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Abstract

This thesis documents a search for Standard Model (SM) Higgs boson to WW production in the final state
of two charged leptons (e, 1) and two neutrino final state resulting from in pp collisions at /s = 1.96 TeV.
The data collected by the CDF II detector at the Tevatron collider at Fermilab, corresponds to an integrated
luminosity of 8.2 fb~ .

This iteration of the analysis incorporated several improvements to increase Higgs sensitivity. We reeval-
uated lepton isolation values to recover signal events in which leptons mutually spoil each other’s isolation
requirements. We additionally incorporated new lepton identification selections, namely likelihood based
forward electrons and a better recovery of electrons passing through detector cracks.

The base analysis searches for opposite-sign dilepton events. We employed three separately trained neural
networks to distinguish signal from background processes for events with 0, one, or two jets. To further
increase sensitivity for 0-jet events, we constructed a likelihood ratio discriminant based on Matrix Element
calculations as an additional input to the neural network. For the base opposite-sign analysis, summing over
all jet multiplicities, we observed 3513 events in data compared with a background expectation of 3409 + 233
and a signal expectation of 53.6 + 9.4 for a mass of 165 GeV/c?%.

To further increase signal acceptance, we incorporated several separate search regions in addition to the
base analysis. We include subchannels searching for Higgs production in events with low dilepton invariant
mass and in events having final states with either same-sign dileptons or trileptons

With the combination of the separate analyses, we observed a 95% C.L. upper production limit of 0.77
times the SM expectation for a Higgs mass of 165 GeV/c? to be compared with the value for the median of the
expected limit (0.78). We additionally present results for eighteen Higgs masses ranging from 110 GeV/c?
to 200 GeV/c?>. We excluded at the 95% C.L., a SM Higgs boson in the mass range between 156 and
175 GeV/c2.
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Chapter 1

Introduction

The Standard Model of particle physics has proven itself to be a highly successful description of the fun-
damental particles and their interactions. However, the exact mechanism behind which the fundamental
electroweak interaction becomes the electromagnetic and weak interactions remains unknown. One pro-
posal, the Higgs mechanism, introduces a scalar field to break the symmetry between the electromagnetic
and weak interactions. The search for the boson associated with the scalar Higgs field remains a primary
focus of modern high-energy physics. This thesis details a search for the Higgs boson in decays to two W
bosons using the CDF detector at the Tevatron collider.

The thesis gives an introduction to the theory of the Higgs boson in Chapter 2. We describe the process
through which the Higgs field breaks the electroweak symmetry and gives masses to the W and Z bosons
here. A review of the Higgs search at the Large Electron-Positron Collider follows in Chapter 3 along with
an introduction to the search at the Tevatron collider.

A description of the Fermilab accelerator complex and the CDF detector appears in Chapter 4. This
covers the components of the CDF detector relevant for the analysis. We describe the process used to identify
prospective Higgs decay products in Chapter 5. This includes the identification procedure for electrons and
muons. A description of the analysis improvements put into this iteration also appears in Chapter 5. The
improvements are crucial for increasing the sensitivity of the analysis beyond what the addition of data alone
offers.

The selection criteria we used to identify Higgs events and the data modeling procedure appears in
Chapter 6. We describe the limit setting procedure for the primary analysis channels in Chapters 7 and 8.

Finally, the combination of all H — WW channels from CDF appears in Chapter 9. Additionally, the
full Tevatron combination with data from all Higgs channels coming from CDF and DO also appears. We

lastly present a brief discussion of the future prospects for the Higgs boson search.



Chapter 2

The Standard Model and Higgs
mechanism

Over the past few decades, the Standard Model (SM) has proven successful in describing the fundamental
particles and their interactions. Despite the success of the SM, the framework remains incomplete. The
exact mechanism for breaking the symmetry between the electromagnetic and the weak interactions in the
SM has thus far eluded detection. One proposal, the Higgs mechanism, is the focus of this thesis. The theory

of the SM and the Higgs mechanism will be described in this chapter.

2.1 The Standard Model

The SM is a quantum field theory incorporating three interactions: the strong, the weak, and the electromag-
netic. To accomplish this, the SM is based on the gauge symmetry group of SU(3)¢c x SU(2)r x U(1)y [4].
The gauge group SU(3)¢ corresponds to Quantum Chromodynamics or the strong interaction. The gauge
group SU(2);, x U(l)y comprises the electroweak interaction whose symmetry the proposed Higgs field
breaks.

The SM contains a range of fundamental particles. The quarks and leptons are the two types of fermions
incorporated into the SM. Fermions possess half-integer spin, with the quarks and leptons of the SM having
spins of 1/2. The six quarks undergo the electromagnetic, strong, and weak interactions. Of the leptons,
three interact weakly and electromagnetically. The other three, the neutrinos, interact weakly. The quarks
and leptons are both further divided up into generations. Additionally, each particle possesses an antiparticle
partner, an identical particle with the exception of possessing opposite charge. An overview of the quarks

appears in Table 2.1. An overview of the leptons appears in Table 2.2.

generation charge 2/3 charge —1/3
1st up (u) 1.7 — 3.1 MeV/c? | down (d) 4.1 — 5.7 MeV/c?
2nd charm (c) 1.29 GeV/c? strange (s) 100 MeV /c?
3rd top (t) 172.9 GeV/c? bottom (b) 4.19 GeV/c?

Table 2.1: The six quarks in the SM with their masses.



generation charge —1 charge 0
1st electron (e) 0.5110 MeV /c? electron neutrino (ve) < 2 eV/c? (CL = 95%)
2nd muon (p) 105.7 MeV /c? muon neutrino (v,) < 0.19 MeV/c? (CL = 90%)
3rd tau (1) 1.777 GeV/c? tau neutrino (v-) < 18.2 MeV/c2 (CL = 90%)

Table 2.2: The six leptons in the SM with their masses. Note, the neutrino masses listed are expectation
values based on taking the square roots of m2 = >, [Uj|*m2 for a neutrino of flavor I. Here, m,, are
the three neutrino mass eigenstates and Uj; are the elements of the neutrino mixing matrix relating the
mass eigenstates to the flavor eigenstates. Limits on the sum of the neutrino masses based on comological
measurements are considerably stricter, being as low as my, < 0.44 eV /c? (CL = 95%).

2.1.1 The electroweak interaction

As mentioned above, the electroweak interaction lives in the symmetry group SU(2)r x U(1l)y, having
gauge bosons W}, (for i = 1,2,3) for SU(2), and By, for U(1)y [4]. We specify the fermions as weak isospin
doublets which are left-handed and singlets which are right-handed. The left-handed weak isospin doublets,

which transform under SU(2)r, take the form

Ve vy vV
b )
e I T
L L L
and
U c t
b )
d s’ v
L L L

Here, the primes correspond to mass eigenstates of the weak interaction. These are relatable to the aforemen-
tioned flavor eigenstates (u, s, and b) via the transformation d’' = 3 ; Vijd;, where V;; represents elements
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The CKM matrix relates the weak quark eigenstates
to the flavor eigenstates. The right-handed SU(2);, singlets take the form of eg, ver, ur, etc.

The symmetry group SU(2);, has three generators following from the Pauli matrices as T% = o?/2 [5]
and obey the commutation relation of

(T8, T9) = e, T".
We can relate the particle’s charge @ to its weak isospin (7°) and weak hypercharge Y using the relation of

Y
=T+ =.
Q +3
The weak hypercharge Y operates as the generator for U(1)y [6]. The first generation fermions with their

quantum numbers appear in Table 2.3.



lepton T T3 Q Y

Ve /2 12 0 —1
e; 12 -1/2 -1 -1
en 0 0 -1 -2

quark T T3 Q Y
up, 12 1/2 2/3  1/3
d, 1/2 -1/2 -1/3 1/3
UR 0 0 2/3 4/3
dr 0 0 -1/3 -2/3

Table 2.3: The six quarks in the SM with their masses.

With the aforementioned gauge bosons of Wliu (for ¢ = 1,2,3) and B,,,, the electroweak Lagrangian’s

kinetic energy terms for the fields are given by
1 1 Hri 1 y13%
Lyouge = _ZW’“’W — ZB‘“/B

for

Wi, =0,W) — 0,W, + geaWiw/,
B,, = 3,B, — 9,B,,

and g being a coupling constant [6]. The interaction of the field with generic fermionic fields is given by

[/fermions = &Ri’}/u (8u + i%’YBu)wR
i (O + LY By, + 4T - W, )r,

where ¢’ is an additional coupling constant, ¥i is a right handed fermionic field, and 1, is a left handed

fermionic field [4]. The two Langrangians form the basic electroweak interaction of
[/ewk = [/gauge + Efev"mions-

2.2 Electroweak symmetry breaking

In the electroweak Lagrangian above, the boson fields are all massless and the symmetry of SU(2)r, x U(1)y

is still intact. The physical bosons seen today are given by mixtures of the massless gauge fields of WZV and



By, [4]. The physical W* fields are given by
WE = /2w Fiw?)
=\ W Ty,
and the physical Z and photon fields are given by
Z, = WS cos Oy — By, sin Oy

and

A, = B, costw + Wﬁ sin Oy

respectively. Here, 6y is the Weinberg angle which can be related to the coupling constants g and ¢’ by
gsinfy = g’ cosOy =e

where e is the electric charge.
To break the electroweak symmetry of SU(2); x U(1)y and produce the observed physical bosons de-

scribed above, we introduce a complex doublet of scalar fields

T
¢>:¢,
¢0

which possesses a weak hypercharge of Y = +1 [4]. We introduce this field into the electroweak Lagrangian
with

Escalar = (Dll(b)T(,Du(ﬁ) - V(¢T¢)a
where the covariant derivative D* is
g 97 7
DH = oF + iEYB“ + i§T~ WH,

and the potential V (¢!¢) is

V(') = 12 (67¢) + |A(6T¢)2.

The quantities p and A are both constants. If we proceed to minimize the action of the Lagrangian, we



Figure 2.1: The shape of the scalar field’s potential.

arrive with a vacuum expectation value for the scalar field of

where v = /—p2/|A|.
The scalar field’s potential is shown in Figure 2.1.

We can examine small oscillations, £*(z) (for i = 1,2,3) and n(x) off of the vacuum expectation value of

(¢)o with
i i 0
o= o (1)

v vtn(z)
V2

Employing a gauge transformation in SU(2);, eliminates the exponential function containing £'(x), giving

Using this in the electroweak Lagrangian provides mass terms for the W+ and Z bosons, My, = %vg and
Mz = %v\/ g2 + g’? respectively, while the photon field remains massless [4]. Also important is that the

Higgs field n(x) receives a mass term of My = 202\ = —2u2 for p? < 0.



2.3 Indirect constraints on the Higgs boson mass

The Higgs mechanism leaves the Higgs mass behind as a free parameter which cannot be directly determined
without experimental measurement. It is possible however through SM consistency checks to determine
constraints on the Higgs mass.

In the instance of gauge boson scattering (e.g. WW — WW), through partial-wave analysis, it can be
shown that the scattering amplitudes are proportional to GrM3, for the Fermi coupling constant G [4].
If we enforce unitarity for the largest eigenvalue from the partial-wave analysis, |ag| < 1, this results in a

requirement on the Higgs mass of

1/2
871'\/5 2
< =
My < ( 3G, ) 1 TeV/c

to prevent a quadratic divergence of the scattering amplitude. This provides us with a reasonably solid
upper limit on the mass of a potential Higgs boson.

Additionally, a confidence interval can be determined based on precision electroweak measurements. In
the SM, the mass of the W boson receives corrections dependent on the masses of the top quark and the
Higgs boson. This dependence happens to be quadratic for the top quark mass and logarithmic for the Higgs
boson mass. Combining measurements of the W and top quark masses with other electroweak measurements
gives values the Higgs mass is likely to have.

The result of such a fit appears in Figure 2.2 and shows the dependence of the Higgs boson mass in relation
to current measurements of the W and top quark masses. The limit on the Higgs mass produced by the fit

was Mg < 161 GeV/c? at the 95 % C.L. [1] The central value produced by the fit was My = 92135 GeV/c?.
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Figure 2.2: The result of the electroweak fit for the Higgs mass as a function of the W boson and top
quark masses [1]. Values for the Higgs list appear on the bottom axis in purple. The relation of the Higgs
mass to the W boson and top quark masses follow the purple lines. The 68% CL region of the fit based on
direct measurements from LEP-II and the Tevatron appear as the solid blue contour. The 68% CL region of
the fit based on indirect measurements from LEP-I and SLD appear as the dotted red contour. The green
regions are Higgs mass regions not yet excluded by experiment. The 1000 GeV/c? cut off is applied based
on theoretical arguments from gauge boson scattering.



Chapter 3

Searches for the Higgs boson

The goal of observing or excluding a Higgs boson is a strong focus of modern high-energy physics. An

overview of Higgs production, decays, and previous searches follows.

3.1 Searching for the Higgs at LEP

Most recently, the Higgs search in the low mass region has been dominated by the Large Electron-Positron
Collider (LEP), which collided beams of positrons with beams of electrons. The LEP collider featured four
experiments: ALEPH, DELPHI, L3, and OPAL. They collected 2461 pb~! of total data at center of mass

energies ranging from 189 and 209 GeV/c? [2].

3.1.1 Higgs production at LEP

The primary production mechanism of interest at LEP was associated production. In associated production,
a Z boson created from eTe” — Z, radiates a Higgs boson [2]. An additional production mechanism at
LEP was through vector boson fusion, in which either two W bosons or two Z bosons, radiated from an
electron-positron pair, fuse to produce a Higgs boson. The Feynman diagrams for these mechanisms appear

in Figure 3.1.

3.1.2 Higgs decays at LEP

In the mass ranges the LEP experiments were sensitive to, the Higgs predominantly decays to bb with
decays to 777, WW?*, gg, and cé also contributing. A plot of the Higgs decay branching fractions appears
in Figure 3.2. For associated production, the decays of the Z boson also contribute to the event topology
with decays of Z — qG, Z — v, and Z — [T]~. The final states the LEP experiments looked for were the
four jet final state (H — bb and Z — ¢q); missing energy final state (H — bb and Z — vi); electron or
muon final state (H — bb and Z — [117); and the tau final state consisting of (H — bb and Z — 7+77)

and (H — 7v7~ and Z — qq) [2]. The predominant backgrounds in these analyses were diphoton processes,
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Figure 3.1: Two Higgs production mechanisms expected at LEP, associated production (left) and vector
boson fusion (right).

ete™ — Zv, q7, and WW/Z Z production.
The LEP experiments did not see any strong evidence for a Higgs boson. They therefore proceeded to set
limits on possible Higgs boson masses. The LEP experiments ruled out Higgs masses below 114.4 GeV/c? [2]

at the 95% confidence level. The confidence level limits as a function of Higgs masses appears in Figure 3.3.

3.2 Searching for the Higgs at the Tevatron

Over the past few years of the Tevatron’s second running, CDF and D0 have become sensitive to the Higgs
boson. An introduction to Higgs searches follows with descriptions of production and decay mechanisms at

the Tevatron.

3.2.1 Higgs production at the Tevatron

There are three primary modes of Higgs production at the Tevatron: gluon fusion, associated production,
and vector boson fusion. Gluon fusion production is the dominate mode, with a cross-section just below
1 pb~! [3]. Gluon fusion Higgs production proceeds via the fusion of two gluons into a quark loop which
produces a Higgs boson. The Feynman diagram appears in Figure 3.4.

After gluon fusion, the two other production mechanisms relevant for this analysis are associated pro-
duction and vector boson fusion. They are quite similar to the production mechanisms at LEP previously
discussed. Feynman diagrams depicting both mechanisms appear in Figure 3.5. Associated production and
Vector boson fusion both have cross-sections roughly a factor of 10 smaller than gluon fusion.

A plot of the cross-sections for gluon fusion, associated, vector boson fusion, and other productions

mechanisms at the Tevatron as a function of Higgs mass appears in Figure 3.6.
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Figure 3.2: The expected branching ratios for Higgs decays for masses between 100 and 200 GeV /c?.
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Figure 3.3: The limit on SM Higgs production from the four LEP experiments [2]. Here CLy is the confidence
level indicated by the data that the expected Higgs production cross-section is above the SM expectation.
The 5% level is indicated by a black line. The expected limit, generated by pseudoexperiments, appears as a
dotted blue line. Bands indicating 1o and 20 deviations in the expected limit appear and green and yellow
bands respectively. The observed limit appears as the solid black line.
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Figure 3.4: The gluon fusion Higgs production mechanism at the Tevatron. The quark loop is predominately
top.

Figure 3.5: Two Higgs production mechanisms expected at the Tevatron, associated production (left) and
vector boson fusion (right).
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Figure 3.6: The cross-section for gluon fusion (gg — h), associated production (¢q¢ — Wh and qq¢ — Zh),
and vector boson fusion (gqg — ggh) at the Tevatron as a function of Higgs mass [3]. Two other production
mechanisms at the Tevatron are also shown, bb — h and gg, qq — tth.

3.2.2 Low-mass Higgs search at the Tevatron

The preferred Higgs decay below ~ 135 GeV/c? is H — bb as shown in Figure 3.2. The bb final state is not
distinct enough to distinguish from the prominent QCD backgrounds that emerge. For example, the pp — bb
production cross-section, on the order of 1 ub, is a million times larger than the gg — H cross-section of
approximately 1 pb. As a consequence, we cannot use the dominate gg — H production mechanism since it
leaves no handles to distinguish H — bb from QCD backgrounds. In the case of associated production, the

additional W or Z in the event provide excellent handles to differentiate signal from background.

3.2.3 High mass Higgs search at the Tevatron

For the Tevatron, the high mass search considers primarily the Higgs mass region of 135 GeV/c? to
200 GeV/c?, where the Higgs boson decays predominantly to pairs of W bosons. As opposed to the bb final
state, the decays of the W bosons provide better handles to differentiate Higgs events from background.
The branching fraction of hadronic W decays is ~ 68% [5]. There are three leptonic decay modes,
W — v (for I = e, p, 7), having a branching fraction of ~ 10.8% for each.
For a Higgs analysis, the final states of both W bosons decaying is not a distinctive enough of a final

sta