/5)74»6‘; ezp

as: L =0.14%; .Where the sum is over towers adjacent to

the seed tower, E.-‘"" is the energy deposited in the CEM tower by the electron
candidate, E;*" is the energy expected from test beam elegtrons, 0.14VE is the

CEM energy resolution, and cr‘z;iup is the uncertainty in ES?.
e | Az |< 1.5cm.

— We expect all electrons to have an EM shower in the CEM accompanied by a
matching charged track in the CTC. Az is the distance in the r—¢ plane between
the CES position of the electron candidate and the position of the extrapolation

of its CTC track to the CES.
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| Az |< 3.0cm.

— Az is the distance in the r—z plane between the CES chamber position and the

CTC track position.

xgt.rip < 10.

— This is the x? from a comparison of the shower profile in the CES to that which

is expected from test electrons.
o | Z, - 2§ |< 5cm; | Z, |< 60cm.

- Z, is the displacement along the beam line of the primary vertex in the event
from the center of the detector and Z§ is the displacement of the electron along
the beamline.

Fiducial cuts.

— The electron must deposit most of its energy in the CEM. We require that the
shower position, as measured by the CES, be well away from CEM wedge bound-

aries and other well known inactive regions.

Conversion removal.

— Photons that convert to an ete™ pair in the material that precedes the CTC are
removed if there are few hits in the VTX, or if the charged track can be matched
to another track and summed to a small invariant mass that originates inside of

the CTC.

3.2 Inclusive High Pr Muons

Muon candidates are identified in the central rapidity region of the detector (| n |<
1.0). We use information from the CTC and the muon chambers (CMU, CMP, and CMX)
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for both the trigger decisions and the offline selection. Furthermore, during offline recon-
struction of muon events we consider the energy that is deposited in the calorimeter by the
muon candidate.

In general, muon candidates are expected to have a track in the CTC which points
to hits in one or more of the muon chambers. The energy deposition in the calorimeter
tower(s) which the muon passes through is expected to be consistent with a minimum

ionizing particle.

3.2.1 Muon Triggers

The level 1 muon trigger requires muon chamber hits with a minimum Pr of 6
GeV/c in the CMU and 10 GeV/c in the CMX. Muon segments in the CMU require CMP
confirmation for those sections of the CMU with CMP coverage.

The level 2 muon trigger requires a CFT track with Pr > 9.2GeV/c for run Ia and
Pr > 12GeV/c for run Ib to be matched in the r — ¢ plane with a muon segment. At level

3 a more precise match was required.

3.3 Offline Muon Selection

The following selection cuts are applied to create the high Pr muon sample:

e Pr > 20GaV/ec.

e EM Energy < 2.0GeV.

— The energy deposited in the CEM tower that the muon candidate passes through

must be less than 2.0 GeV.

e HAD Energy < 6.0GeV.
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— The energy deposited in the CHA tower that is associated with the muon candi-
date must be less than 6.0 GeV. This threshold is higher than that for the CEM

because the CHA contains more material for the muon to interact with.

e EM energy + HAD energy > 0.1GeV.

Do < 3mm

— The closest approach of the reconstructed muon track to the beamline (Do) must
be less than 3 mm.

| Zy — Z§ |< 5em

— The Z position of the muon track (Z§') must be within 5 cm of the Z position

of the event vertex (Z,).

| Z, |< 60cm

e CTC - Muon chamber matching requirements: the extrapolation of the CTC track
to the muon chambers must fall within a certain distance Az of the associated hits

in the muon chambers.

— CMU: | Az |< 2.0cm or CMP: | Az |< 5.0cm.

— CMX: | Az |< 5.0cm.

3.4 Lepton + Jet Event Selection

The lepton + jet sample is defined by the following selection criteria:

e One high Pr lepton (as defined above).
e Z removal (defined below).

o Lepton calorimeter isolation (Ica < 0.1).
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— We require the calorimeter isolation (I..) to be less than 0.1. The calorimeter
isolation is defined as the ratio of energy deposited in the calorimeter within a
cone of radius AR = +/A¢? + An? = 0.4 of the lepton (but excluding the energy
of the lepton itself) to the energy of the lepton.

o Zr > 20GeV.

o Three or more jets with Er > 15GeV and | 5 |< 2.0.

When these selection requirements are applied to CDF run I data we are left with
324 events, with an estimated background of 272.4 1+ 14.0 events. To enhance the signal to
background ratio in this sample, we construct three separate sub-samples with additional

selection criteria. These subsamples are discussed in Sections 3.4.2 through 3.4.4.

38.4.1 Z removal

Z boson events can mimic lepton + jet production if the Z decays to {*I~ and one
of the leptons passes the high Pr lepton selection requirements. To eliminate Z bosons

from our lepton + jet sample we look for a secondary lepton in the event.

o If the primary lepton is an electron then the secondary lepton must be an electron in
the forward, central, or plug calorimeter that meets the following criteria:
~ ET > 10GeV/c2,
— E/P > 2.0 for central electrons,
- Ehad/Eem < 0012,
~ calorimeter isolation I, < 0.2.
o If the primary lepton is a muon then the secondary lepton must be a muon in the

CMU, CMU/CMP, CMP, or CMX. Tracks in the CTC which do not extrapolate to

the muon chambers but do point to calorimeter towers where energy consistent with
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having come from a minimum ionizing particle has been deposited are also considered

(CMIO particles). The following criteria must be satisfied:

Pr > 10GeV /e,

!

— Ehada < 10GeV/c? for CMU, CMU/CMP, CMP, and CMX muons; Epag <
6GeV/c? for CMIO muons.

- E.n < 5GeV/e? for CMU, CMU/CMP, CMP, and CMX muons; E., < 2GeV/c?
for CMIO muons.

— Calorimeter isolation I, < 0.2.

— Track stub match Az < 5 cm for CMU, CMU/CMP, CMP and CMX muons.

| n |< 1.2 for CMIO muons.

The event is flagged as a Z and removed from the lepton+jet data sample if the
primary and secondary lepton are oppositely charged and form an invariant mass between

75 GeV and 105 GeV.

3.4.2 Silicon Vertex Tracker (SVX) Tagging Sample

We require at least one of the jets in the SVX sample to have a vertex which is
displaced from the primary interaction vertex. The algorithm used to identify displaced
vertices is called SECVTX, and is described in [23]. The displaced vertex indicates that the
jet may have been formed by the decay of a long lived B meson, and is thus an excellent
tool for separating the b rich tt signal from the W +jet background. 34 events are found to
have at least one SVX tagged jet, with an estimated background of 9.2 + 1.2 events [23].

3.4.8 Soft Lepton Tag (SLT) sample

In this sample we require an additional lepton to be in the event within a cone of
radius AR < 0.4 of one of the hadronic jets. This lepton is assumed to have been produced

in the decay b — lvc, and is thus an indication that the jet was produced by the decay of
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Variable Tight cut Loose cut
E/P <18 < 4.0

Enad/Eem <005 < 0.055+ 2043E
xgtrip < 10.0 Not applied

Table 3.1: We list here the differences between the loose and tight selection requirements
for electrons.

a B meson. To further reduce the background in this sample we require a fourth jet in the
event with ET > 8GeV/c? and | n |< 2.4. Events with both an SVX tag and an SLT tag are
removed from the SLT tag sample so that the SLT sample and SVX sample are orthogonal.

There are 14 events in the SLT sample with a background of 6.0 + 1.2 events [26].

3.4.4 No-tag Sample

Our last lepton+jet subsample is formed by requiring a fourth jet with Er >
15GeV/c? and | 5 |< 2.0. This sample contains 46 events and has an estimated back-
ground of 26 + 7.4 events [26].

3.5 Dilepton Sample

The basic signature of a dilepton event is two leptons, missing transverse energy from
the neutrinos, and two jets from the b quarks that are produced in the top decay [22]. In the
dilepton selection, two categories of lepton are defined: tight and loose. To be considered
in the dilepton selection process, an event must include at least one tight lepton, and must
include a second lepton which is either tight or loose. An electron or muon which passes
all of the selection requirements that are listed in Sections 3.1 or 3.2 is considered to be a
tight lepton.

Loose electrons are selected by relaxing the selection requirements on the same
variables that are used for tight electrons. The threshold for the E/P cut is increased and

a term linear in the electrons energy has been added to the Ehad/Eem cut. The X2 cut
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The Data
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Figure 3.1: The lepton Pr distributions for the 14jet and
dilepton samples. We shall extract the longitudinal helic-
ity fraction from these distributions by fitting them to nega-
tive helicity and longitudinal models using a maximum log-
likelihood technique.

is eliminated. See Table 3.1 for a summary of the changes to the selection requirements for
loose electrons.

The loose muon category consists of tracks which pass through the CTC and point
at a calorimeter tower with energy deposition that is consistent with having come from a
muon, but which does not have a matching stub in one of the muon chambers. These muons

are also referred to as CMI muons.
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Data Sample | Number of Events | Background Estimate
SVX tagged 34 9.2 + 1.2
SLT tagged 14 5.6 + 1.2
Notag 43 23.6 + 6.5
1+jet total 91 38.3 £ 6.7
| total leptons | 105 1 39.1 + 6.7 |

Table 3.2: Observed events and predicted backgrounds for the lepton + jet data subsamples.
The lepton + jet entry is the sum of the three entries which precede it.

3.6 Summary

These samples have been studied by other CDF analyses and their backgrounds are
well understood. The background to the SVX tagged sample is described in [23]. The
Notag and SLT samples are described in [26, 27] . We summarize in Table 3.2 the number
of events in each sample and the estimated backgrounds. We discuss the shape of the lepton
Pr spectrum for each of these backgrounds in chapter 4.

In Figure 3.1 we show the lepton Pr distributions for all four samples in Run I. Note
that our dilepton sample has 14 entries instead of 7 because each event has two leptons which

we can use in our fit.
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Chapter 4

Models for Signal and Background

In practice it can be quite difficult to relate theoretica.l predictions to experimental
observables. Typically, a single pp collision results in countless of interactions within
the detector, as the particles that are produced in the collision decay into many lighter
particles which then interact within the detector components to produce the signature that
we recognize as a single event. To calculate the result each of these interactions analytically
would be a truly monumental task. Instead, high energy physicists rely on a tool called the
“Monte Carlo!” calculation to bridge the gap between theory and data.

A Monte Carlo calculation begins with a list of final states for each interaction that
is to be modeled, along with the probability for each of these final states to occur. The list
of probabilities is drawn from some theoretical model which we are interested in. For each
interaction a random number is generated and then compared to the list of probabilities
to select one of the final states. For instance, a Monte Carlo which models tt production
and decay would compare random numbers to the probability densities that describe the
distribution of the energy momentum four-vectors of the top and anti-top and their daughter
particles. This process is repeated until a satisfactory number of Monte Carlo events has

been collected. We can then plot any variables in which we have interest. In principal, the

'The Monte Catlo technique relies on a random sampling of the integrals which must be calculated to
estimate their value, hence it was named after a city famous for gambling
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distribution of any variable that we plot approaches its analytic shape as the number of
Monte Carlo events increases.

A Monte Carlo which produces a list of particle four-vectors is called a generator level
Monte Carlo, because it generates the particles that we are interested in. Unfortunately,
our experimental data is not composed of a clean list of particle four vectors, so we cannot
directly compare the output of a generator level Monte Carlo to our experimental data. We
must use a second Monte Carlo program which models the response of the CDF detector
to the particles which are created in the generator Monte Carlo. We use a program called
QFL’ [28, 29, 30, 31, 32, 33, 34] in this analysis, because it is good at modelling the response
of the calorimeters to hadronic jets. QFL’ produces output which mimics the format of
real CDF data.

One nice feature of the Monte Carlo technique is that it produces “events” that
look like real data. Since the Monte Carlo events are in the same format as the data events
experimenters can compare them directly. Competing models can be evaluated against the
data if we use their predictions to construct the probability distributions for the Monte
Carlo generator.

For this analysis we use many different Monte Carlo generators. To model tt produc-
tion and decay we primarily use the HERWIG [35] Monte Carlo generator. As a cross-check
we also generate tt with the PYTHIA [36] Monte Carlo generator. Both of these generators
begin with a leading order matrix element calculation for the QCD hard scattering process
convoluted with the parton distribution functions. They differ in their handling of gluon
radiation and the underlying event. In HERWIG the hard scattering is followed by color
coherent parton shower evolution, cluster hadronization, and an underlying event based
upon data. PYTHIA includes color coherent scattering, but uses string hadronization and
an underlying event model based upon multiple parton scattering. In PYTHIA, the initial
state and/or final state gluon radiation can be turned off, which is useful for studies of
experimental uncertainties caused by inadequate modeling of these effects. To model the

backgrounds to our lepton+jet samples we use VECBOS [37], a leading order Monte Carlo
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generator which describes the recoil of a W or Z against quark or gluon jets. In VECBOS,
parton shower evolution and hadronization are handled by a routine called HERPRT, which
was imported from HERWIG.

4.1 GGWIG: A Custom HERWIG Monte Carlo Generator

We use a custom version of the HERWIG Monte Carlo generator to model tt pro-
duction and decay. Our custom version is based upon HERWIG version 5.6. In HERWIG
V5.6 the phase space for the decay of the W is properly weighted by the top mass to pro-
duce the correct angular distributions for standard model top quark decay but no means is
provided to allow a user to change the W helicity to non-standard model values. We use a
version of the HERWIG V5.6 routine HWDHQK which was modified by CDF collaborator
G. Guillian to allow users complete freedom to set the degree of polarization for both the
top quark and the W boson. These modifications are documented in [38]. We refer to the
custom HERWIG V5.6 as GGWIG in this thesis, although it is called SPINWIG in some

other documents.

4.2 PYTHIA

We generate an alternative set of Monte Carlo tt events using PYTHIA V5.7. There

are a few reasons for us to do this:

¢ In HERWIG (and GGWIG) it is impossible to turn off initial and/or final state radi-
ation. This can be done in PYTHIA, so we can use our PYTHIA samples to examine

systematic uncertainties due to gluon radiation.

e It is important to estimate how our measurement may depend on detailed (an un-
known) assumptions of the Monte Carlo model. We can do this if we measure the

longitudinal helicity fraction with a PYTHIA tt sample and then compare the re-

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



;o0 — HERWIG
P eeeeeee GGWIG w' SM W Polarzaton
0
2300
r
£t
g
2
T b
1000 -

: z ; M
9 x o « = L -] 120 0 1w AL 3 200
Lspwon P, (GeV)

Figure 4.1: Comparison between lepton Pr distributions from
GGWIG set to 70% longitudinal W compostion and HER-
WIG. In both samples the top mass is 175 GeV.

sult with that generated using the GGWIG tt sample. The Monte Carlo model

uncertainty will be related to the difference between the two results.

Unfortunately, we do not have the ability to change the helicity fractions within PYTHIA.
To separate our PYTHIA samples into negative helicity and longitudinal templates we resort
to a random-weighting technique. We form the angle between the lepton direction in the
W rest frame and the W direction in the top rest frame for each event from the PYTHIA
GENP bank and then use the helicity angular distributions to determine the probability
that the lepton came from a negative helicity W. We compare this probability to a random
throw between 0 and 1 to create separate helicity distributions. Note that samples generated
this way necessarily have lower statistics in the left handed distribution. Additionally, it is

impossible to generate positive helicity W boson this way.

4.2.1 Background Models

We also require reliable models for the shape of the lepton Pr distribution for
each of our backgrounds. For the lepton + jets sample we use VECBOS with W43 jet
matrix elements. VECBOS generates only the W + light jets portion of the lepton + jets
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Figure 4.2: Lepton Pr distribution from VECBOS with W+3
Jet matrix elements compared with lepton + jet data from

run L

Data Sample | Background Source Background Prediction

ep Z—>TT 0.38 £ 0.11
WWwW 0.20 + 0.09
Fake 0.16 + 0.16
bb 0.02 + 0.02
Total ex background 0.76 + 0.21

ee,up Drell-Yan 0.61 £+ 0.30
Z > TT 0.21 £+ 0.08
Fake 0.21 £ 0.17
wWwW 0.16 + 0.07
bb 0.03 £ 0.02
Total ee,uu background 1.22 + 0.36

Table 4.1: A table of dilepton backgrounds

background explicitly, but the matrix elements for W + bb and W+ are identical to the W
+ light quark elements save for the (negligible) quark masses and it has been shown that
VECBOS models well even the non-W portion of the top background [39]. We check that
VECBOS models the lepton Pr distribution correctly by comparing our VECBOS lepton
Pr distribution to the lepton Pr distribution of the lepton + jet sample from run Ia and

Ib in Figure 4.2 and find that the agreement is quite good.
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The background for our current dilepton selection cuts comes from three primary
sources, WW, Z — 77, and lepton + jets events where a jet fakes a lepton. We use the

following models:
WW This background is simulated with PYTHIA.
Z — 17 For this background we use the ISAJET Monte Carlo.

fakes We use lepton + jets data from run I to compute this background distribution. We
first select a samcple of events which has a 20 GeV lepton, three or more 10 GeV jets,
and Fr greater than 20 GeV. We then randomly assign one of the jets to be a lepton

and then check to see if the event passes dilepton cuts.

We generate the distribution of lepton P from each source, and then combine them
with appropriate weights to form the dilepton background distribution. In Table 4.1 we
reproduce a summary of dilepton background estimates which is found in [22]. This Table
contains an entry for bb events, a fourth source of backgrounds to the eu dilepton sample.
We ignore this background because it is very small compared to the other background
components.

Table 4.1 also contains a listing of backgrounds for the same flavor (ee and pu)
dilepton events. The background models we have discussed can account for only 50%
of this background, the rest is Drell-Yan. We do not have a good model for the lepton
Pr distribution in these events. Thus, we shall leave the ee and uu events out of the
analysis. These events will enhance our data sample by only 4 leptons while adding 2.44+.72
background leptons, so we anticipate no loss of precision for leaving them out of the data

sample.
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Chapter 5

Measuring the Helicity of the W Boson

The helicity of W bosons which are produced in top quark decays can be analyzed
via the sequential decay of the W to a charged lepton and a neutrino, because the V-A
nature of the weak coupling induces a correlation between the W spin and the decay angle
of the charged lepton in the top rest frame. This correlation translates into the lab frame as
a helicity dependence in the transverse momentum spectrum of the charged lepton. In this
chapter we use a minimum negative log-likelihood fit of the charged lepton Pr spectrum
in top decays to the sum of expectations for the three W helicities plus backgrounds to
measure the helicity of the W in top decays. As we shall demonstrate below, we do not
have enough statistics for a simultaneous fit for all three helicity fractions. What we shall
do instead is to perform two likelihood fits. In the first we shall assume, as per standard
model predictions, that no positive helicity W bosons are present, and we shall then fit
to find the fractions of negative helicity and longitudinal W bosons in top decays. In the
second fit we shall assume that the standard model prediction for the fraction of W bosons
produced in the longitudinal mode is correct and then fit for the fractions of negative and

positive helicity W bosons.
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5.1 Likelihood Function

We use an unbinned minimum negative log-likelihood fit to extract the fraction of
top quarks which decay to longitudinal W bosons (Fp). A log-likelihood is constructed
by taking the logarithm of the probability that a given set of parameters can generate an

observed ensemble of events. For our purposes this probability takes the form

Ns NL
P(zi; Fo, B) = [[ |PPBi) 1 PE(2i: 7o, B5)| - (5.1)
Jj=1 =1

In equation 5.1 the function 'PJB (8;) represents the probability that the background fraction
of data sample j is 8; and the function 'Pf (=i; Fo, B;) is the probability of observing an event
with lepton Pr of z; given a longitudinal fraction 7, and a background fraction 3;. Ns is
the number of distinct data samples used in the analysis, and N 1,'; is the number of events
in each of these samples. The functions PS are simply the linear sum of the individual
probabilities of observing a negative helicity, longitudinal, or background event at a lepton

Pr of z; weighted by the parameters F; and 8;; e.g.,
P3(zi; Fo, B5) = (1= Fo~ Fi)(1-B) TS ) + Fo(1- BT + Fr (1-B;)T{H + 8;TE. (5.2)

The functions T(~)(z;), T(°)(z;), T(+)(z;) and TB(z;) describe the shape of the lepton Pr
spectra for all components which we expect to see in the data. The functions T(‘)(z,-),
TO)(z;), and T(+)(z;) describe the lepton Pr spectra for leptons from top events where
the W boson is negative helicity, longitudinal, or positive helicity, respectively. The func-
tion T5(z;) describes the lepton Pr spectrum in the background. We call these functions
“shape templates.” We construct the shape templates for tt events from the GGWIG
Monte Carlo 4.1 by fitting the binned distributions to the product of an exponential and a
polynomial. This functional form was chosen because it models very well the distributions
which it must fit, as can be seen in Figure 5.1. The shape templates are normalized to an
area of 1 in the region of importance to our fit (20GeV/c < Pr < 200GeV/c). Note that the

parameter F_ does not appear in Equation 5.2. This is because we apply the requirement
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that the three helicity fractions sum to one. Thus we obtain the fraction F_ after the fit

from the relation ¥_ =1 — Fo — F,.

Expected Lepton P, Distributions

Arbitrary Units
T

[ x © « =< o0 - 0 140 10 0
Lepon P, (GeVic)

Figure 5.1: The circles in this plot represent the Pr distribu-
tions for leptons from negative helicity and longitudinal W
Bosons, as predicted by GGWIG. The smooth lines are the
best fit to the Monte Carlo distributions using the product
of an exponential and a polynomial function.

The function ’PJB (B;) allows us to include in our likelihood our knowledge about the
background contents in each of the subsamples as a constraint. This is necessary because
our fit does not have enough statistical power to determine the size of the background
component without help from outside predictions. The form of P?(3;) depends upon the
data sample being considered. In the lepton + jets data our backgrounds are computed as
a fraction of the size of the sample, so use a Gaussian probability distribution to constrain
B; directly. A Poisson constraint on the number of events in the lepton+jet samples would
have no effect on the measurement because it has no functional dependence on 3;, so we do
not include such a constraint. In the dilepton sub-sample we have a direct prediction for the
number of background events that we should observe. In this case we allow the sum of the
signal and background events to fluctuate, but constrain them with a Poisson probability

density function P(N,n, + ny) in N with mean n, + ng, where N is the number of events
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observed in the dilepton sub-sample and n, and n; are the expectation value of the number
of signal and background events in the sample, respectively. We further constrain n;, the
number of background events, with a Gaussian probability distribution of mean (n;) and
width o,. In the lepton+jet sub-samples, 8; is a parameter in the likelihood minimization,
whereas in the dilepton sub-sample n, and n; are parameters in the likelihood minimization
and B, is computed from the relation 8; = ny/(n, + ns).

To form our negative log-likelihood we simply take the logarithm of P(z;; Fo,f)
and multiply by negative 1. We use the Cernlib package MINUIT to find the minimum
value of our negative log likelihood as a function of the helicity fractions. We determine the
statistical uncertainty in the fit parameters by varying them until the negative log-likelihood

increases by 0.5.

5.2 Verification of the Likelihood Technique

5.2.1 Consistency and Sensitivily

We use a Pseudo-Experiment technique to verify the consistency of our likelihood
minimization, to estimate the statistical sensitivity of our analysis, and as a tool to aid
our investigation of the systematic uncertainties of this analysis. The basic procedure is
to generate a random distribution of lepton Pr values with fixed normalization, using a
set of templates as weights and then apply our likelihood technique to this distribution to
extract from it Fo. We can use different sets of templates to generate our “data” than we
use to analyze it. This will prove useful in Chapter 6 where we evaluate our systematic
uncertainties.

We first apply this technique to check consistency and determine the sensitivity
we can expect from our plan to use a dilepton and combined lepton + jets sample. We
generate 1000 experiments with 94 lepton + jets entries and 14 dilepton entries (because
our 7 dilepton events each have 2 leptons). We use our analysis templates to generate

these events with a longitudinal helicity fraction of .75. The number of background events
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Figure 5.2: Pseudo-experiment study of the maximum likeli-
hood procedure. Top plot is distribution of returned values for
input Fy = 0.70, bottom plot is the distribution of the pulls.

in these templates varies as a Poisson random variable whose mean varies according to a
Gaussian distribution. The total number of events is the same for each pseudo-experiment.
In Figure 5.2 we show the distribution of 7y values and their corresponding pulls which are

returned by this exercise. The Fy values are fit very well by a Gaussian with a mean of .75

and a width of .31. We can draw two conclusions from this plot.

e Our likelihood technique does not bias our result (eg. we get out what we put in, on

average).

e We can expect our fit to the data to return a statistical uncertainty of about +.3.

The second conclusion derives from the width of the Gaussian fit to the F; values returned

by the pseudo-experiments and is supported by the fact that the pull distribution for this

exercise (also shown in Figure 5.2) has a width very close to one.
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Note that in Figure 5.2 some pseudo-experiments returned (unphysical) values of F
which are greater than 1 or less than 0. This is because we do not place limits on ¢ in our
likelihood fit. These unphysical results do not worry us, because the Gaussian distributions
returned by our pseudo-experiments demonstrate that this analysis is robust and we have

thus decided not to place any limits on the parameters in our likelihood fit.

5.2.2 Investigation of the Background Fraction Term in the Likelthood

To test the sensitivity of our analysis to the form of the background constraint
we repeat the pseudo-experiment analysis for two extreme modifications: 1) we fix the
background to its predicted value, and 2) we constrain the background with a Gaussian that
has twice the width of the uncertainty on the background. The Fy’s and their associated
pulls are shown in Figure 5.3. In both cases the mean of the F; distributions are consistent
with the input value of Fo and the width of the distributions are consistent with the width
which we observed using our nominal background shape functions. There is pattern to
the returned widths, the smallest value (0.307 + 0.007) is returned by the fit in which the
background is fixed and the largest value (0.315 + 0.007) is returned by the fit with the
doubled Gaussian width. This is as one would expect, since the fixed background gives the
likelihood less latitude in determining the most likely value of ¥, than our nominal function
does and the doubled-Gaussian function gives more latitude. In any case, the difference is

negligible compared to other uncertainties in the analysis.

5.3 Acceptance Bias

Longitudinal W bosons produce a harder lepton Pr distribution than negative he-
licity W’s and thus are more likely to be accepted by the lepton Pr cut which is applied
to select top candidates. This implies that our procedure overestimates F;. In general, the
acceptance biases for the lepton + jet and dilepton samples need not be the same, because

in the lepton + jet sample only the helicity of the leptonically decaying W is relevant, while

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pseudo-Experiment tests of background function

180 - T r F G L ]
r Comme -y s Cmaes - 1em

160 - e e D -  ammame swme
E rmy temal ‘oz smese|

140 — b
E PP = gaussian E

120 £ ! E
£ with goubled wxih 4

100 — o

w E 3

60 [ 2

3 3

2 £ E

o E " E
A [ 1 2
Longitudinal Helicity Fraction

180 3

160

140 |

120 &

100 &

a0 ~

w

0 =

2 F

o E 1 1. I
-1 -2 o 2 4
Longitudinal Helicity Fraction Pult

Figure 5.3: Checks of the sensitivity to the background assumptions.

in the dilepton sub-sample both W’s can contribute to the acceptance bias. In the following
sections we will derive separate corrections for the lepton + jet and dilepton samples and

then combine them to obtain a correction for the simultaneous fit.

5.8.1 Acceptance Correction for Lepton + Jets

Throughout this discussion it is assumed that the hadronization of quarks produced
in W decays wipes out effects that the helicity of the hadronically decaying W boson may
have on acceptance. Because of this we need only study the acceptance bias induced by the
leptonically decaying W bason. Thus, it is straightforward to develop a correction function
for the lepton + jets sample which takes our fit fraction F§* to the correct value.

We start by writing down a function for the measured longitudinal fraction (F£) as

a function of the true longitudinal fraction (Fp) and the acceptances for events with either
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negative helicity or longitudinal W bosons in them. (A_ and Ap).

. Loz AoFo (5.3)
O T LogAoFo + LogA_(1 - Fo)

It is a simple matter of algebra to solve equation 5.3 for Fg.

__ R nF
1 - F34(1 - R(_sq))

Fo (5.4)

In equation 5.4 we have divided through the numerator and denominator by the longitu-
dinal acceptance so that we can express F; as a function of the ratio (R(_ /o)) of negative
helicity to longitudinal acceptances. Equation 5.4 is non-linear and will in general cause
the uncertainties calculated for Ff'‘to change.

To derive the factor R(_ /), we generate GGWIG samples which contain only neg-
ative helicity W’s or only longitudinal W’s and then apply our selection requirements and
compute the acceptance for each sample separately. In particular, we select events from our
negative helicity and longitudinal GGWIG samples which pass the same acceptance cuts
as the data, which are outlined in Chapter 3. The number of Monte Carlo events which
satisfy our acceptance criteria is summarized in Table 5.1.

We next apply to the events that pass the selection criteria the lepton scale factors
which are used in both lepton + jets cross-section analysis, CMU/CMP = 0.943, CMX
= 0.940, and CE = 0.917. We do not apply b-tagging efficiencies to our acceptance cal-
culations because we are ultimately interested only in the ratio of the negative helicity
and longitudinal acceptances and so multiplicative factors which are common to both will
cancel out. However, we do multiply by the Z vertex efficiency (0.95), as per [40]. The
acceptance for top’s that decay into negative helicity W bosons is calculated to be 0.0867
and the acceptance for tops which decay into longitudinal W bosons is calculated to be
0.1127. This results in a ratio R(_/o) = 0.769 + 0.029. The uncertainty on R(_/q) includes
only the statistical uncertainty on the calculation of A_ and Ag. We defer the discussion
of the systematic uncertainty on R(_ /o) to Section 6.4.

We can check our procedure by comparing the average of these two acceptances to

the tt acceptance found in the cross section analysis [40], which is calculated using standard
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MC Sample GGWIG | GGWIG | Herwig
Longitudinal Fraction 0% 100% 70%
Top Mass Used 175 GeV | 175 GeV | 175 GeV
MC Version V5.6 V5.6 V5.6
Number of Gen. Events 22,164 20,714 105,260
# of Events which pass cuts 2174 2640 12,695
Electrons 1015 1159 5739
Muons 1159 1481 6956
CMU/CMP 895 1169 5430
CMX 264 311 1522
Acceptance 0.0867 0.1127 0.1066

Table 5.1: Number of events which satisfy selection cuts in our acceptance calculation. The
third column is reproduced from Ref [40] for the sake of comparison.

Herwig to be 0.1066. We must calculate the weighted average using the fractions of each
sort of helicity expected in top decays. When we apply our likelihood technique to standard
Herwig we extract a longitudinal fraction of 0.78 +0.02. If we use this fraction to weight our
longitudinal acceptance and its complement to weight the negative helicity acceptance then
we obtain an average total acceptance of 0.1070, in excellent agreement with expectations.
The uncertainty due to Monte Carlo statistics on the top acceptance calculation which is

quoted in [40] is 2%.

5.8.2 Acceptance Correction for Dileptons

To compute an acceptance correction for the dileptons we must modify the procedure
developed for the lepton + jets sample to account for the fact that we have two leptons in
each event. We must divide the dileptons into three categories of events: those with two
longitudinal W’s, those with one longitudinal W and one negative helicity W, and events
with two left handed W’s. The probability that a given tt event will fall into a particular
helicity category depends upon ¥, and is given in equation 5.5, where Py is the probability
for both W’s to be longitudinal, P,_ is the probability that one will be longitudinal and
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the other negative helicity, and P__ is the probability that both will be negative helicity.

Poo = ]‘-02
Py = 2Fy(1- Fo) (5.5)
P_ = (1-5)®

We use these probabilities to calculate F§* for dilepton events as a function of F; and the
acceptances for the three dilepton helicity categories (Ao, Ao—, and A__) in equation 5.6.

2A400Py + Ao-FPo-
t
R = APt 2A, P+ 24P (5.6)

Inverting equation 5.6 requires us to solve a quadratic equation. Only the negative
solution of the quadratic equation produces physically reasonable values of F,, we show it

in equation 5.7.

_2FfA__ — Ao (2FF —1) — \JAZ_(2FE — 1)? + 4400 A__(F§ - F§F)

5.7

° 2400(FE ~ 1) — 240-(2F8 — 1) + 24__F* (5.7)
| Helicity Category |  Acceptance | Probability (given Fo = 0.70) |

Two longitudinal W’s (Ago) | (0.87 £ 0.02)% 49%
One longitudinal W (4,-) (0.77 £ 0.02)% 42%
No longitudinal W’s (A__) | (0.62 £ 0.02)% 9%
Weighted Average (0.808 + 0.014)%
Standard Herwig (0.784 + 0.025)%

Table 5.2: Acceptances for the three helicity categories in dilepton events.

To compute the acceptances for the dilepton helicity categories we first generate large
GGWIG samples for each category and then apply the same techniques to these samples
which were used in the dilepton cross-section analysis to compute the acceptance. This
procedure is outlined in [22]. We list the acceptances for each helicity category in Table 5.2.
In this table the probability printed in column 3 is the probability that a tt event will fall
into the helicity category, assuming that F¢ is 0.70, as computed via equation 5.5. Also

included in Table 5.2 are the average of the three acceptances, weighted by the probabilities
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in column 3, and the acceptance for dileptons computed for the dilepton analysis in [22].

Errors in Table 5.2 are statistical only.

5.8.8 Computing Acceptance Corrections with Pythia

We intend to use Pythia Monte Carlo to examine two important systematic uncer-
tainties: Monte Carlo generator dependence and the effects of gluon radiation. To effectively
test these systematic uncertainties it is necessary that we derive a set of acceptance correc-
tions from Pythia MC. Unfortunately, it is not possible to generate Pythia samples with W’s
in arbitrary helicity states. We solve this problem by using the random weighting technique
described in Section 4.2 to separate our lepton + jet Pythia samples into two subsamples
containing negative helicity W’s or longitudinal W’s, and our dilepton Pythia samples into
the three dilepton helicity categories described in Section 5.3.2.

To compute the acceptances for each of these subsamples we must know how many
events existed in each of them prior to the analysis cuts. We know how many events were
generated to produce the original samples, and we know that in Pythia with a top mass of
175 GeV, 3 = 0.70. This means that the number of events in the longitudinal lepton +
jet sample prior to analysis cuts is 0.7 times the total number of events generated in the
lepton + jet sample. The fractions used to determine the number of events in the dilepton
subsamples are given in Table 5.2. We list the Pythia acceptances in Table 5.3. Included
in this table are the results for Pythia with and without initial and final state radiation. In
the dilepton samples turning the radiation off did not have a statistically significant effect.
In the lepton + jet samples turning off the initial state radiation reduced the acceptance
for both helicity states and turning off final state radiation increased acceptance for both
helicities. The ratio between the acceptances of the two helicity states did mot change

significantly when either type of radiation was turned off.
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Normal Pythia | Pythia without | Pythia without
Initial State Final State
Radiation Radiation
Dilepton Acceptances
Ago (0.82 +0.03)% | (0.79+0.03)% | (0.88 +0.03)%
Ao (0.67 £0.03)% | (0.66 + 0.03)% | (0.74 £ 0.03)%
A__ (0.46 £ 0.05)% | (0.58 + 0.06)% | (0.60 £ 0.06)%
Lepton + jet Acceptances
A_ (8.38+0.17)% | (7.92+0.17)% | (8.91 +0.19)%
Ao (10.28 £0.13)% | (9.91 £0.12)% | (10.97 £ 0.13)%
R0 0.815 + 0.019 0.799 x 0.020 0.812 + 0.020

Table 5.3: Helicity dependent acceptances for Pythia Monte Carlo. Errors are statistical.

5.8.4 Combining the Corrections

We combine the two acceptance corrections which we have calculated by averaging
them, weighted by the number of leptons in each sample. In Figure 5.4 we plot the dilepton
and lepton + jet corrections as a function of F3. Note that the two acceptance corrections
are quite similar in magnitude. This hints that we are unlikely to introduce a significant
uncertainty into our analysis via our procedure for combining the two corrections, because
all reasonable combinations of the two corrections will be close to both of them. In fact, we
do not explicitly include the combined correction in Figure 5.4 because it is indistinguishable
from the lepton + jet correction on the scale used for this plot.

We use pseudo-experiments to determine whether our average correction works prop-
erly. First we use equations 5.3 and 5.6 to compute the value of Ff*which we should observe
in the lepton + jet and dilepton samples if F; = 0.70. We find that for the lepton + jet
sample F§t = 0.75 and for the dilepton sample Ff* = 0.73. We use these values as the input
helicities to generate 1000 pseudo-experiments with 91 lepton + jet events and 7 dilepton
events, as per Section 5.2.1. We perform the log-likelihood fit and then apply the combined

acceptance correction to the mean of this distribution and the result is 5 = 0.695 + 0.009.
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Figure 5.4: Here we show the acceptance corrections for both
the lepton+jets and dilepton samples as a function of F&t.
We do not show the combined correction because it is so
close to the lepton+jet correction that they cannot be distin-
guished from one another on the scale of this figure.

Thus, our combined correction does obtain the original input helicity. This should come as
no surprise, because the two corrections are similar in magnitude.

The outcome of these considerations is that we have a procedure to correct the
value F£* from our likelihood analysis for acceptance effects, by applying the event-weighted
average of Eqn. 5.4 and Eqn. 5.7 with R(_ /o) = 0.769 and the dilepton acceptances given in
Table 5.2. We discuss the systematic uncertainty introduced by the acceptance correction
in Sec 6.4. The acceptance correction modifies the statistical uncertainty on Fp, this is

discussed in Sec 6.4.
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5.4 Measurement of F;

Now that we have established a fit procedure it is time to apply it to our data. We
maximize the likelihood established in Equation 5.1 simultaneously for the three lepton +
jet samples and the dilepton sample. In this minimization we constrain the background
fraction with a Gaussian term in the likelihood, as discussed in Section 5.2.1. In Figure 5.5
we compare the best fit shape with the data in both the lepton + jet and dilepton samples.
The result of this fit is .93%33. This uncertainty is consistent with the uncertainties that we
expected after performing our pseudo-experiment tests in Section 5.2.1. A visual inspection
of Figure 5.5 indicates that our fit models the shape of the Lepton + Jets sample very well.
The fit in the dilepton sample is statistically challenged but is also a good fit. It would
be instructive to obtain a measure of fit quality that is more quantitative than a visual
inspection. Unfortunately, the log-likelihood function cannot be interpreted as a measure
of the goodness- of-fit in the same manner as a x? likelihood. What we do instead is run
1000 pseudo-experiments and compare the negative log-likelihood values extracted from
them to that which is returned by our fit to the data. We find that our log likelihood is
smaller than that returned by 31% of the pseudo-experiments. We call this our “fit quality”.

Note that our best fit result must be corrected according to the prescription in
Sec 5.3.4 to obtain the “true” value of F;,. We use standard techniques [41] to propagate
the uncertainty on F2* over to Fy, and obtain Fo = 0.91f§;.

It is interesting to fit each of our data subsamples individually to find out where
our statistical power is coming from and to check whether there are any strange features
in them which need to be investigated. We summarize all the fit results in Table 5.4. In
addition to fit results, we include the fit quality and expected sensitivity for each sample. We
include the acceptance corrected helicity fraction for all samples except for Notag and SLT
samples. These two samples return unphysical helicity fractions for which the correction is
not defined. Note that in all cases the statistical uncertainty returned by our fit to the data
is consistent with the sensitivity which we predict via pseudo-experiments.

The dilepton sample has a rather poor fit quality, 5.6%. The poor quality of the fit
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Figure 5.5: Lepton Pr distributions for the lepton+jet and
dilepton subsamples. The lepton+jet subsamples are added
together to simplify presentation. The data (points) are com-
pared with the result of the combined fit (solid line) and with
the background component of the fit (dashed line).

is driven by Event 67581/129896, which has a positron with an Er of 181 . Recall that fit
quality is determined by comparing the size of the log-likelihood that is returned from the fit
to the data with the ensemble of log-likelihood values returned by 1000 pseudo-experiments
conducted with an identical sample size. A glance at Figure 5.5 will confirm that no fit
configuration could fail to return an abnormally high negative log-likelihood with this event
present because all templates have very low probability at high Pr.

5.5 Measurement of ¥,

The techniques described thus far in this chapter can be modified to measure the

fraction of positive helicity W bosons in top quark decays, F,. We test our ability to do
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Sample Best Fit | Corrected Result | Expected Sensitivity | Fit Quality
SVX tagged 0.92%3; 0.90 +0.42 22%
SLT tagged —-0.07+37 +0.8 75%
Notag 1.15% 38 +0.65 39%
dilepton 0.60% 7 0.56 +0.59 5.6%
Simultaneous Fit | 0.93%3; 0.91 +0.30 31%

Table 5.4: Fits to the data for the longitudinal W fraction using GGWIG templates.

VECBOS 17.5% non-isolated 22.7% non-isolated 27.6% non-isolated
only leptons leptons leptons
0.00 £0.14 0.10 + 0.15 0.11 + 0.14 0.131+0.14

Table 5.5: The table entries contain the right-handed fraction returned from fits to the data
with various mixes of non-isolated leptons in the background model.

a likelihood fit for the positive helicity fraction by using pseudo-experiments. In Figure 5.6
we show a distribution of 1000 pseudo-experiment fits where the input value of ¥, was
0. The distribution is indeed centered at zero, and has a width of 0.15. This width is
small compared to the width of 0.30 obtained when performing pseudo-experiments for the
longitudinal measurement, but it is large compared to the physical range for the right-
handed fraction of 0.0 to 0.25. The range is restricted because we fix the longitudinal
fraction to 0.75.

Next we apply our likelihood fit to the data. We show in table 5.5 the best fit
value returned for several admixtures of non-isolated leptons into the background model.
The central value is that which is returned when the background contains 23% non-isolated
leptons, and is F, = 0.11+0.15 (statistical uncertainty only). The other fit values are used

to establish the size of the lepton + jet background composition uncertainty, just as in the

longitudinal analysis.
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Figure 5.6: Results of a pseudo-experiment study of the sen-
sitivity of the positive helicity measurement. The width of
the Gaussian distribution is only 0.15, but when compared
to the width of the physically allowable region (0.0 to 0.30)
it appears that we have very little sensitivity.
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Chapter 6

Systematic Uncertainties

There are two general categories of systematic uncertainties present in this analy-
sis. These are shape uncertainties and acceptance uncertainties. The shape uncertainties
include any effects which can change the shape of the lepton Pr spectra and thus alter
the longitudinal helicity fraction derived from these shapes. For example, a change in the
parton distribution functions could change the Pr distribution of the top quark and thus
change the Pr spectra for the leptons as well. The acceptance uncertainties which we are
concerned with include any effects which can alter the ratio of the acceptances of events
with negative helicity W bosons to the acceptance of events with longitudinal W’s in them
(R(-/0)), and thus change our acceptance correction (Equation 5.4), which depends upon
this ratio. In general, both types of uncertainty can be caused by a single physics effect,
eg. a harder Pr spectrum for leptons from negative helicity W bosons will bias the fit by
altering the shape of the template used for negative helicity W bosons and it will result in
a larger acceptance of events with negative helicity W bosons in them. We must be careful
to account for both effects while we are estimating the systematic uncertainties for this

analysis.
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6.1 Top Mass Bias

The top mass affects the measurement of F; in some important ways. First, ac-
cording to the standard model, it is the parameter which determines the degree of the
longitudinal polarization of the W boson. This is not a source of systematic uncertainty; in
fact, it is the hypothesis which this measurement proposes to test.

The second effect of the top mass on our measurement is to change the lepton Pr
distribution for leptons which come from longitudinal W bosons. In Figure 6.1 we show a
comparison of GGWIG templates which were generated with masses of 140, 175, and 210
GeV. For the negative helicity templates the shape of the Pr spectrum does not change as
a function of the mass. However, the Pr spectrum for the leptons from longitudinal W’s is
harder for the high mass top quarks and this could certainly cause a shift in the measured
value of Fg.

To estimate this effect, we use GGWIG to generate Monte Carlo tt events with nega-
tive helicity or longitudinal W bosons at the following top masses: m, = 165, 170, 180,and185.
We then use templates constructed from these Monte Carlo samples to measure F; as a
function of template top mass. We show the results of these measurements in Figure 6.2.
Note that the measured F; decreases as the mass used in the template increases. This
occurs because the peak of the lepton Pr distribution for longitudinal W bosons shifts to
higher values as the top mass used to construct the template increases, and this causes the
likelihood function to favor the softer negative helicity template.

The line shown in Figure 6.2 is a best fit to the five measurements in the plot,
and has the equation Fy = —0.0152m, + 3.56. We plug the uncertainty of +5.1 [26] on
the top mass measurement into this equation to estimate the size of possible biases in the

longitudinal measurement. We find §F; = +0.08.

6.1.1 Non-W Background Normalization

Our second largest systematic uncertainty is related to the normalization on the

non-W background to the lepton+jet data samples. The lepton Pr spectrum in our non-W
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Figure 6.1: Comparison of negative helicity and longitudinal templates at different top mass
values.
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Figure 6.2: Measured helicity fraction versus the mass of top which is used in our analysis
templates. The uncertainties include only the uncertainty on the Monte Carlo template
because all other uncertainties in these measurements are highly correlated.
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background model shape is similar to the Pr spectrum of leptons from negative helicity W
bosons in top decay. This means that changes in the amount of non-W background which
is included in our background model can exert a strong influence over the value of ¥, that
is returned by the likelihood minimization. In general, an increase in the non-W content
of our background model by 1% increases F; by 0.01. We construct background templates
that vary in non-W content by +£4.9% and then use them to measure ;. We measure the

fluctuations in Fp to be +0.06.

6.2 b Quark Tagging Efficiency

Recently some studies at CDF have challenged the b tagging efficiency which is used
in this analysis to estimate the size of some of our backgrounds. This change in b tagging
efficiency has a large effect on the top cross-section measurement [23] but we will show that
its effect on the measurement of F; is small. For this reason we have decided to list the
change in b quark tagging efficiency as a source of systematic uncertainty rather than go to
the considerable work of re-calculating all of our backgrounds.

We have examined the effects of using the new b tag efficiencies with a preliminary
background calculation, which we summarize in Table 6.1. The most important effect of
the new efficiency is the large reduction in the estimate of the non-W contribution to
our background. Because this background has a shape which is similar to the lepton Pr
spectrum from negative helicity W bosons a change in the normalization of the non-W
background contribution can change F,. Note that there is no change in the SLT sample.
That is because we have no estimate for that sample. We believe that it will change, but
since it is a small sample we suspect that any change due to the SLT’s will be minor, so
we are confident that our estimate of the systematic uncertainty is valid even without an
estimate of changes to the SLT sample.

When we measure F, with these new background calculations we get o = 0.88 +
0.32, compared to Fo = 0.93 + 0.30 using the old background estimates. Note that we

do not apply our acceptance correction these numbers, or to any of the other numbers in
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Sample of events Old back/Non-W% New back/Non-W%

SVX 34 92 +/- 1.2 / 241% 9.7 +/- 1.2/ 14.0%
SLT 14 6.0 +/- 1.2 / 19.0% No Change

Notag 46 25.9 +/- 6.5 / 23.1% 34.9 +/- 7.4 /18.6Dileptons
7 0.76 +/- 0.21 N/A

Table 6.1: Preliminary estimate of changes to the backgrounds when the new b tag efficien-
cies are applied.

the study of this systematic uncertainty. The acceptance correction was calculated using
acceptances for longitudinal and negative helicity W’s before tagging, so the change in the
tagging efficiency should have no bearing on it, and, in general, the acceptance correction
exaggerates any change to the analysis because it is applied as a function of .

The change in the central value is mostly due to the change in the non-W background
in the SVX channel. The non-W background in the SVX sample has dropped from 24% of
the background to 14% of the background. This tends to reduce the value of ¥y, because
the non-W background mimics the shape of the negative helicity W bosons.

We summarize the effects of the change in b tagging efficiency by quoting the dif-
ference between the measurements of Fo with the old efficiency and the new efficiency as a
systematic uncertainty to due to the uncertainty in the b tagging efficiency. This results in

a systematic uncertainty of +£0.05 in Fo.

6.3 Monte Carlo Statistics

Our next systematic uncertainty derives from the statistical uncertainty on the shape
of our fit templates. We need to estimate how much variation in the shape is possible given
the size of our Monte Carlo samples and how large an effect these variations have on our
measurement. To estimate the size of this effect we subdivide our Monte Carlo into four
orthogonal samples and construct a set of templates from each. We then fit these templates

to the data. We take one half of the root mean square of these four measurement as the
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uncertainty due to the statistical uncertainty in the Monte Carlo templates. The result is

an uncertainty of +0.05.

6.4 Acceptance Uncertainties

There are a number of uncertainties on the determination of the acceptances which
were computed in Section 5.3 and we must determine the degree to which they affect the
acceptance correction. Some of these uncertainties are correlated with shape uncertainties
(eg. the top mass uncertainty and the gluon radiation uncertainty). We treat these two
uncertainties separately so that we can correctly handle the correlations between the accep-
tance effects and the shape effects. In Table 6.2 we list all acceptance uncertainties which
are not correlated with any shape uncertainties. The relative uncertainties in Table 6.2 are
extracted from [22] for dilepton acceptances and from [40] for lepton + jet acceptances, we
assume that the uncertainties on the helicity dependent acceptances calculated in Section 5.3
will be identical to those in Table 6.2.

We could, in principle, propagate the uncertainties in Table 6.2 through Eqn. 5.4
and Eqn. 5.7, using standard error propagation techniques (see [41]) and thus obtain the
uncertainty on the acceptance correction due to uncertainties on the acceptances. This
would be both tedious and difficult. We adopt an alternative approach. We add the relative
uncertainties in Table 6.2 in quadrature and then assume that it is appropriate to apply them
to the helicity dependent acceptances which were calculated in Section 5.3.1 and 5.3.2. We
randomly vary each of the acceptances according to its uncertainty to create 1000 acceptance
corrections. We then apply each acceptance correction to the helicity fraction returned by
the GGWIG fit to the data to determine how much variation is possible in the size of the
acceptance correction. Our acceptance corrected fit values range from 0.89 to 0.93 and have
a width of 0.005.

If the uncertainties of the five helicity dependent acceptances were uncorrelated
then it would be appropriate to quote the width of the corrected values as the uncertainty

due to the acceptance correction. In general, the uncertainties are correlated, because the
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uncertainties in Table 6.2 are common to all helicity dependent acceptances. We thus quote
the range of corrected values (+0.02) as the uncertainty due to acceptance effects.

This is a conservative estimate, because it assumes that there are no correlations in
the uncertainties of the five acceptances In fact, there probably are correlations between the
acceptances and they will likely reduce the uncertainty on the acceptance correction rather
than enhance it, because the acceptances appear in the acceptance correction equations in

ratios which will cancel some or all of the uncertainties in Table 6.2.

| Source | Relative Uncertainty |
Dile;;ms
Lepton ID efficiencies ™%
Jet Energy Scale 2%
Conversion Removal 2%
Isolation Efficiency 2%
Tracking Efficiency 2%
Trigger Efficiency 1%
MC statistics 3% _
Lepton + Jet
Jet Energy Scale 5%
MC Statistics 3%

Table 6.2: Some Relative Uncertainties on Dilepton and Lepton + Jet acceptances. Only
acceptance uncertainties which are uncorrelated to any shape uncertainties are listed in this
table. These uncertainties are taken from Ref. {40] and Ref. [22].

6.5 Non-W Background Shape

It is important to determine the accuracy of our non-W background model. In
particular, we must establish whether or not the non-isolated leptons which we use have
the same Pr spectrum as the isolated leptons which we are trying to model. If lepton
isolation has a strong effect on the lepton Pr distribution then the background model based
on non-isolated leptons which we constructed in Section 4.2.1 is inaccurate. To address this

issue we have generated a sample of bb using the PYTHIA Monte Carlo generator. The
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minimum Pr of the generated bb pair is set to 40 . We also require there to be a lepton
with Pr greater than 18 at the generator level. We then simulate this bb Monte Carlo
using QFL’. Finally, we select simulated events by requiring that they have a lepton with
Pr greater than 20 and three fiducial jets with E1 greater than 15.

In figure 6.3 we show the Pr spectra for the bb Monte Carlo after dividing the

sample into four isolation vs. fr regions:
o region A : Fr <15and I < 0.1
o region B: Fr <15and I > 0.2
e region C : Er > 20 and 7 > 0.2
e region D : 1 > 20 and I < 0.1 (W signal region).

Note that the statistics in region D, which corresponds to the top signal region, are rather
poor. This is due to the difficulty of generating bb Monte Carlo which passes our jet cuts,
the lepton isolation requirement, and the 1 cut. However, we do have many events in the
other three regions of isolation vs. Fr space, and we will show below that this is enough
for our purposes. Note that in figure 6.3 the two plots with isolated leptons do have harder
Pr spectra than the non-isolated lepton plots. The effect is small, and all four plots have
the sharp peak in the 20-30 portion of the spectrum which we believe is responsible for
the suppression of the negative helicity component in our fit.

To demonstrate the validity of our bb Monte Carlo we compare it to Run I data in
a few kinematic variables. The data samples used for these comparisons are regions B and
C in the lepton+jets sample, which we expect to be high in bb content. We compare these
samples to the corresponding regions in our bb Monte Carlo. In figure 6.4 we compare
lepton Pr, leading jet Er, ET, and event sum Er between data and Monte Carlo in
region B. The agreement between data and Monte Carlo in the lepton Pr distribution is
quite good, but in the other three distributions the Monte Carlo does not model the data

very well. The transverse energy distribution of the leading jet is slightly harder in the
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Figure 6.3: Lepton Pr spectrum in our PYTHIA bb sample as a function of Er and lepton
isolation. In region A F1 < 15 and I < 0.1, in region B £ < 15 and I > 0.2, in region C
BTt > 20 and I > 0.2, and finally, in region D £1 > 20 and I < 0.1.
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rNon-W model Cuts Fo l

Vecbos W + jets Fr >20,1<0.1 0.57
Run Ib Data Er>20,1>02 097
Pythia BB MC Er>20,1<0.1 094
Pythia BB MC Er>20,1<0.15 0.92
Pythia BB MC Er>151<01 0.92
Pythia BB MC Er >15,1<0.15 0.92
Pythia BB MC Er <15, I1<0.1 0.94
Pythia BB MC Er>20,1>02 0.99

Table 6.3: Fit results for the longitudinal fraction using several different non-W background
models. One-half the range of the results which use Pythia Monte Carlo as a non-W
background model is quoted as the non-W background shape uncertainty.

bb Monte Carlo than in the data, and the E7 distribution in the Monte Carlo is slightly
softer than it is in the data. These disagreements indicate that there may be a significant
non-bb component to the region B data. However, we are encouraged by the agreement
between data and Monte Carlo in the Lepton Pr spectrum, which implies that any non-bb
component to the data in region B has a lepton Pr spectrum which is similar to bb .

These same comparisons are made in region C in figure 6.5. In region C the agree-
ment between the bb Monte Carlo and the data is reasonable in the lepton Pr, sum Er,
and Pt distributions. The agreement in the leading jet Er distribution is still poor. Note
that region C probably contains some tt events, which would help to explain why the lead-
ing jet Er distribution is harder in the data than in the Monte Carlo. We claim that the
agreement between data and Monte Carlo in the lepton Pr distributions in both region B
and C is sufficient justification for using this Monte Carlo in our non-W background shape
study.

We next fit for the longitudinal W fraction using the 35 bb Monte Carlo events in
region D as our non-W background model. The result is o = 0.94, which is very close
to the result of 7y = 0.97 which is obtained when we use run Ib non-isolated lepton data
as our non-W background. As a cross-check on this result, we also perform the fit using
Monte Carlo data in region A, which has low £ and isolated leptons; and region C, which
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Figure 6.4: Comparison of Pythia bb Monte Carlo to Run Ib data in several kinematic
variables. The events in these plots come from region B.
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Kinematic Comparisons Between Pythia and Data
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Figure 6.5: Comparison of Pythia bb Monte Carlo to Run Ib data in several kinematic
variables. The events in these plots come from region C.
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has large 1 and non-isolated leptons. We also loosen the isolation and F1 cuts in region
D of the Monte Carlo in order to increase the statistics in the most top-like Monte Carlo
sample. The results of fits performed with these alternative non-W background models are
summarized in Table 6.3. These fit results range between 0.92 and 0.99. We take half this

range to be the systematic uncertainty on the shape of the non-W background.

6.6 Gluon Radiation

Gluon radiation is a traditional source of uncertainty in most top analyses, and
clearly has a direct impact on the Pr of the top and its decay products. We estimate the
effects of gluon radiation on our measurement by turning on and off the initial and final state
radiation in Pythia MC. We show the effect that turning off initial or final state radiation
has on the lepton Pr spectrum in Figure 6.6. Turning off the initial state radiation has very
little effect on the lepton Pr spectrum in the lepton + jets sample. A K-S test between
Pythia with ISR and Pythia without it demonstrates that the distributions are the same
at the 98% confidence level. Turning off the final state radiation does affect the lepton Pr
spectrum. The sample without FSR has a slightly harder Pr spectrum. A K-S test between
these two shapes results in 0.09.

In the dilepton Pythia samples, the K-S statistic between the NO-ISR sample and
the sample with all radiation on is 0.99 and the K-S statistic between the NO-FSR and all
rad on samples is 1.00.

It is also possible that the radiation model used in our Monte Carlo model could
affect our acceptance correction. In Section 5.3.3 we discuss a technique for measuring
helicity dependent acceptances with Pythia and then list in Table 5.3 at the end of that
section the results of this study. We found that the effect of gluon radiation upon our
acceptance correction was minimal, because the change in acceptance was insignificant in
the dilepton sample, and in the lepton + jet sample the small change in acceptance canceled
in the ratio R _ ).

Armed with the knowledge that the change in lepton Pr spectrum and acceptance
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Figure 6.6: Comparison of the Pythia lepton Pr spectrum with radiation on to the Pythia
lepton Pr spectrum with initial or final state radiation turned off.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is small, we can predict that gluon radiation has little influence upon the measurement
of the longitudinal helicity fraction. To obtain a quantitative measure of the size of the
effect of gluon radiation, we use pseudo-experiments. First, we select the input helicity
fraction to our pseudo-experiments by using Eqn. 5.3 and Eqn. 5.6 with the acceptance
parameters listed in Table 5.3 to predict the size of the acceptance bias for tt production in
which initial state radiation or final state radiation has been turned off. We use templates
constructed from Pythia samples with radiation turned off to produce the Pseudo-events,
and then measure the helicity fraction using tempiates constructed from Pythia with all
radiation turned on. Finally, we correct the mean of the returned F§* values with acceptance
parameters derived from radiation on Pythia (also listed in Table 5.3). This procedure
accounts for both shape effects and acceptance effects. We find that turning the initial
state radiation off causes us to underestimate the true helicity fraction by 0.02, and turning
final state radiation off causes us to overestimate it by 0.02. Adding these uncertainties in
quadrature, we obtain +0.03. We quote this as the systematic uncertainty from our model

of gluon radiation.

6.7 Parton Distribution Functions

We can estimate the uncertainty in our fit due to the uncertainty in the parton
distribution functions used to generate our templates by generating new templates using
alternative PDF’s and measuring F§twith them. All of the Monte Carlo samples which we
have discussed so far were generated using the MRSDO0’ parton distribution functions. We
also have a sample of over 8000 Herwig tt events generated using the CTEQ4L PDF’s. We
measure FJ* for this sample by dumping all 8000 lepton Pr values into a file and then fit
them with our GGWIG templates. The result is Ff* = 0.796 + 0.022. We compare this
to another sample of 10000 Herwig events that were generated with the MRSD0’ PDF’s.
Dumping the lepton Pr values from this second sample into a file and fitting them with our
GGWIG templates give F5t = 0.778 + 0.020. We quote the difference between these two

values of 0.02 as our PDF uncertainty.
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6.8 Total Systematic Uncertainty

We find that there are eight primary sources of systematic uncertainty in the mea-
surement of the longitudinal fraction of W bosons in top decay, and we list them in Table 6.4.
The total systematic uncertainty is +0.13, this is negligible compared to the statistical

uncertainty of +£0.37. We believe that our estimates of the systematic uncertainty are

conservative.
Source Change in
Longitudinal Fraction (Fo)
Top Mass Uncertainty 0.07
Non-W Background Normalization 0.06
b-tag efficiency 0.05
Monte Carlo statistics 0.05
Acceptance Uncertainties 0.02
Non-W Background Shape 0.04
Gluon Radiation 0.03
Structure functions 0.02
Systematic Uncertainty 0.13
Statistical Uncertainty 0.37
Total Uncertainty 0.39

Table 6.4: Table of uncertainties
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Chapter 7

Conclusions

We have measured the fraction of W bosons that are produced with zero helicity in
the decay of top quarks to be Fy = 0.91 + 0.37 £ 0.13. This is consistent with the standard
model prediction of F; = 0.70 for a top mass of 175 GeV/c2. The small size of our data
sample precludes a more precise measurement at this time, but we have demonstrated that
the lepton Pr spectrum is a simple and effective tool for probing an important dynamical
feature of top quark decays. This is the first direct measurement of a property of the top
quark other than its mass or cross-section. We have also measured the fraction of W bosons
with positive helicity in top quark decays to be F, = 0.11+0.15, assuming Fo = 0.70. This
is consistent with the standard model prediction that ¥, = 0.0. With current statistics it
is not possible to place a meaningful upper limit on F,.

It is important to measure the helicity of W bosons in top quark decays for a number
of reasons. The large mass of the top quark implies that its coupling to the Higgs boson
is large, and this in turn hints that the top quark may play a special role in the origin of
mass. We may find clues to this special role in the nature of the top quark’s coupling to
the W boson, which is dominated by the Goldstone mode of the Higgs doublet.

The measurement of the helicity of the W can also provide further confirmation
that the particle which was discovered by the CDF and D0 collaborations {2, 3] is indeed
the top quark. The chiral nature of the coupling of the top quark to the W boson imposes

a structure upon the Pr distribution of electrons and muons into which the W decays.
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We have parametrized this structure in the lepton Pr distribution in terms of the helicity
of the W, as predicted by the standard model. If some or all of the particles in the top
data sample were new particles which mimic the decay signature of the top quark then
this parameterization would not be valid, and the measurement might deviate substantially
from the prediction of Fy = 0.70.

This measurement can also be used to improve the tools which are used in other
top quark kinematic analyses. The CDF top mass measurement [26] uses a kinematic fitter
which determines the mass, momentum, and parentage of each particle in the lepton+jets
data sample via a log-likelihood fit to the tt hypothesis. This kinematic fitter can be used to
measure the helicity of the W directly from the decay angle of the lepton. The accuracy of
the fitter is limited by a poor resolution on the momentum of the neutrino and a difficulty
with the combinatoric problem of determining which bottom quark goes with which top
quark. It may be possible to improve the kinematic fitter by comparing the measurement
of the W helicity from the lepton Pr spectrum to the measurement from the lepton decay
angle and then investigating any discrepancy between the two.

It will be possible to increase the precision of this measurement substantially in the
next collider run at the Tevatron. According to predictions from [42], with 2fb~! of data
CDF will collect 1350 lepton+jet events, with a background of 350 events, and 120 dilepton
events, with a background of 10 events. Using the pseudo-experiement technique outlined
in Section 5.2.1, we predict a statistical uncertainty of +0.07 on Fo, and an uncertainty of
+0.03 on F,.. To improve the precision of the measurement any further it will be necessary
to reduce the size of the systematic biases that were estimated in this thesis.

In conclusion, we have used the CDF detector apparatus to measure the helicity of
the W boson in top quark decays. The measurement is statistically limited, but we find
that the result is consistent with standard model predictions. This is the first measurement
of a dynamical feature of the top quark. The precision of the measurement can be increased

dramatically in the next collider run at the Tevatron.
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Personality psychology
Physiological psychology
Psychobiology

Psychology

Quantitative psychology and
psychometrics

Social psychology

BIOLOGICAL SCIENCES
Biochemistry

Bioinformatics

Biology

Biomechanics

Biophysics

Biostatistics

0363
0304
0404
0436
0791
0359
0386
0489
0558
0730
0640
0994
0746

0384
0622
0633
0603
0620
0623
0624
0625
0989
0349
0621

0632
0451

0487
0715
0306
0648
0786
0308

Cellular biology
Developmental biology
Endocrinology
Entomology

Evolution & development
Genetics

Histology

Limnology
Microbiology
Molecular biology
Morphology
Neurosciences
Parasitology
Physiology

Plant biology
Systematic biology
Virology

Zoology

0379
0758
0409
0353
0412
0369
0414
0793
0410
0307
0287
0317
0718
0719
0309
0423
0720
0472



ECOSYSTEM SCIENCES
Ecology

Macroecology

Paleoecology

ENGINEERING
Aerospace engineering
Artificial intelligence
Automotive engineering
Biomedical engineering
Chemical engineering
Civil engineering
Computer engineering
Computer science
Electrical engineering
Engineering

Geological engineering
Geophysical engineering
Geotechnology
Industrial engineering
Mechanical engineering
Mining engineering
Naval engineering
Nanotechnology
Nuclear engineering
Ocean engineering
Operations research
Packaging

Petroleum engineering
Plastics

Robotics

System science

0329
0420
0426

0538
0800
0540
0541
0542
0543
0464
0984
0544
0537
0466
0467
0428
0546
0548
0551
0468
0652
0552
0547
079
0549
0765
0795
0771
0790

ENVIRONMENTAL SCIENCES

Conservation biology
Environmental economics
Environmental education
Environmental engineering
Environmental geology
Environmental health
Environmental justice
Environmental law
Environmental management
Environmental philosophy
Environmental science
Environmental studies

Land use planning

Natural resource management
Water resources management
Wildlife conservation

MATHEMATICAL AND
PHYSICAL SCIENCES
Acoustics

Analytical chemistry

Applied mathematics
Astronomy

0408
0438
0442
0775
0407
0470
0619
0439
0474
0392
0768
0477
0536
0528
0595
0284

0986
0486
0364
0606

GEOSCIENCES
Aeronomy
Atmospheric chemistry
Atmospheric sciences
Biogeochemistry
Biological oceanography
Chemical oceanography
Continental dynamics
Geobiology
Geochemistry
Geographic information science
and geodesy

Geology
Geomorphology
Geophysics

Hydrologic sciences
Marine geology
Meteorology
Mineralogy
Paleoclimate science
Paleontology
Petroleum geology
Petrology

Physical geography
Physical oceanography
Planetology

Plate tectonics

Remote sensing
Sedimentary geology

HEALTH AND MEDICAL

SCIENCES

Aging

Alternative medicine
Audiology

Dentistry

Epidemiology
Gerontology

Health care management
Health sciences
Immunology

Kinesiology

Medical ethics

Medical imaging and radiology
Medicine

Mental health

Nursing

Nutrition

Obstetrics and gynecology
Occupational health
Occupational therapy
Oncology
Ophthalmology
Osteopathic medicine
Pathology
Pharmaceutical sciences
Pharmacology

Physical therapy

Public health

Public health occupations
education

Speech therapy

Surgery

Toxicology

Veterinary medicine

0367
0371
0725
0425
0416
0403
0406
0483
0996

0370
0372
0484
0373
0388
0556
0557
0411
0653
0418
0583
0584
0368
0415
0590
0592
0799
0594

0493
0496
0300
0567
0766
0351
0769
0566
0982
0575
0497
0574
0564
0347
0569
0570
0380
0354
0498
0992
0381
0499
0571
0572
0419
0382
0573

0500
0460
0576
0383
0778



Astrophysics

Atomic physics
Chemistry

Condensed matter physics
Electromagnetics

High temperature physics
Inorganic chemistry

Low temperature physics
Materials science
Mathematics

Mechanics

Molecular chemistry
Molecular physics
Nanoscience

Nuclear chemistry
Nuclear physics

Optics

Organic chemistry
Particle physics

Physical chemistry
Physics

Plasma physics

Polymer chemistry
Quantum physics
Statistics

Theoretical mathematics
Theoretical physics

0596
0748
0485
0611
0607
0597
0488
0598
0794
0405
0346
0431
0609
0565
0738
0756
0752
0490
0798
0494
0605
0759
0495
0599
0463
0642
0753



