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Abstract

A search for the Standard Model Higgs boson was carried out in WH — fvbb pro-
cess in pp collisions at a center of mass energy of 1.96 TeV, where W, H, ¢, v, b
and p denote either a W' or W~ boson, Higgs boson, lepton (electron or muon),
neutrino, bottom quark and proton, respectively. The data were collected with the
Collider Detector at Fermilab from February 2002 to August 2004. The correspond-
ing integrated luminosity is 319 pb~!. We select events containing a single high-p
electron or muon, a large imbalance of the total transverse energy from a neutrino
and two b quark jets. The main backgrounds are the W +light flavor/gluon jets and
W +heavy flavor jets processes. Requiring the secondary vertex b-tagging enables us
to reject the W +light flavor/gluon jets events effectively. After all event selections,
we observe 187 events which is in agreement with the Standard Model background
expectation of 175.2426.3 events, and there is no significant excess originating from
the Higgs boson in the reconstructed dijet invariant mass distribution. We thus set
a 95% confidence level upper limit on the production cross section times branching
ratio decaying into bb, o(pp — WH) x Br(H — bb). The detection efficiency for
the W H events, which is necessary for calculating the upper limit, is determined
by the Monte Carlo except for the lepton identification efficiency, the lepton trigger
efficiency and the b-tagging efficiency which are estimated from the CDF real data.
The resultant 95% confidence level upper limits are 10.0 pb to 2.8 pb using at least
one b-tagging method and 9.7 pb to 6.6 pb using double b-tagging method for the
Higgs boson mass region 110 GeV/c? to 150 GeV/c?, where the Standard Model
prediction is approximately one or two order of magnitude lower than the results.
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Outline

A central mystery in elementary particle physics is the mechanism of electroweak
symmetry breaking, by which weak vector bosons acquire non-zero masses. The
physical manifestation of electroweak symmetry breaking could be the Standard
Model Higgs Boson (H) or a new particle responsible for the dynamics of a new
interaction. With the top mass measurement from the CDF and D@ collaborations
in the Tevatron Run 1 experiment, a global fit of the electroweak precision data
yields an estimate of the Standard Model Higgs boson mass my = 129113 GeV/c?
or mg < 285 GeV/c? at 95% confidence level (C.L.). This estimate is consistent with
results from direct searches at Large Electron-Positron collider (LEP2) that place
limits on my > 114.4 GeV/c? at 95% C.L. Higgs boson searches at the Tevatron may
be sensitive to the Higgs boson production at these masses. The CDF collaboration
previously performed searches for such new particles that decay into a bottom quark
pair (bb) using data collected during Run 1 at the Tevatron. Similar searches have
been performed by the DO collaboration using their Run 2 data.

In this thesis a search for the Higgs boson of the Standard Model in proton-
antiproton (pp) collisions at a center-of-mass energy of 1.96 TeV is described. The
data were collected with the Collider Detector at Fermilab (CDF) from February
2002 to August 2004. The corresponding integrated luminosity is 319 pb~!. The
search signature considered here is WH with W — fv and H — bb, giving final
states with one high-pr lepton, an imbalance of the total transverse energy a.k.a.
missing Er () and two b quark jets, where W, ¢ and v mean either a W™ boson
or W~ boson, lepton (electron or muon) and neutrino, respectively. We focus our
attention on the W + 2jets signature using b-tagging, since it contains most of the
signal, while b-tagged W+ > 3jets events are dominated by top quark pair (%)
production.

The CDF detector is an azimuthally and forward-backward symmetric apparatus
designed to explore pp collisions at the Tevatron. The detector has a charged particle
tracking system immersed in a 1.4 Tesla magnet field aligned coaxially with the
colliding beams. A silicon microstrip detector provides tracking over the radial
range from 1.5 to 28 cm. A 3.1 m long open-cell drift chamber, the Central Outer
Tracker (COT), covers the radial range from 40 to 137 cm. The fiducial region of
the silicon detector extends to |n| ~ 2, while the COT provides coverage for || <
1. Segmented electromagnetic and hadronic sampling calorimeters surround the
tracking system and measure the energy flow of interacting particles in the pseudo-
rapidity range || < 3.6. The electromagnetic calorimeters are instrumented with
proportional and scintillating strip detectors which measure the transverse profile
of the electromagnetic shower candidates at a depth corresponding to the shower
maximum. A set of drift chambers located outside the central hadron calorimeters
and another set behind a 60 cm iron shield detect energy deposition from muon
candidates with || < 0.6. Additional drift chambers and scintillation counters
detect muons in the region 0.6 < |p| < 1.0. The beam luminosity is determined
using gas Cerenkov counters located in the 3.7 < || < 4.7 region; the counters
measure the average number of inelastic pp collisions per bunch crossing.



The event selection begins with the requirement of a primary lepton, either an
isolated electron with Er > 20 GeV or an isolated muon with pr > 20 GeV/¢, in the
central region (|n| < 1.0). A W boson sample is selected by requiring £ > 20 GeV.
Events that contain a second, same-flavor lepton with p; > 10 GeV/c are removed
as possible Z° boson candidates, if the reconstructed ete™ or u*pu~ invariant mass
is between 76 and 106 GeV/c?>. We also reject dilepton events consistent with t¢
production. To further reduce the dilepton backgrounds, we reject events with an
additional high-p; isolated track (pr > 20 GeV/c) whose charge is opposite that of
the primary lepton. The remaining events are classified according to jet multiplicity.
A jet is defined as a cluster of Ep-weighted calorimeter towers within a fixed radius
AR = /(A¢)?2 + (An)2 = 0.4, and is required to have Ep > 15 GeV and |n| < 2.0
after corrections for calorimeter response and multiple interactions. We veto events
that have any jets with Ep > 8 GeV and || > 2.0 as well as events that have jets
with 8 < Er < 15 GeV and |n| < 2.0.

The sample of events with W + 2jets is expected to contain most of the signal,
while the sample of events with only 1jet is used to constrain the W +heavy flavor (b
quark and charm (¢) quark) backgrounds, and the sample of events with 3 or more
jets is used to estimate the ¢ contributions. In order to enhance the signal purity of
the W 4 2jets sample, we require at least one jet be tagged by the secondary vertex
b-tagging algorithm (SecVtx) as containing a B hadron. This procedure depends
on the precise track measurements made possible by the silicon microstrip detector.
The SecVtx searches for secondary vertices formed by two or more displaced tracks.
A jet is declared as “tagged,” if it contains a secondary vertex with a significant
transverse displacement from the primary vertex.

Background events come predominantly from the direct production of W bosons
in association with heavy quarks (W + bb, W + c¢ and W + ¢), W production in
association with light flavor/gluon jets that are mistagged as b quark jets, ¢¢ and
single top production (W* — tb and gW — tb, where g means a gluon), and jet
events without 1 bosons. Other small backgrounds include diboson (W*W~, W Z°
and Z°Z%) and Z° — 77 production.

The fraction of W + jets events that contain heavy quarks is estimated using the
ALPGEN Monte Carlo program and is further calibrated using the inclusive jet data.
We find this fraction must be scaled by an additional factor of 1.2+0.2 to match the
observed number of tagged W + 1jet events. The estimated number of background
events is then obtained by multiplying the heavy flavor fraction, the event tagging
efficiency and the number of W + jets events in the data before tagging.

To estimate the number of false tags of light flavor/gluon jets, we first parame-
terize the negative tag rate in an inclusive jet sample as a function of jet Ep, track
multiplicity, 1, ¢ and the summed Er of all the jets in the event. Negative tags (with
vertex displacement opposite the jet direction) are a good approximation of positive
mistags (vertex displacement along the jet direction), since mistags are mostly due
to symmetric resolution effects. Long-lived particles and secondary interactions with
the detector material contribute asymmetrically to the positive tag rate and cannot
be predicted from the negative tags. By analyzing inclusive jet data, we find the
rate of negative tags must be increased by a factor of 1.27 £ 0.13 to account for the




asymmetries. We apply the same correction to the W + jets sample to estimate the
expected number of positive mistagged events.

The remaining backgrounds are estimated from a combination of Monte Carlo
simulation and data. The top quark production contributes (¢¢ and single top)
are estimated using HERWIG and PYTHIA Monte Carlo calculations normalized to
the cross section measured in the same dataset (o;; = 8.6 & 1.3 pb) or to NLO
calculations, respectively, for a top quark mass of 175 GeV/c?. The other substantial
background comes from events without W bosons. These events are typically jet
events where one of the jets has faked a high-pr lepton and mismeasured energies
produce apparent . We measure this “non-W” background by extrapolating the
number of tagged events with an isolated lepton and low 7 into the signal region.

As a results, we observe 187 events which is in agreement with the Standard
Model background expectation of 175.2 + 26.3 events. The number of observed
tagged events is in good agreement with the corresponding background estimations.

The acceptance for identifying W H — ¢vbb events using the cuts described above
is calculated as a function of my from PYTHIA Monte Carlo samples of W H — Whb
events after full simulation of the CDF detector response. The total acceptance is
calculated as a product of the W leptonic branching fraction, the kinematic and
geometric acceptance, the lepton identification efficiencies, the trigger efficiencies
and b-tagging efficiencies. A 11% systematic uncertainty comes from uncertainties
in the modeling of initial and final state radiation, parton distribution function, jet
energy scale, b-tagging efficiency, jet energy resolution, electron and muon trigger
efficiencies. The acceptance increases linearly from 1.5+ 0.2% to 1.7 +0.2% as mpy
increases from 110 GeV/c? to 150 GeV/c?.

We perform a direct search for a resonant mass peak in the reconstructed dijet
invariant mass distribution. The dijet mass distributions in the at least one b-
tagged data is in good agreement with the background expectations. In addition
to the search with at least one b-tagging requirement, we examine a search with
double b-tagging requirements as the cross-check. We require one of the jets to be
tagged by SecVtx and the second jet to be also tagged by SecVtx. As a result,
the observed number of events and dijet mass distribution are consistent with the
estimated number of events and mass distribution.

Since there is no significant mass peak observed, we set an upper limit on the
production cross section times branching ratio decaying into bb, o(pp — WH) x
Br(H — bb), as a function of my using the number of events in the W +2jets sample.
A binned maximum likelihood technique is used to estimate the upper limits on the
W H production by constraining the number of background expectations within the
uncertainties. The resultant 95% confidence level upper limits are 10.0 pb to 2.8
pb using at least one b-tagging method and 9.7 pb to 6.6 pb using double b-tagging
method for the Higgs boson mass region 110 GeV/c? to 150 GeV/c?, where the
Standard Model prediction is approximately one or two order of magnitude lower
than the results.
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Chapter 1

Introduction

Elementary particle physics deals with questions first recorded by the philosophers
in ancient Greece:

e What is the basic nature of the material world around us?
e What are the simplest, the most elementary kinds of matter?
e What are the basic forces that operate in our material world?

Although these are very old questions, it was not until the electron was discovered
by J.J. Thomson about a century ago (1987) that scientists began to make apprecia-
ble progress. Currently the theoretical framework that describes the fundamental
constituents of matter, which we call the elementary particles, and the basic forces
that govern their behavior is a relativistic quantum field theory called the Standard
Model [1]. The predictions made by the theory are in excellent agreement with ex-
perimental measurements. According to the Standard Model, there are three types
of fundamental particles that interact via the four basic forces. The Standard Model
successfully describes three! of the four forces of nature: the electromagnetic, the
weak and the strong. The fundamental particles are the leptons, quarks and the
force carrying particles (gauge bosons). All matters are constructed from leptons
and quarks, which interact via the exchange of gauge bosons.

Table 1.1 shows the leptons and quarks. The leptons and quarks are both spin 1/2
fermions. There are six types (or flavors) of leptons. Three of them are the electron
(e7), muon (p~) and tau (77). These leptons carry electric charge of —1 and vary
in mass. The other three leptons are the electron neutrino (), muon neutrino (v,)
and tau neutrino (v,). These leptons are electrically neutral and have very small
masses. The six leptons are paired into three generations. Each generation consists
of a charged lepton and a neutrino. There are six distinct flavors of quarks. They
are the up (u), down (d), charm (c¢), strange (s), top (¢) and bottom (b). They
differ in mass and carry electric charge equal to a precise fraction of an electron’s
charge: the d, s and b quarks have a charge of —1/3, and the u, ¢ and ¢ quarks have
a charge of +2/3. Besides the electric charge, each quark has an additional degree

!The forth basic force, gravity, is not incorporated into the Standard Model.



Table 1.1: Three generations of leptons and quarks.

of freedom called color. It is labeled as Red (R), Green (G) or Blue (B), and plays
the same role in strong interactions as the electric charge does in electromagnetic
interactions.

The force between particles are mediated by the gauge bosons which are the
remaining group of fundamental particles. They all have spin 1. The photon ()
mediates the electromagnetic force, and the W and Z° bosons? mediate the weak
force. The strong force between quarks is transmitted by eight massless bosons
called gluons (g). The gluon also carries color which is a combination of a color and
an anticolor.

The Standard Model has been the focus of intense scrutiny over the past three
decades in which the theory has been tested to very high precision. The observations
of t quark [2] and v, [3] in experiments are the most recently discovered Standard
Model particles. According to the Standard Model, these particles were guaranteed
to be present, but they eluded the discoveries for many years. The observations of
t quark and v, were several in a series of convincing arguments for the validity of
the Standard Model.

Despite the phenomenal success of the predictive powers of the Standard Model,
there is a portion of the framework for which no evidence has been discovered. In
the Standard Model, the mechanism by which the fundamental particles acquire the
mass, which called the Higgs mechanism [4], has thus far eluded the experimental
verification. It is the charge of this and subsequent generations of experiments to
elucidate this portion of the theoretical framework. A primary current experimental
goal is a search for the Higgs boson, a physically observable particle that is an addi-
tional consequence of the Higgs mechanism upon which the tenets of the Standard
Model rely. Unfortunately the Standard Model does not predict the mass of the
Higgs boson (my); lacking a clear prediction from theory, previous direct and indi-
rect searches considered a wide range of possible my. The results of these analysis
indicate that a low mass Higgs boson is favored, and the mass lies within the range
114.4 GeV/c* < mpy < 285 GeV/c? at 95% confidence level [5, 6].

This document describes a search for the Higgs boson in the remnants of proton-
antiproton collisions manufactured by the Tevatron accelerator complex at Fermi
National Accelerator Laboratory. This search uses 319 pb~! data which were col-
lected by Collider Detector at Fermilab (CDF) experiment. Figure 1.1 shows the
Feynman diagrams of pp — WH — (vbb, where p, W, H, ¢, v and b denote a
proton, W boson, Higgs boson, lepton (electron or muon), neutrino and b quark,

2V boson refers to both the W7 boson and its antiparticle, W~ boson.



respectively®. We search for the Higgs boson decaying into bb and produced in
association with a leptonically decaying W boson.

b
q * H< b

Q|

Figure 1.1: The Feynman diagrams of pp — WH — (vbb.

The contents of this document are organized as follows. Chapter 2 contains a
description of the theoretical aspects behind the Higgs mechanism in the Standard
Model, as well as present search limits. Chapter 3 describes the Tevatron accelerator
complex and the CDF detector. Chapter 4 describes dataset and event selections.
Chapter 5 goes into the detail of the secondary vertex b-tagging algorithm. The
background estimations is found in Chapter 6. Chapter 7, Chapter 8 and Chapter
9 summarize the search results and conclusion.

3Althou_gh we treat the inclusive process, pp — WHX — (vbbX, where X shows particles
except fvbb in pp collisions, we omit X in this thesis.






Chapter 2

The Standard Model

The SU(3)¢ x SU(2), x U(1)y description of fundamental particle interactions, com-
monly known as the Standard Model, is one of the most successful and most precisely
tested theories to date. The Standard Model is based on the underlying principle
of symmetry which, in physical terms, translates to the unification of forces which
are seemingly different in nature. The Standard Model requires the Higgs sector to
unify the observed weak and electromagnetic forces. The presence of the Higgs field
allows other particles to acquire a mass term without breaking the gauge invariance
of the Lagrangian.

2.1 Symmetry Principles and Gauge Invariance

The principle of symmetry and its application to modern particle physics theory
is both powerful and far-reaching. The requirement that the Standard Model La-
grangian should conserve its properties under symmetry transformations is at the
heart of all aspects of the Standard Model and many proposed extensions. This
is what makes the electroweak sector of the Standard Model so attractive; starting
from a very basic principle one can build the Lagrangian of the Standard Model.
This is also why there is such a focus on finding the Higgs boson (or a Higgs-like
particle). Without the Higgs boson the Standard Model would be incomplete as
it would not be able to explain the difference in mass between the photon and the
vector bosons (W and Z° bosons) or indeed the presence of massive particles.

To understand the electroweak sector of the Standard Model one needs to un-
derstand the basic principles on which it is based and how the Standard Model
stems naturally from them. The Lagrangian for a free Dirac field under SU(2) and
U(1) gauge transformations is studied in order to see how imposing the invariance
of the Lagrangian under gauge transformations affects particle content and particle
interactions.



2.2 Abelian Gauge Transformations

2.2.1 Global Gauge Transformations

The Lagrangian Lp,. for a free Dirac field ¢(x) is given in the following Equation:
Loirae = () (i7" 0y — m)y(w), (2.1)

where 1(z) is the conjugate field defined as ¢'(2)7°. The v* are the 4 x 4 gamma
matrices. Equation 2.1 is manifestly invariant under the following global gauge
transformation:

P(z) = ' (z) = ""Y(a), (2.2)
where the conjugate field transforms in an equivalent way but with the opposite
sign in the exponential. The « is a real and continuous parameter, and the ¢ is the
charge of the field. The transformation in Equation 2.2 is that for an Abelian U(1)
group and is global because the transformation is the same for all space-time points.
The invariance of the Lagrangian under global and continuous transformations can
be directly linked with a conserved current via Noether’s theorem. In this example
the conserved current is that of electric charge.

2.2.2 Local Gauge Transformations

A more interesting case is that in which the transformation is not global but has
a space-time dependency i.e. the « in Equation 2.2 is replaced by «(z). Under
the new transformation the Dirac Lagrangian is no longer invariant as the partial
derivative in Equation 2.1 will now contribute an non-zero term from its action on the
exponential. In order to impose local gauge invariance the extra ¢i () (z)y*9,0(x)
term from the action of the partial derivative has to be compensated for. A real
gauge field A, (x) is introduced with the following gauge transformation property:

Aua) = 4,(z) = Ay(a) = ~B,alo) (23)

where ¢ is a real number. The Lagrangian is modified to that in Equation 2.4:

L = ()", — gar*Au(x) — m)i(x) (2.4)
= itp(x)y MO0y + 19qA, ( N(x) — mip(x)y(x), '

where the mass term is manifestly invariant as before. The gauge transformation of
A, () gives rise to a term —qt)(z)1(2)y"0,a(x) which cancels the extra term from
the action of the partial derivative and restores gauge invariance. The second term
in Equation 2.4 describes the interaction between the Dirac and the gauge fields with
a strength given by a coupling constant (g) and the field charge (¢). In quantum
electrodynamics (QED) this is the interaction between the electron and the photon
field where the coupling is simply ¢, the magnitude of the electron charge.
Equation 2.4 can be rewritten in terms of a covariant derivative D,. The co-
variant derivative has the property given in Equation 2.5, i.e. when replacing the

6



partial derivative by the covariant derivative the gauge invariance of the Lagrangian
follows as in the global case:

Dytp(a) = Dyt (x) = ¢4 D, (x). (2.5)
For QED the covariant derivative is
D, =0, +ieqA,(z). (2.6)

In order for A,(z) to represent the photon field the Lagrangian needs to include a
kinetic energy term and, in the most general case, a mass term. As the Lagrangian is
now invariant under local gauge transformations, these additional terms also have to
be locally gauge invariant. A kinetic term can be constructed from the antisymmetric
field strength tensor F),, defined as

Fl = 0,A,(x) — 8,A,(x). (2.7)

This is invariant under the gauge transformation in Equation 2.3. The kinetic term

appears as

1 14
L5 = -1 P (2.8)

A mass term for the field A,(x) would be of the form

1

—§m3Au(x)A”(x). (2.9)
This is clearly not gauge invariant unless m., = 0, which is perfectly consistent with
observations. Therefore the Lagrangian invariant under U(1) local gauge transfor-
mation is given in Equation 2.10:

z:wmmewwmm@—imﬁw. (2.10)

2.3 Non-Abelian Gauge Transformations

The gauge transformation in Equation 2.2 can be extended trivially to non-Abelian
local gauge transformations. It will be seen that local non-Abelian gauge trans-
formations can be directly linked to the presence of the vector gauge bosons. The
SU(2) isospin group can be used as an example without any loss of generality as the
procedure is equivalent for an arbitrary group of N dimensions. The Lagrangian
given in Equation 2.1 is to be modified to account for the different group structure.
The Lagrangian for a free isodoublet is

L = ¥(x) (i7" 0y — m)ib(z), (2.11)
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where 9(z) is an SU(2) doublet of complex scalar fields. SU(2) is a dimension
3 group and hence has three generators. In the 2 x 2 matrix representation the
generators T,(a = 1,2, 3) are given by 1/2 times the Pauli spin matrices 7,:

1 1/0 1
T1—§7'1— —<1 0>,
0 —:
(i 0), (2.12)
1 0
0o -1 )’

and obey the following commutation relations:

DO | =
| N =

[Taa Tb] = Z’EabcT'c- (213)

Hence the gauge transformation for a field ¢ (x) is

U(z) = ¢/ (x) = DTy (), (2.14)

where a(z) are analogous to the real space-time fields «(x) in the Abelian case.
To achieve local SU(2) invariance of £, the partial derivative d, is replaced by the
covariant derivative:

D, =0,+igT - W ,(z), (2.15)

where three gauge fields W, join the cast. Under an infinitesimal gauge fields
transform as

() = ¢ (z) = (1 +ia(z) - T)y(x), (2.16)
the three gauge fields transform as
W, (2) = Wo(x) — éaua(x) — az) x Wo(x). (2.17)

The gauge invariant Lagrangian is then

L = $(@)(iy" Dy — m)b(x) — ZW o x W, (2.18)

4
where the kinetic energy term of the gauge fields are added with
W, =0,W,(x)—0,W,(x) — gW ,(x) x W,(z). (2.19)

The last terms in Equation 2.17 and Equation 2.19 arise from the non-Abelian
character of the group.

2.4 Electroweak Theory

The Standard Model neatly groups the experimentally observed elementary particles
of the Universe [7]. It describes the strong and the electroweak interactions of all

8



Family Quantum Number

1 2 3 T3 Y 9)
Ve Yy Uy 1/2 —1/2 0
Leptons <€ )L <M )L (T )L -1z —1/2 -1
€Rr MR TR 0 -1 -1
u c 7 1/2 /6 2/3
awis (), (), (o), e B
UR CR tr 0 2/3 2/3
dr SR br 0 -1/3 -1/3

Table 2.1: Multiplet and quantum number assignments for the fermions in the
Standard Model. The prime indicates that the weak eigenstates of the quarks are not
their mass eigenstates. The quark mixing is described by the Cabibbo-Kobayashi-
Maskawa matrix. The indices L (R) denote left (right)-handed fermions.

particles known today. In the following only the electroweak part of the Standard
Model is discussed.

The electroweak theory established by Glashow, Salam and Weinberg [1] is a
gauge theory which unifies the electromagnetic and the weak force. Its importance
is based on the successful description and ordering of particles and their properties
which were observed in experiments. One of the most striking and convincing argu-
ments in favor of this theory was the prediction of the heavy gauge bosons W and
Z%. The observation of weak neutral current reactions by the Gargamelle Neutrino
Collaboration in 1973 can be considered as a milestone for the manifestation of the
Glashow-Salam-Weinberg model as a standard theory [8]. Eventually the discovery
of W and Z° bosons in 1983 was the breakthrough of the model [9]. The electroweak
theory is a non-Abelian theory based on the SU(2) x U(1) group. The generators
of the group are the three components of the weak isospin T' and the hypercharge
Y. They are related to the electromagnetic charge in the following way:

Q=T+Y. (2.20)

Parity violation is introduced by grouping left-handed and right-handed particles
in different weak isospin multiplets. Left-handed fermions are grouped in doublets,
whereas right-handed fermions are singlets. Table 2.1 summarizes the fermions of
the Standard Model. Requiring invariance of the Lagrangian under a local SU(2)
x U(1) gauge transformation leads to the introduction of four gauge fields W, and
B,, with the covariant derivative:

Y
D,=0,+igT -W, + ig'gB#, (2.21)

where ¢ and ¢’ are the coupling constants of the interactions.
The Lagrangian of the electroweak theory can then be written as the sum of four
independent terms:

L= EFermion + £Ga.uge + EHiggs + LYukawaa (222)

9



where Lpermion describes massless fermion fields and their interaction with the gauge
fields:

Lrermion = 107" D). (2.23)
The term Lgauge contains the kinetic energy of the massless gauge fields W and B
and the self interaction of the W fields:

1 1
LGa.uge = _ZW/WW‘W - ZB;U/BIW, (224)
where
W, = 0,W,—0,W,+gW,xW,, (2.25)
B, = 8,B,—0,B,. (2.26)

The third term in Equation 2.26 is the self interaction of the W fields. It arises
from the non-Abelian character of the SU(2) group. The term Luiggs and Lyyrawa
describe the interaction of the gauge and the fermion fields with the Higgs boson.
The structure of these terms will be discussed in section 2.5.2.

The mass eigenstates of the W bosons are

1
Wi =—
V2

u» and the field of the Z° boson, Z,, are linear combination of

(W, FiW})). (2.27)

The photon field, A

W
B, and W}
A\ _ cosflyy  sinby B,

< Zu > N < —sin by cos Oy w3 ) (2.28)

The weak mixing angle 6y, depends on the coupling constants ¢ and ¢":

. . gl
sin By = 72+ g7 (2.29)
cos By = 9 (2.30)
g2 + 912

So far, the gauge bosons, which were naturally introduced by requiring SU(2) x
U(1) gauge invariance, are massless. However, the Z° and W bosons as well as the
fermions are massive. Mass terms such as (1/2)m?B,B* for bosons and mi1) for
fermions would destroy the gauge invariance of the Lagrangian. Therefore, the mass
is introduced in a very specific way, which is discussed in the next section.

2.5 The Higgs Mechanism

The Higgs mechanism [4] is introduced to give masses to the W and Z° bosons, while
keeping the invariance under a local SU(2) x U(1) gauge transformation. The same
mechanism can be used to generate the fermion masses. In this section the general
idea of spontaneous symmetry breaking and the mass generation of the gauge bosons
and fermions are discussed.

10



2.5.1 Spontaneous Symmetry Breaking

We assume a scalar field with the potential:
1 1
V(®) = 5,}@? + ZA@‘& (2.31)

with 42 < 0 and A > 0. A potential, defined in this way, has one maximum value at
® = 0 and two minimum values at ® = +v, where

—p
=4/ —. 2.32
0=y (2:32)

The ground state v is called the vacuum state. Figure 2.1 shows the potential.
Such a potential, where the vacuum state does not have the same symmetry as the

V(D)

Figure 2.1: Potential V(®) = (1/2)p?®* + (1/4)\®* (u*> < 0 and X > 0).

potential itself, is called spontaneously broken. Or in other words, the symmetry is
hidden by the choice of the vacuum state.

Particles are quantum excitations of the vacuum state. Therefore, one can con-
struct the particle spectrum by expanding the field ® around the vacuum state:

®(z) = v + h(x). (2.33)
The Lagrangian of the scalar Higgs field
1 1 1
L=2-0,00"0 — | —p2®* + - \d* ), (2.34)
2 2 4
then becomes
1 1
L= 50,hd"h — ()\1)217,2 + \wh® + ZAh‘*) + const. (2.35)

The obvious symmetry & — —® of the Lagrangian given by Equation 2.34 is well
hidden in Equation 2.35, although the two representations are completely equivalent.
The term proportional to h? is interpreted as a mass term with

mi = 2\ = =242, (2.36)

whereas the higher order terms of h are self-interaction terms of the A field.
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2.5.2 The Higgs Boson in the Standard Model

In the last section a mass for a spin-0 particle was created by choosing a non-zero vac-
uum expectation value, which breaks spontaneously the symmetry of a Lagrangian
that was invariant under a ® — —® transformation.

In the Standard Model we require the gauge invariance under a local SU(2) x
U(1) transformation. Massive gauge bosons are needed to explain the “weakness”
of interactions at low energies. The minimal model which can generate these masses
without violating the gauge invariance of the Lagrangian is an one doublet Higgs
model. In this model the Higgs boson is introduced as a weak isospin doublet:

d = < g ) , (2.37)

with the complex fields
Dy +iDy

ot : 2.38
NG (2.38)
go = Lot %y (2.39)
V2
The Higgs potential is now
V(®) = p20Td + \(TD)2. (2.40)

Remembering, that for keeping the local SU(2) x U(1) gauge invariance, the partial
derivative 0, must be replaced by the covariant derivative of Equation 2.21, leads
to the Lagrangian:

Ltiggs = (Du@)T(D”q’) — 20T D — \(DTD)2, (2.41)
The minimum of the Higgs potential for p? < 0 are at

(1)2 (1)2 (1)2 (1)2 2 2
pig— AT+ TH TV (2.42)
2 2\ 2

Choosing one particular ground state &35 = v, &; = &3 = &, = 0 and expanding

around it, leads to
1 0

One should note that this choice is not random. Choosing only for ®3 a non-zero
vacuum expectation value with setting others to zero, ensures that the electric charge
is conserved. A non-zero vacuum expectation value of ®* would lead to electric
charge violation, which is in contradiction to experiment. The O(4) symmetry of
Equation 2.42 has been broken down to an O(1) symmetry corresponding to the
U(1)gm group of electromagnetism. Three fields have been “gauged away.” They
will become the longitudinal polarization states of the W and Z° bosons which are

12



needed for massive gauge bosons. Investigating the first term in Equation 2.41 at
the vacuum state and inserting Y = 1/2 yields

Y 2
‘ <igT -W,, + ig'58u>
1
— gqﬁ‘gZ((W;)2 +(W2)%) + §v2(g'Bu — g}y’ (2.44)

1 \? 1/1 2
= (509) (W), (W™)H + g <§vx/g2 +g’2> Z,Z".

For deriving the last line, the identities given by Equation 2.27 and Equation 2.28
were used. For charged bosons one expects a mass term m3, (W), (W )" and for
the neutral bosons (1/2)(m%Z,Z" + m% A, A"). Therefore, the masses of the gauge
bosons are given by

my = %vg, (2.45)

my = %vw, (2.46)
and

my, = 0. (2.47)

The last equation is derived from the fact that there is no term of the form A,A#
in Equation 2.44. These boson masses relate to the weak mixing angle:

cos Oy = —. (2.48)

A useful quantity which is often referred to is

mw

= — 2.49
p myz cosf ( )
As can be seen from Equation 2.48, the Standard Model predicts p = 1 at the
tree level. The experimental values of the myy, mz and sin? @y have been precisely
measured and yield p = 0.9998 700002, Any theory making predictions on the mass
generation will have to reproduce these measurements. The Higgs boson mass is

predicted to be

my = V2. (2.50)

Since A is unknown, it remains a free parameter of the theory. The bosons and their
quantum number assignments in the Standard Model are summarized in Table 2.2

The fermion masses are generated by adding a SU(2) x U(1) gauge invariant
interaction term of the Higgs boson field with the fermion fields to the Lagrangian.
For the first lepton family (and similarly for the other lepton flavors) this is

Lyurane = Go {(l/,e)L < g ) en +en(@, ) < Ve )L] . (2.51)

e
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T3 Y Q
v 0 0 0
Gauge w+ +1 0 +1
Bosons |7/ -1 0 -1
Z° 0 0 0

+
Higgs Boson & = < <1> > +1/2 +1/2 L

/2 41720

Table 2.2: Quantum number assignments of the bosons in the Standard Model.

After spontaneous symmetry breaking, one obtains
L —Gev(ée —l—ée)—l—Ge(ée + érer)h (2.52)
Yukawa NG LER T+ EREL, \/§LR REL)I, .

from which we can conclude that the electron mass is
Gev
V2
whereas the neutrino remains massless. One should note that the coupling constant
G, is not determined by the theory. However from Equation 2.53 it can be seen that

it is proportional to the electron mass. Quark masses can be generated similarly. In
order allow masses for up-type quarks the charge-conjugate Higgs doublet is used:

(2.53)

me =

. —Po
O, = —iTy®* = ( o ) . (2.54)
The Yukawa term then becomes

I _ _
Lyvukawa = Ga {(ﬂ, d)r ( 3O dr + dr(®,2°) <

-
1))

After spontaneous symmetry breakdown this equation yields

Gd’U - GU’U _ Gd - Gu _
Lo =~ dd + + 24 gdh + g, 2.56
s = g I 220

from which the down and up quark masses G4v/v/2 and G,v//2 are derived. In
general the mass of any given fermion f is proportional to the coupling constant G ¢
to the Higgs boson:

_ G
=5

This proportionality predicts that the Higgs boson prefers to decay into the heavier
fermions - a property which is used in presently ongoing searches.

mg (257)

14



2.6 The Higgs Boson Production and Decay at
the Tevatron

After having introduced the principal idea and the properties of the Higgs boson in
the Standard Model, the possible production scenario at the pp collider Tevatron is
discussed in this section. The Tevatron is an accelerator, where the beam energy is
980 GeV. Currently the Tevatron is the only active facility capable of probing the
Higgs boson.

2.6.1 The Higgs Boson Production

At the Tevatron there are three primary production modes of interest for the Stan-
dard Model Higgs boson. The main problems in the Higgs searches at the Tevatron
are related to the hadronic environment. This creates problems for the event trig-
gering to dictate which Higgs production mechanisms and decay channels are to be
used.

Figure 2.2 shows the production cross section of the Higgs boson as a function of
the mass at the Tevatron. The dominant process is gluon-gluon fusion, in which the

T T T T T

21.0 1
2 /s =1.96 TeV
c
5
©
Q
2]
[72]
[72]
o
O 0.1F WH ]
ZH
100 120 140 160 180 200

Higgs Boson Mass (GeV/c?)

Figure 2.2: The production cross section of the Higgs boson as a function of the
mass at the Tevatron.

Higgs boson is produced via a quark loop, shown in Figure 2.3. But this production
channel will be difficult to exploit due to the large quantum chromodynamics (QCD)
multi-jet backgrounds. Roughly a factor of five lower in the cross section are the

Figure 2.3: The Feynman diagram of gluon-gluon fusion process.
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two associated processes where the Higgs boson is produced in association with a
W or Z° boson.

Associated Higgs Boson Production with the W Boson

At the Tevatron the process ¢q¢ — W H is the most promising to tag the Higgs boson
by the W boson decay products. This process has the following cross section [10]:

ma®|Vyl® 2K K2+ 3M3

o — WH) = il ,
o4’ )= 365 by 5 (5= M2

(2.58)

where a(my) = e?/4rhe (~ 1/128), |V;;| is one of the elements of the Cabibbo-
Kobayashi-Maskawa matrix associated with the gi¢’; — W vertex [11], /s is the
center of mass energy of the ¢;q'; collision, K is the center of mass momentum of
the produced Higgs boson and My, is the W boson mass. Since this process has
a relatively small cross section, it is important to compute the rate as accurately
as possible by including the QCD radiative corrections. The higher order QCD
corrections produce the production cross section shown in Figure 2.2. The WH
events can be tagged by identifying the charged lepton from the W decay. Imposing
the isolation cuts on the lepton significantly reduces the background. For my = 115
GeV/c?, where my is the Higgs boson mass, the production cross section is about
0.2 pb.

2.6.2 The Higgs Boson Decay

The profile of the Higgs boson is uniquely determined if the Higgs boson mass is
fixed [12]. Figure 2.4 shows the branching ratio of the Higgs boson. The main
decay modes are decays into bb, W*HW ™ and Z°Z° pairs, one of the gauge bosons
being virtual below the respective threshold. Above the W*TW~ and Z°Z° pair
thresholds, the Higgs bosons decay almost exclusively into these two channels, with
an admixture of ¢ quark decays near and above the ¢f threshold. Below mpy = 140
GeV/c?, the decays H — 7777, c¢ and gg are also important besides the dominating
bb channel. Though suppressed in rate, H — v+ provides a clear 2-body signature
for the formation of Higgs bosons.

Higgs Boson Decays into Fermions

The dominant decay of a Higgs boson with a mass below the W~ threshold
are into fermion-antifermion pairs. The partial decay width of the Higgs boson to
fermions is given by the following equation [13]:

_ G rm>
I'(H—ff)= Nc#mgﬁi, (2.59)

where N, is the color factor (N, = 1 for leptons and 3 for quarks), G is the Fermi
constant, 3y = /1 —4m3/m7; is the velocity of the final state fermion in the Higgs
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Figure 2.4: The branching ratio of the Higgs boson as a function of the mass.

boson rest frame. Higher order QCD corrections produce the branching ratios shown
in Figure 2.4. The partial width is proportional to the square of the fermion mass.
In the Tevatron region we expect the Higgs boson to decay most strongly to the
kinematically available heaviest fermions, in this case the b quarks.

2.6.3 Main Search Channels at Tevatron

The Higgs bosons are produced through a variety of mechanisms at the Tevatron.
Figure 2.5 shows some Feynman diagrams of the Higgs boson productions which are
promising channels at the Tevatron.

In this thesis, we search for the Higgs boson using pp — W H — (vbb, and this
channel is the most promising channel at the Tevatron. Despite a smaller cross
section than gg — H, this production offers a signature whose backgrounds are
considerably more manageable. The decay products of the leptonically decaying W
boson offers an additional handle for event identification!. The presence of a high
pr lepton from W decay can provide a clean trigger for baseline event selection.
The neutrino that is produced in the leptonic W decay escapes the detector without
leaving telltale interaction remnants in their wake: however these neutrinos do carry
away some of energy from the incident collision. The presence of neutrinos is inferred
by an energy imbalance in the final state.

The W boson decays to all three lepton families. We look for the decays W —
ev and W — pv in this analysis; W — 7v is not considered here, because the

I'The hadronic W decay mode is avoided, because it leads to a four jet final state, W H — qq'bb.
Like gluon-gluon fusion, this four jet final state also has formidable QCD backgrounds that we
seek to avoid.
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large branching ratio (~ 64%) of the 7 lepton to hadronic final states makes 7
identification considerably more difficult. However, instances of W — 7v in which
the 7 decays to leptons (~ 36%) are within the acceptance of the analysis.

In summary, the channel which we investigate in this analysis is WH — (vbb,
where ¢ is an electron or muon. We are not free however from the influence of
background channels in this final state: prominent background channels include
W + jets production, t¢ production, single top production and diboson channels.

2.7 Review of the Previous Higgs Boson Search

2.7.1 Direct Search at LEP

The LEP experiments performed a direct search for the Higgs boson using 2461
pb! of data at the center of mass energies between 189 and 209 GeV [5]. At LEP
the search channels were ete™ — ZYH, where Z° boson decays into all possible
channels and Higgs boson decays into bb. Also the 7 decays of the Higgs with the
Z% boson decaying into quarks was used. Figure 2.6 shows the reconstructed dijet
mass distributions. Since there is no significant mass peak which is expected from
the Higgs boson, the following lower mass limit is established:

my > 114.4 GeV/é?, (2.60)

at 95% confidence level (C.L.).

2.7.2 Indirect Search

The existence of the Higgs boson has an impact on the value of the most electroweak
parameters via higher order loop corrections. Indeed the theory is only renormal-
izable in the presence of the Higgs boson. One way to place a limit on the Higgs
boson mass is to measure the effect of loop corrections to e.g. the W boson mass
(mw) which is logarithmic in the Higgs boson mass. The W boson mass also has
a noticeable correction due to ¢t quark loops which is quadratic in the mass of the
t quark (m;). Hence, by accurate measurements of the masses of the ¢ quark and
W boson, one can infer the Higgs boson mass, if the Higgs boson exists. Figure 2.7
shows the Standard Model relationship for my, and m,; as a function of the Higgs
mass [6]. The contours correspond to the measured mass values at a 68% C.L. Other
electroweak parameters also have a similar dependence on the W boson and ¢ quark
masses and can be combined to perform an overall fit for the Higgs mass. Figure
2.8 shows the fit result. It can be noted that they point to a light Higgs boson. The
electroweak fits place the following mass and upper limit [6]:

my = 12917 GeV/c?,
my < 285 GeV/c? at 95% C.L.
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2.7.3 Direct Search at the Tevatron Run 1

Searches for the Higgs boson were performed by the CDF collaboration at the Teva-
tron during Run 1 experiment [14]. The data sample was about 110 pb~! at the
center of mass energy of 1.8 TeV. The channels considered were pp — VH — X +bb,
where V was either W or Z° and X included the majority of the possible W and Z°
boson decays. The results were expressed as 95% exclusion curves for the V H cross
sections in the various decay channels. The results are shown in Figure 2.9. The
upper limits on the cross sections are an order of magnitude above the Standard
Model predictions.

2.7.4 Direct Search at the Tevatron Run 2

In Run 2 the DO collaboration has been searching for the Higgs boson at Tevatron
[15]. Using 174 pb~! of the integrated luminosity, the DO collaboration set a 95%
C.L. upper limit. Figure 2.10 shows the upper limit. The upper limits on WH —
evbb production are 9.0 ~ 12.2 pb for the Higgs boson masses of 105 ~ 135 GeV.
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(a) b

(b) b

Figure 2.5: The Feynman diagrams of the Higgs boson productions which are promis-
ing channels at the Tevatron. (a)pp — WH — (vbb, (b)pp — Z°H — vobb,
(c)pp — Z°H — (T07bb, (e)gg — H — WW~ — (Tvlv, (d)pp - WH —
WWFW = — (*ultvgq.
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Figure 2.6: Distributions of the reconstructed Higgs boson mass, m};¢, obtained from

two selections with different expected signal purities. (a)Loose selections, (b)Tight
selections.
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Figure 2.7: The Standard Model relationship for my and m; as a function of the
Higgs mass. The arrow labeled Aa shows the variation of this relation if a(m%) is
changed by one standard deviation. This variation gives an additional uncertainty
to the Standard Model band shown in the figure.
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Figure 2.9: The 95% C.L. upper limits for the Standard Model Higgs boson produc-
tion cross section from CDF Run 1 data.
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Chapter 3

Experimental Apparatus

The analysis presented in this thesis uses data collected between February 2002
and August 2004 from proton-antiproton collisions produced by the Tevatron at a
center-of-mass energy of 1.96 TeV, and observed by the Collider Detector at Fermilab
(CDF). This chapter describes the collider apparatus and the CDF detector.

3.1 The Tevatron and the Fermilab Accelerator
System

The Tevatron is a proton-antiproton storage ring complex located at the Fermi Na-
tional Accelerator Laboratory (Fermilab), in Batavia, Illinois, U.S.A. With a center
of mass energy of \/s = 1.96 TeV, it is currently the most powerful collider, and the
only apparatus capable of probing the Higgs boson. The 2 km diameter storage ring
is the last step of a complex chain of accelerators that produce and accelerate the
proton and antiproton beams. Figure 3.1 shows the Fermilab accelerator complex.
Each step of the accelerator is described in the subsequent sections. Major upgrades
have been made to the Fermilab accelerator system in order to increase the lumi-
nosity for the Tevatron Run 2. The center of mass energy was also increased from
1.8 TeV to 1.96 TeV. Two technical challenges limit the luminosity: the antiproton
production and the control of beams of very high intensity. To cope with these
challenges, the Main Injector (MI) and the Recycler were built.

3.1.1 Proton Injector

The proton beam is initiated with di-hydrogen molecules (Hy) that are split by an
intense local electrostatic field; the resulting H™ anions are accelerated by a 750
kV Cockeroft-Walton machine. The continuous beam of H™ ions is segmented into
bunches, and transfered into a 150 m long linear accelerator (LINAC) and brought
to an energy of 400 MeV. Upon exiting the LINAC, the anions pass through a
thin foil of graphite that tears apart the pair of electrons of each ion, leaving only
the proton and thus converting the anion beam into a proton beam. The beam is
transfered into a 475 m long circular synchrotron (the Booster) that accelerates the
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Figure 3.1: The chain of accelerators at Fermilab.
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protons to 8 GeV, which are in turn transfered into the MI. The MI is used both for
accelerating and injecting the proton beam into the Tevatron and for producing an
intense proton beam used to produce antiprotons (see next section). Before injecting
into the Tevatron, protons are accelerated up to 150 GeV within a few seconds.

3.1.2 Antiproton Production and Recycling

Antiprotons (p) are produced by colliding a 120 GeV proton beam from the MI onto
a Nickel target. Roughly, one antiproton is produced for every million proton colli-
sions. Hence the interaction products need to be efficiently filtered in order to reject
non-p particles. In a first step, charged particles are focused by a “lithium lens,”
a tubular piece of lithium traversed by a 650 kA current. Then a pulsed magnet
vetoes positively charged particles and selects negative particles with a momentum
of the order of 8 GeV. After the non-p particles decay in flight, only p remain. The
resulting p beam is de-bunched and focused further through stochastic cooling and
momentum cooling. Antiprotons are stored into the accumulator, a set of concentric
synchrotrons 80 m long in circumference. Accumulation rates of the order of 10!
antiprotons per hour have been reached. Once enough antiprotons are accumulated
(typically 150-10'°), they are transfered into the MI in the direction opposite to the
protons, accelerated up to 150 GeV together with the proton beam, and transfered
into the Tevatron.

Because p production is one of the limiting factors to increasing the luminosity,
the recycler was designed to recoup the antiprotons that remain in the Tevatron at
the end of a store, and re-inject them in the Tevatron for the next store, together
with a new stack of antiprotons from the accumulator.

3.1.3 The Tevatron Storage Ring

Unlike the other accelerators in the chain, the Tevatron is equipped with super
conducting magnets. The beams in the Tevatron have a 36 x 36 bunch structure,
with a 396 ns time spacing between bunches. At the beginning of a store, the
Tevatron beams contain about 10** protons and 10'? antiprotons.
The luminosity is given by the following formula:
ro N,N;B f |

dro,oy

where N, (Nj) is the number of protons (antiprotons) per bunch, B is the number
of bunches, f is the revolution frequency, and o, and o, are the beam dimensions
in the plane transverse to the beam at the interaction point. However, luminosity
is not determined from this formula, but from the measured rate of some reference
physical processes. The measurement of the luminosity delivered by the Tevatron
to the CDF experiments is described in Section 3.2.7. The peak luminosities above
1032 cm~2s~! have been reached.

Beams are brought into collision in the center of the CDF and D@ detectors,
where the resulting events are recorded.
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3.2 The Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF) is a multipurpose high energy particle
detector with approximate cylindrical and forward-backward mirror symmetry with
respect to the beam axis. The CDF collaboration gathers more than 700 physicists
and 49 institutions from 12 different countries. In normal operations, several dozens
of physicists and technicians take shifts to run, monitor and maintain the very com-
plex detector. It is composed of several coaxial sub-detectors which serve different
purposes, and which will be described in the following sections: the Silicon Vertex
Detector and the Central Outer Tracker, which lie inside a 1.4 Tesla superconduct-
ing solenoid magnet, form the tracking system, and precisely measure trajectories
and momenta of charged particles as they go through the detector; the calorimeters
lie outside the solenoid and measure particle energies; the muon system lies out-
side the calorimeter and detects muons that escape the calorimeters; the Cerenkov
Luminosity Counter located near the beam measures the rates of interactions for
luminosity measurement. A Time Of Flight detector located between the COT and
the solenoid and other sub-detectors used to study diffractive physics are not used
in this thesis; their description has been omitted. Figure 3.2 shows a section of the
CDF detector; Figure 3.3 shows the details of the tracking system.
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Figure 3.2: Diagram of one half of the CDF Run 2 detector.
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Figure 3.3: Tracking system of the CDF detector.

Many components of the detector have been upgraded for the Tevatron Run 2:
the Technical Design Report [16] contains a lot of useful information about these
upgrades.

3.2.1 The CDF Coordinate System

The CDF experiment uses a standard right-handed coordinate system:

e The z axis is horizontal, pointing North (outward w.r.t. the center of the
Tevatron),

e The y axis is vertically upward,

e The z axis is defined by the proton beam.
Spherical coordinates are also commonly used:

e The polar angle 6 is defined w.r.t. the proton beam (+z direction),

e The azimuthal angle ¢ is defined in x X y plane w.r.t. the x axis.

A commonly used variable related to the polar angle is the pseudo-rapidity n =
—In(tan(6/2)). In the limit of massless particles, the pseudo-rapidity is equivalent
to the rapidity y = (1/2)In((E + p.)/(E — p.)), where E' is the energy and p, is
the z component of the momentum of the particle. The variable r refers to the
distance to the beam. The (z,y) plane is named the transverse plane. Projected
quantities onto the transverse plane are referred to as “transverse,” and noted with
a “T” subscript (such as transverse momentum pr).
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3.2.2 The Solenoid

A superconducting solenoid coil creates a nearly uniform magnetic field in the track-
ing region (|z| < 1.5 m, r < 1.4 m). The coil itself is 4.8 m long and ~ 25 cm thick
with an inner radius r = 1.4 m. A current of 4650 A goes through the 1164 turns of
aluminum-stabilized NbTi to produce a magnetic field of 1.4 Tesla oriented in the
—z direction. The coil amounts to 0.85 radiation lengths at normal incidence.

3.2.3 The Silicon Vertex Detector

The role of a vertex detector is to provide precise tracking information near the
interaction point in order to identify displaced tracks and reconstruct secondary
vertices, produced by long life time particle decays. Hence it is built as close to
the interaction point as possible, and must be resistant to high doses of radiation.
Another requirement for this type of detector is to be able to function in a high
track density environment. Semiconductor detectors satisfy such requirements.

The vertex detector [17, 18, 19] at the CDF detector is divided into three coaxial
silicon strip devices. Figure 3.4 and Figure 3.5 show the silicon vertex detector. The
Layer 00 (L00) is a single-sided layer mounted directly on the beam pipe, in order to
be as close as possible to the interaction point (r ~ 1.3 cm). The SVX II is composed
of five 90 ¢cm long double-sided layers (2.55 < r < 10.6 cm). The Intermediate Silicon
Layer (ISL) is made of one double-sided layer in the central region (r ~ 22.0 cm) and
two in the forward region (r ~ 20 and 28 cm), and extends the tracking capability
to |n| = 2.0, while helping with the track reconstruction in the central region by
filling the gap between the COT and the SVX II (see Figure 3.3).

Figure 3.4: CDF silicon tracking detector in r X ¢ plane.
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3.2.4 The Central Outer Tracker

The Central Outer Tracker (COT) [20] is a large open-cell drift chamber built to
replace the one used in Run 1 (CTC). The initially planned 132 ns bunch spacing
for Run 2 requires a shorter drift time: the COT was designed in order to achieve
a maximal drift time of 100 ns, corresponding to a maximal drift distance of 0.88
cm. The COT extends to |z| < 150 cm and radii between 40 and 137 cm from the
beam, covering the pseudo-rapidity range |n| < 1.0.

Figure 3.6 shows the layout of open cells. Each open cell contains 12 sense wires
and is tilted by 35° w.r.t. the radial direction. Cells are gathered into eight so-
called “superlayers,” as shown in Figure 3.7. There are four radial and four stereo
superlayers; wires in radial layers are parallel to the z axis, while in stereo layers
they are tilted by +3° and —3° (alternatively) w.r.t. the z axis, in order to provide
measurement relative to this axis. The number of cells varies from 168 for the
innermost superlayer to 480 for the outermost one. The COT amounts to 1.69% of
a radiation length at normal incidence.

The gas mixture chosen is 50 : 35 : 15 Argon-Ethane-CF,. Indeed, adding 15%
of CF, reduces the aging of the wires. However, in the course of Run 2 data taking,
some premature aging of the gas flux was observed, and the addition of a very small
fraction of oxygen to the mixture solved the problem:.

3.2.5 The Calorimetry

The CDF calorimetry consists of both electromagnetic calorimeters (lead absorber
with fine sampling for photon and electron identification and energy measurement)
and hadronic calorimeters (steel absorber for hadron energy measurement).
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Figure 3.6: Cell layout for super layer 2.

The central region of the detector is covered by the central electromagnetic
(CEM) and central hadronic (CHA) calorimeters [21, 22], in the pseudo-rapidity
ranges |n| < 1.1 and |n| < 0.9, respectively. In the forward region, the plug elec-
tromagnetic (PEM) and hadronic (PHA) calorimeters [23, 24, 25] cover the regions
1.1 < |n] < 3.6 and 1.3 < |n| < 3.6, respectively. The wall hadronic (WHA)
calorimeter [26] is a hadronic calorimeter that fills the gap between the CHA and
the PHA in the pseudo-rapidity range 0.7 < || < 1.3.

This calorimetry system provides a nearly 47 solid angle coverage around the
interaction point, which is particularly important in order to identify the presence
of high-pr neutrinos by looking for an imbalance in the event transverse energy.

Figure 3.8 shows a wedge of the central calorimeters. The CEM is a sample
device made of 5 mm thick layers of polystyrene scintillator, alternated with 1/8
inch thick (3.18 mm) layers of aluminum-clad lead. In order to maintain a constant
number of radiation lengths as a function of 6 (total ~ 18Xy, and ~ 5X, up to
CES, see below), some lead layers are replaced by acrylic (Plexiglas), so that the
actual number of absorber layers varies from 30 near the center to 20 at |n| ~ 1.1.
The CEM is divided into four arches (North-West, South-West, North-East and
South-East), made of identical 15° modules, each of them being segmented into
10 projective towers. Thus each tower covers a solid angle of 0.1 by 15° in the
n X ¢ space. The blue light emitted by the scintillators is collected on each side of
the tower by acrylic wavelength shifters that convert it into green light and guide
the light toward two photomultiplier tubes (PMT’s, Hamamatsu R580) outside the
CHA. The two most forward towers of one of the CEM and CHA modules are not
instrumented (the so-called “chimney”), in order to provide access for cryogenics to
the solenoid. Based on test beam data, the CEM energy resolution for an electron
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Figure 3.7: 1/6th view of COT east end plate.

going through the center of a tower is found to be

13.
op _ _135% ® 2%,
E E (GeV)

where the symbol @ means that the errors are to be added in quadrature.

The central electron strip chambers (CES) are used to determine shower position
and transverse shower development. They are located between the 8th lead layer
and the ninth scintillator layer (counting outward), which is the expected position of
shower maximum (~ 6X), including tracking and solenoid material). In each CEM
module, a CES module is a multi-wire proportional chamber with 64 anode wires
parallel to the beam axis, spaced 0.73 cm apart and split at |z| = 121 c¢m, and 128
cathode strips, with a pitch of 1.67 cm for |z| < 121 cm, and 2.01 c¢m for |z| > 121
cm. The spatial resolution achieved is ~ 2 mm.

The CEM is also equipped with a preshower detector (CPR), useful in discrim-
inating between hadrons and photon/electrons. The CPR is a set of multi-wire
proportional chambers with wires parallel to the beam providing transverse mea-
surements and strip cathodes providing z information, with a resolution of the order
of a few millimeters.

The CHA is a sampling hadronic calorimeter surrounding the CEM, following the
same segmentation (0.1 by 15° in 5 X ¢). The WHA extends the CHA coverage and
uses the same technology as the CHA. Altogether, a CHA+WHA wedge contains 12
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Figure 3.8: A isometric view of the central calorimeter wedge.

towers, 6 of which are fully in the CHA, 3 in the WHA, and 3 are shared between the
two. The total number of interaction lengths () is approximately constant through
the entire range of pseudo-rapidity, ~ 4.5\. The CHA is made of 32 layers of 2.5 cm
thick steel absorber, and 1.0 cm thick scintillator. The WHA is made of 15 layers
of 5.0 cm thick steel absorber, and 1.0 cm thick scintillator. 2 PMT’s per tower are
linked to the scintillators by a wavelength shifter and a light guide. The CHA and
WHA single pion energy resolutions are

7 _ 0% g5y

E E (GeV) ’
and

TR g,

E E (GeV)
respectively.

Figure 3.9 shows the plug calorimeter. The plug calorimeter was designed and
built to replace the CDF Run 1 plug calorimeters and to cope with the Run 2
requirements (higher luminosity and 132 ns bunch spacing). It consists of an elec-
tromagnetic (PEM) and hadronic (PHA) calorimeters with the same projection
segmentation. Figure 3.10 shows the segmentation pattern of a 15° module: towers
cover an azimuthal angle of 7.5° down to n = 2.11, and 15° further; similarly, the
segmentation in 7 becomes coarser as one moves closer to the beam. Figure 3.10
also shows how towers are combined for the purpose of being used by the trigger
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Figure 3.9: Cross section of upper part of end plug calorimeter.

system. The PEM is made of 22 layers of 4.5 mm lead and 4 mm thick scintillator
tiles. Each scintillator tile is read out by a single PMT. The first layer of the PEM
is a 1 cm thick scintillator tile read out by a multi-anode photomultiplier (MAPMT)
which is used as a preshower detector. The PEM, including the preshower, amounts
to a total of 21 radiation lengths. The PEM energy resolution is

1
O-_E — 67% ®1%.
E E (GeV)

The plug shower maximum detector (PES) [27] is made of two sets scintillating strips
that provide precise two dimensional shower position measurement (resolution ~ 1
mm). The PHA is made of 23 layers of 2 inch (5.08 cm) thick steel absorber, and 6
mm thick scintillator, corresponding to 7 interaction lengths. Its resolution is

0w __ 80 o5
E E (GeV)

Several regions of the detector have low calorimetry response (called “crack”):
at the junction between East and West modules near n = 0, the “chimney,” near
the azimuthal boundaries between wedges, and at the junction between central and
plug calorimeters at 7 ~ 1.3. Table 3.1 summarizes some properties of the various
calorimeters.
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Figure 3.10: Segmentation of the plug calorimeter.

CEM CHA WHA PEM PHA
Xo 19 - - 21 -
A 1 4.7 4.5 1 7
# of layers 21 32 15 22 23
Absorber 3.18 mm lead 2.5 cm steel 5 c¢m steel 4.5 mm lead 5.08 cm steel

Scintillator 5 mm SCSN-38 1 cm PMMA 1 cm PMMA 4 mm SCSN-38 6 mm SCSN-38
o /E 13.5%/VE 2% 50%/VE ©3% 75%/VE®4% 16%/VE®© 1% 80%/VE @ 5%

Table 3.1: Some properties of the CDF calorimeters. The last row shows the single
particle energy resolution.

3.2.6 The Muon System

The muon system [28] has been upgraded for Run 2. In particular to complete
the coverage in the central region, three muon detectors are used for the analysis
described in this document: the Central MUon detector (CMU) and Central Muon
uPgrade (CMP), covering the pseudo-rapidity range || < 0.6, and the Central
Muon eXtension (CMX), covering 0.6 < |n| < 1.0, now have almost full 27 azimuthal
coverage. Figure 3.11 shows the coverage of each subdetector in the 1x¢ coordinates.
It should be noted that the CMU and the CMP coverages do not exactly overlap.
The CMU is located outside the Central Hadronic Calorimeter (~ 5)\) at a radius
of 3.47 m from the beam. The CMP lies behind a 60 cm thick steel shielding
(providing an extra 2.4\ shielding at normal incidence) in order to reduce the rate
of hadrons escaping the hadronic calorimeter and faking a muon. The CMX is
an arch-shaped detector built around the plug calorimeter. The CMU and CMX
(CMP) can be reached by muons of pr > 1.4 GeV/c¢ (pr > 2.2 GeV/c). Figure 3.12
shows the number of nuclear absorption lengths a particle coming from the center
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Figure 3.11: n and ¢ coverage of the CDF muon system.

of the detector goes through before reaching the muon detectors, as a function of
pseudo-rapidity.

The muon system relies on proportional wire chambers to provide tracking in-
formation, and scintillation counters for identifying the beam bunch. The three
detectors are designed with the similar four layer configuration of drift chambers.

Figure 3.13 shows the four layer configuration of a CMU module. Each cell is
6.35 x 2.68 x 226 cm?® with a 50 um stainless steel sense wire in the center parallel
to the beam axis. The muon z location is measured using charge division at each
end of the wire. The maximum drift time is 800 ns. The wires in the first and third
layers are slightly offset in ¢ w.r.t. the second and forth layers, in order to remove
the ¢ ambiguity in the track reconstruction and also to provide triggering.

CMP cells are 2.5 x 15 x 640 cm?®, providing ¢ information only, with a maximum
drift time of 1.4 ps. Additionally, a layer of scintillator counters covers the outside
surface of the drift chambers. Each counter covers two chambers in width, and half
the chamber length, and is read out by a single photo-tube located at the center of
the detector.

The CMX cells differ from the CMP cells only by their length (180 cm). The
polar angle of the tracks is measured thanks to the stereo angle between adjacent
cells, which partially overlap. Because of the conical arrangement of the cells, the
overlap is more important near the inner edge, where a track can typically cross
six cells. The CMP is equipped with two layers of scintillators, one on each face.
Scintillator counters on the inside and outside layers are half-cell staggered, in order
to effectively double the granularity of the system. Each counter is read out by a
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Figure 3.12: Number of nuclear absorption lengths in front of the muon systems as
a function of pseudo-rapidity.

single photo-tube.

In the forward region (1.0 < |n| < 2.0), the IMU detector replaces the Run 1
detector; since the IMU commissioning was still in progress during the time data
was taken, it is not used for this analysis.

3.2.7 The Cerenkov Luminosity Counter

The Cerenkov Luminosity Counter (CLC) [29] was designed for the Tevatron Run 2
in order to achieve a precision measurement of the instantaneous luminosity up to
~ 2 x 10 cm 257! and to cope with the 132 ns bunch spacing that was originally
envisaged. The detector is made of two identical modules located near the beam
pipe and inside the plug calorimeter, on each side of the interaction point. Figure
3.14 shows two views of such a module. Each module is composed of 48 conical
gaseous Cerenkov counters pointing toward the interaction point and covering the
pseudo-rapidity range 3.7 < |n| < 4.7. The outer cones are 180 cm long, while the
inner ones are 110 cm long; their diameter varies from 2 to 6 cm. At the widest end
of each cone (the furthest away from the interaction point), a conical mirror collects
the Cerenkov light into PMT’s (Hamamatsu R5800Q)), capable of operating at gains
up to 2 x 10%. The modules are filled with iso-butane at atmospheric pressure; it
is however possible to increase the pressure up to 2 atm, in order to increase the
yield of Cerenkov light. Iso-butane was chosen because of its large refractive index
at atmospheric pressure (1.0043) and its good transparency to ultra violet light.
Because of the narrow shape and the orientation of the cones, particles produced
by pp interactions close to the center of the detector are likely to go through a large
portion of the CLC, producing an important light yield (several hundred photoelec-
trons), while particles from the beam halo or from secondary interactions transverse
the detector at large angle, and have lower energy, hence producing a much smaller
light signal. Thus the background is easily rejected by requiring a certain minimal
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light yield threshold in each channel; the number of particles is measured from the
total light yield in the module. Thanks to the CLC excellent time resolution (less
100 ps), it is also possible to select hits from prompt particles by requiring time
coincidence between hits in the two different modules. Time distribution of hits in
each module is shown in Figure 3.15. One can clearly see the contributions from the
proton beam halo, the antiproton beam halo and actual pp collisions.

The instantaneous luminosity can be expressed as a function of the measured
number of hits per bunch crossing as follows:

fBC < Nrigs >
L= N o
Oinelastic * € < Hlts
where
e fpc is the bunch crossing frequency,

Oinelastic 15 the inelastic scattering cross section,

¢ is the acceptance of the CLC for inelastic scattering events,

< Npits > is the average number of hits (particles) per bunch crossing,

< NLs > is the average number of hits (particles) for a single pp inelastic

interaction.

The total inelastic scattering cross section was measured in several experiments using
a luminosity independent method combining Regge theory [30] to obtain the total
cross section and the optical theorem to compute the inelastic cross section from the
total cross section. CDF Run 1 and E811 measurements [31] were combined, giving
Oinelastic = 00.4 £ 2.3 mb at 1.8 TeV, which can be extrapolated to 61.7 & 2.4 mb at
1.96 TeV. This is the value used in this thesis.
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Figure 3.14: The CDF Cerenkov Luminosity Counter.

A precision of 5.9% on the luminosity is achieved with the CLC, with the main
systematic uncertainties due to the detector stability (1.8%), the CLC acceptance
(4.0%) and the inelastic cross section (3.8%).

3.2.8 The Trigger System

The CDF 2 trigger system is composed of two hardware levels — Level 1 and Level
2 — and a software level — Level 3 — to select interesting events and reduce the
very high rate of collisions to an acceptable one. For Run 2, the trigger system was
designed to cope with a bunch crossing spacing of 132 ns (7.6 MHz); currently, the
Tevatron actually operates with a 396 ns bunch spacing, which corresponds to an
interaction rate of 2.5 MHz.

Figure 3.16 (Left) shows a block diagram of the data flow at CDF Run 2. In
a first stage, the Level 1 gathers information from the calorimeters, the COT and
the muon system and makes a decision within 5.5 ps. In particular, a route-based
hardware tracking algorithm (the “eXtra Fast Tracker,” XFT) provides tracking
information from the COT to the Level 1. In order to avoid dead time while the
Level 1 decision is being made, a 42 deep pipeline stores subsequent events until the
Level 1 is available to process them. In a second stage, the Level 2 further selects
events that pass the Level 1 selection. The Level 2 is equipped with a 4 event deep
buffer, and can cope with input rates up to 50 kHz; currently, rates of the order of
25 kHz are common. The Level 2 takes ~ 20 ps to make a decision. The Level 2
is able to reconstruct calorimeter clusters and to use the maximum shower detector
information. A novelty in hadronic physics, it is able to use the silicon vertex
detector: the Silicon Vertex Trigger (SVT) uses XFT tracks as an input and tries
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Figure 3.15: Time distribution in the East and West modules. Actual pp collisions
deposit a coincident signal in the two modules.

to reconstruct tracks based on silicon hits in the neighborhood of an XFT tracks;
this technique significantly reduces the number of candidate hits, hence allows very
fast reconstruction, while achieving a resolution comparable with the full tracking
reconstruction. The SVT is able to identify tracks that are significantly displaced
from the beam location, hence selecting heavy flavor enriched events. Figure 3.16
(Right) shows what information is available to Level 1 and Level 2. Finally, a cluster
of ~ 200 Linux PCs reconstructs the events that pass Level 2 using a simplified
version of the software used for offline analysis. Level 3 reduces the rate of events
from ~ 300 Hz to ~ 50 Hz. Events that pass Level 3 are monitored in real time in
the control room, and stored on tape.

3.2.9 Detector Simulation

Physical processes of the pp interactions are simulated by Monte Carlo (MC) gen-
erators: the PYTHIA [32], HERWIG [33, 34] and ALPGEN [35] generators are used
in conjunction with the CTEQS5L parton distribution function (PDF) [36] through-
out this document. The QQ v9.1 [37] decay tables are interfaced to provide proper
modeling of b and ¢ hadron decays. For each event, these generators produce a list
of particles (and their four vector) that define the final state of the process'. In

!To be accurate, ALPGEN only produces a list of partons, while PYTHIA and HERWIG also
simulate the hadronization of gluons and quarks. ALPGEN needs to be used in combination with
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Figure 3.16: The CDF Trigger system. (Left)schematic view of DAQ and trigger
system, (Right)block diagram of the Level 1 and Level 2 triggers.

order to simulate the detector response, a complex simulation of the interaction of
the particles present in the final state with the detector is needed. The GEANT 3
[38] package is used together with a detailed description of the CDF sub-detectors
and the passive material (such as readout system, cables, ... etc.). Specific modules
are used for some of the sub-detectors. The calorimeter response is simulated with
a parametrized shower simulation package GFLASH [39] tuned for single particle
response and shower shape based on data. The simulation of the COT drift time
uses the GARFIELD package [40]. For the silicon, a parametrized charge deposition
model which is developed by CDF collaboration is used in place of GEANT 3. The
simulation includes the modeling of noise and dead regions in the silicon detectors:
the hardware and calibration silicon detector databases were used to account for bad
silicon strips, noise and defective modules in order to reproduce the actual detector
configuration in the Monte Carlo. The product of the simulation is stored in the
same format as the real data, allowing the reconstruction and selection of simulated
events to be performed in exactly the same way as real events.

hadronization package of another generator in order to produce the actual final state.
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Chapter 4

Dataset and Event Selection

This chapter describes the algorithms and techniques used to reconstruct charged
particle trajectories, to identify electrons, muons, photons and jets, and to measure
kinematic quantities. The specific event selection to the lepton + jets channel and
the data samples used in this document are described in the last section.

4.1 Tracking Reconstruction

4.1.1 COT Tracking

The COT drift chamber is able to efficiently reconstruct the trajectory of charged
particles (“tracks”) and measure their momenta up to |n| = 1. The tracking pattern
recognition algorithm works in several successive steps [41]:

e Segment finding:
in each of the eight superlayers, sets of three hits consistent with a straight
line trajectory are used as a segment-seed, and fit to a straight line by the
method of least squares. Other hits in the superlayer lying within a road of
20 ns (~ 1 mm for a drift time of 55 pum/ns) are added to the straight line fit
in an iterative procedure.

e Axial tracking reconstruction:
in the first pass of the tracking reconstruction, tracks are reconstructed in
the transverse plane, using axial superlayers only. Two algorithms are run in
parallel for this purpose, in order to increase the reconstruction efficiency:

— The “segment-linking” algorithm matches segments from different super-

layers, then fits all the hits in the segments by minimizing a reduced

X2

— The “histogram-linking” algorithm starts with a simple circle fit defined
by one segment and the beam position. It then looks for hits within a 1
cm road about the circle and fills a 200 pgm binned histogram with the
radius (i.e. the distance to the center of the track circle) of each hit. If
the most populated bin contains at least 10 hits, a track is made out by
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those hits. Finally, the algorithm attempts to find additional hits within
750 pm of the track, and refits the track.

Track duplicates (reconstructed by both algorithms) are removed in the end.

e Stereo tracking reconstruction:
information from the stereo angle superlayers is added to the axial tracks in
this last step. Again, two algorithms are combined, but this time run in series:

— For every axial track, the stereo segment-linking algorithm attempts to
add a stereo segment from the outer stereo superlayer, refits the track to
get a first estimate of the track z and cot #, and then looks for additional
stereo segments in the inner layers.

— Once the stereo segment-linking is completed, the stereo tracks are used
to identify the 2z coordinate of vertices in the event, using a histogram
method. Axial tracks that could not be extended to a three dimensional
track with the stereo segment-linking algorithm go through a stereo hit-
linking algorithm, which scans the list of z vertices and attempts to add
stereo hits for a given z vertex.

e Refit:
finally, tracks are refitted to take into account corrections due to the actual
magnetic field map, and drift model.

The efficiency for isolated tracks of large transverse momentum (py > 1.5 GeV/c)
was found to be larger than 99%. This efficiency drops to ~ 95% for pr ~ 500
MeV/c [42].

4.1.2 Silicon Detector Tracking
Hit Clustering Algorithm

A charged particle going through a silicon sensor often deposits charge in several
contiguous strips. In the L0, the SVX and the ISL, only strips above a certain
threshold and their immediate neighbors are read out. The purpose of the hit
clustering algorithm is to identify sets of strips that belong to the same track, gather
them into a strip cluster (or “hit”), and estimate the exact location of the track
impact. In a first step, the algorithm identifies sets of contiguous strips above
threshold strips (“super-clusters”). It then splits super-clusters into clusters at local
minima, and identifies local maxima (peaks). If any local maximum exists, the strip
at a local minimum strip charge is split between the two clusters. Finally, the hit
position is estimated by the charge centroid of the cluster (weighting the central
location of each strip by its charge).

Outside-In Algorithm

COT tracks are used as seeds to look for hits on the silicon detector. The hits are
attached to the track in an iterative procedure, starting with the outermost layer,
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and moving inward (referred to as “outside-in” (OI) algorithm [43]). In a first pass,
only axial hits are attached to the track. In a second pass, the algorithm attempts
to add stereo (small angle and 90°) hits. Only tracks with at least three axial hits
are kept. The algorithm looks for hits lying in a “road” four standard deviations
wide around the seed track. At each iteration (i.e. in each layer), several hits may
be found within the road; a new track candidate is considered for each hit found, so
that a “tree” of candidate tracks is produced from a single COT seed track. In order
to speed up the algorithm, only the tracks with the most and second most number
of silicon hits are considered for the following iteration. The seed track is also kept
for the following iteration, in case none of the hits found belong to the track. At
each iteration, the track is refit in order to improve the pointing resolution and to
take into account the amount of scattering material encountered. At the end of the
process, only one track is kept, based on the number of silicon hits attached to it,
and on the y? of the fit.

4.2 Electron and Photon Identification

Electron! and photon identification relies on the combination of the tracking and

calorimeter information. Electrons and photons leave a characteristic signature in
the calorimeters, since an electromagnetic (EM) shower is almost entirely contained
in the EM calorimeter. Electrons are distinguished from photons in part by the
slight difference shape of the EM shower, but mostly by requiring that its trajectory
is reconstructed and point to the calorimeter cluster produced by the EM shower.
Photons, being neutral, do not leave any trace in the tracking system.

Charged hadrons can mimic an electron signature if they shower early in the
solenoid or in the EM calorimeter. Also, an electron can be misidentified as a
photon if the electron track is not reconstructed. Alternatively, a photon can be
misidentified as an electron if the photon converts to an electron-positron pair as
it goes through material, or if a track is wrongly associated with the EM cluster.
Photon conversions are identified by looking for pairs of COT tracks satisfying the
following cuts:

e The two tracks have opposite sign,
* [A(zy)| <2 mm,
e |A(cot#)] < 0.04,

where A(zy) is the distance between the tracks in the transverse plane at the point
where they are tangent in that plane, and A(cot ) is the difference between the
polar angle cotangent of the two tracks. If a candidate electron combined with a
partner track is consistent with a photon conversion, it is rejected. However, if a
third track can be combined with the electron partner track to form a conversion as
well (“trident”), the conversion is likely to be due to a high-energy bremsstrahlung

IElectron refers to both the electron and its antiparticle, the positron.
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photon emitted by the initial electron as it goes through matter: in this case, the
candidate electron is real, and is not rejected.

Since photon identification is not used for the analysis presented here, it is not
discussed any further. Electron identification in the central calorimeter (CEM elec-
tron) for Run 2 is almost similar to the one used in Run 1 [45]. An electron candidate
is considered if a tower in the CEM has E7 > 2 GeV and a track points to this tower.
Adjacent towers in the same wedge (i.e. towers with same ¢) are added to the clus-
ter. The energy attributed to the electron is the total energy of the cluster. The
momentum of the electron is the momentum of the track with highest-p; associated
with the cluster; the direction of this track defines the direction of the electron,
and is used to compute the electron Er = E -sinfl. The selection cuts shown in
Table 4.1 using the variables described below efficiently select electrons and reject
the background:

e The track is required to satisfy some quality requirements:
it should come from the luminous region (|zg] < 60 cm), and have a large
number of hits attached to it (at least three axial and two stereo superlayers
must provide segments with at least seven hits to the track reconstruction).
The track must point to an instrumented region of the detector; in particular
it should be away from the tower edges and from the “chimney.”

e F is the total energy of the electron calorimeter cluster. p is the electron
momentum measured from the track. pp is the projection of the electron
momentum onto the transverse x x y plane.

e Euap (Erum) is the energy of the electron in the hadronic (electromagnetic)
calorimeter.

e Ly, is a variable relative to the EM shower shape. The energy deposited in
the two towers adjacent to the tower at the center of the cluster is compared
to the one expected from test beam data:

My — Py
0-14\/E1c1us‘cer)2 + Z(APIC)Q,

Ley = 0.14 x
2T

where the sum is over towers adjacent to the seed tower in the cluster, M is
a measured energy on the adjacent tower k, Py is the same quantity predicted
using the impact point in z on the strip chamber. Lg,, is required to be less
than 0.2.

e The shower maximum detector (CES) is used to reject possible hadron contam-
ination. The track is required to match a CES cluster in both axial (|Az| < 3
cm) and azimuthal (—1.5 < @ - Az < 3 cm, where () is the charge of the
electron) directions. In the azimuthal direction, the shower asymmetry caused
by the electron bremsstrahlung is taken into account. The shape of the CES
cluster is required to be similar to the one evaluated from test beam data
based on a x? test (x&pg < 10).
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Variable Value

Fiducially Requirement to be in the active region of
the CES and CEM, and away from the
missing tower (“chimney”)

| 20| < 60 cm

Good COT Axial Segments > 3 with > 7 hits each

Good COT Stereo Segments > 2 with > 7 hits each

E/p <20

Euap/Eem < 0.055 + 0.00045 - E
Lshr S 0.2

|Az| <3 cm

Q x Ax < —1.5cm and > 3.0 cm
XeEs <10

Table 4.1: CEM electron selection criteria.

The electron transverse energy is reconstructed from the electromagnetic cluster
with the following precision [21]:

13.5
O'ET _ % EB 2%

Er  \/Er (GeV)

4.3 Muon Identification

Unlike electrons, muons do not initiate an EM shower in the calorimeters due to their
larger mass (the muon mass, m, = 105 MeV/c?, compared to the electron mass,
m. = 0.511 MeV/c?). Unlike hadrons, muons do not interact strongly, hence do
not shower in the hadronic calorimeter either. As a result, muons with a transverse
momentum of a few GeV or more deposit only a small fraction of their energy in the
calorimeters due to ionization, and escape the detector. Muons are thus identified by
matching hits in the muon chambers with a reconstructed track, and requiring that
little energy be deposited in the calorimeter on the trajectory of the particle. In each
muon system (CMU, CMP and CMX), the 4 layer structure allows to reconstruct
a track segment (a so-called “stub”). A muon is reconstructed if such a stub is
found in one of the muon systems and if a track points to this stub. Muons can be
mimicked by hadrons that shower unusually late or not at all in the calorimeter and
manage to escape the detector (“punch-through”). Another source of background
is due to muons from cosmic rays, which are vetoed by using timing information of
the muon chambers and of the COT. Table 4.2 shows the selection cuts that are
used in order to efficiently select muons and reject backgrounds. The variables are
defined as follows:

e The requirements on the COT track quality are the same as for the electron.

47



Variable Value

|20 < 60 cm
|do| if no Si hits < 0.2 cm
|do| if Si hits < 0.02 cm

Good COT Axial Segments > 3 with > 7 hits each
Good COT Stereo Segments > 2 with > 7 hits each
COT exit radius (CMX-only) > 140 cm

Epm < max(2,2 + 0.0115 x (p — 100))
Enap < max(6,6 + 0.0280 x (p — 100))
|Az]emu < 3.0 cm
|Az|cvp < 5.0 cm
|Az|coux < 6.0 cm

Table 4.2: CMUP and CMX muon selection criteria.

Additionally, in order to reject cosmic ray background, the track is required to
have a low impact parameter dy (the distance between the track and the beam
at the point of closest approach). If hits from the Silicon Vertex Detector
are attached to the track, the requirement on the impact parameter is more
stringent, since the resolution is greatly improved.

For CMX muons (higher pseudo-rapidity), the track is required to go through
all COT superlayers, i.e. exit the COT volume at a radius of 140 cm.

The energies Egy and Egap deposited in the EM and hadronic calorimeters,
respectively, along the trajectory of the muon are required to be small.

The track is required to match the muon stub in the axial direction: Az is the
distance in the x x y plane between the muon chambers’ hits and the track
extrapolated to the muon chambers’ radius. The cut value varies depending
on the type of muon chambers involved. There are two types of muons: CMX
muons (with a stub in the CMX system), and CMUP muons (with a stub in
both the CMU and CMP systems).

The muon transverse momentum is measured by the COT with the following preci-

91— 0.0015 - pr (GeV/c).
pr

At high momentum, multiple scattering is negligible and the uncertainty is domi-
nated by the drift chamber intrinsic resolution.

4.4 Jet Reconstruction

Jets are the experimental signature of the production of high momentum gluons and
quarks, which hadronize into several collimated particles that deposit a cluster of
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energy in electromagnetic and hadronic calorimeter towers. Jets are reconstructed
using a cone algorithm similar to the one used in Run 1. As a first step, every tower
with transverse energy is defined as ' = E-sin ), where E is the energy in the tower,
and 6 is the polar angle of the center of the tower?. Towers with Ep > 100 MeV in
a cone of semi-angle AR = /A¢? + An? around the seed tower are gathered into a
cluster. The centroid of these towers (in the 7 x ¢ space), weighted by the energy of
each tower, is computed and the list of towers in the cluster is reevaluated by now
centering the cone on the energy-weighted tower centroid. In an iterative procedure,
the centroid and the list of towers in the cluster are computed until the list of towers
remains unchanged from one iteration to the next. The last step of the algorithm
consists in dealing with overlapping jets: if the transverse energy common to two
jets amounts to more than 75% of the jet with smaller transverse energy, the two jets
are merged; otherwise towers in the overlapping region are assigned to the nearest
jet (in the 1 x ¢ space). A cone of semi-angle AR = 0.4 is used everywhere in the
present document. The approximate jet energy resolution [46] for 35 < Ep < 450
GeV is

ORMS — 0.1 ET + 1.0 GeV.

Several corrections need to be applied to the raw energy measurement in order
to flatten the response of the detector and to obtain the same response in the simu-
lations as in the data [47]: calorimeter energy scale calibration (set the calorimeter
energy scale), n dependence (makes jet energy uniform along 7), multiple interac-
tions (subtracts the energy coming from different pp interactions), absolute scale
(corrects the jet energy measured in the calorimeter for non-linearity and energy
loss in the uninstrumented regions), underlying event (subtracts the energy associ-
ated with the spectator partons in a hard collision event) and out of cone energy
(adds the energy outside the clustering cone used for jet definition, taking the ”jet
energy” back to ”parent parton energy”) are taken into account.

4.5 Missing Transverse Energy Measurement

Even though the momentum of the initial parton is inaccessible, its momentum in the
transverse plane should be null (in the detector frame). Thus, due to conservation
of momentum, the final state is expected to have a null total transverse momentum
as well. Because neutrinos escape from the detector without any hits, they create an
apparent imbalance in the event transverse momentum. This imbalance is measured
by combining the information from every calorimeter tower and defining the event
missing transverse energy o (which is, actually, a momentum):

Er=- ) Ei

i=towers

2In order to compute tower transverse energies, the z coordinate of the interaction point from
which the jet is produced needs to be known; several methods, described later, can be used to
evaluate the z coordinate of the interaction.
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where E} is a two dimensional vector (in the transverse plane) pointing from the
interaction point to the center of tower i.

Muons deposit only a small fraction of their energy in the calorimeter: this is
taken into account by adding their momentum measured from the COT to the trans-
verse energy sum and subtracting the energy deposited in the calorimeter along the
path of the muons. Finally, in order to improve the resolution on the measurement,

the corrections mentioned in the previous section are applied to every jet with raw
Er > 8 GeV and |n| < 2.4.

4.6 High-pr Lepton Sample

The analysis presented in this document relies on data accumulated between Febru-
ary 2002 and August 2004, corresponding to an integrated luminosity of 319 pb—1.
The primary data set for this analysis is called the W + jets sample, which contains
most of the W H events decaying into lepton + jets mode. The trigger and event se-
lection used to isolate this sample are described below. The experimental signature
of a W H event in the lepton + jets decay mode is:

e The W boson decaying leptonically, producing a single high-p; electron or
muon, and large Fr due to the neutrino that escapes the detector,

e Two b quark jets: two b quark jets from the Higgs boson decay.

The leptonic decay of the W boson gives a clear signature that is used by the
hardware and software triggers. Further selections are then made offline.

4.6.1 Triggers
High-pr Electron Trigger

At the Level 1 of the trigger, calorimeter towers are gathered in pairs so that the
effective 17 x ¢ segmentation is 0.2 x 15°. At least one trigger tower is required to have
Er > 8 GeV, with an Fyap/Egy ratio less than 0.125. At least one XFT track with
pr > 8 GeV/c is required to point to this tower. At Level 2, a clustering algorithm
combines the energy deposited in neighboring trigger towers. Towers adjacent to the
seed tower found at Level 1 with Er > 7.5 GeV are added to the cluster. The total
E7 of the cluster must be larger than 16 GeV. At Level 3, a full event reconstruction
and electron identification (as described in the previous sections) is performed. A
three-dimensional COT track of pr > 9 GeV must point to a cluster of Er > 18

High-pr Muon Triggers

The CMUP muon hardware trigger requires hits in the CMU to match hits in the
CMP. An XFT track with py > 4 GeV/c must point to the CMU and CMP hits.
Level 2 requires the presence of an XFT track with p; > 8 GeV /¢, not necessarily
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matching the muon hits. At Level 3, a fully reconstructed COT track with py >
18 GeV/¢ must match a stub in the CMU (|Az|cmu < 10 em) and in the CMP
(|A.’L’|CMP < 20 CHI).

The CMX muon trigger proceeds in a similar way: at Level 1, CMX hits must
match the central muon extension scintillator hits and an XF'T track with py > 8
GeV/c. There is no requirement at Level 2. At Level 3, a fully reconstructed COT
track with py > 18 GeV/c must match a stub in the CMX (|Az|cux < 10 cm).

4.6.2 Offline Selections

The first step of the event selection isolates W boson candidates by identifying
events with a single high-pr electron or muon, where the electron has Ep > 20 GeV
and pr > 9 GeV/c, and the muon has pr > 20 GeV/c. The W boson identification
is completed by requiring that Fr > 20 GeV and that the lepton is isolated. The
isolation variable I is defined as the ratio of the calorimeter energy in a cone of
radius AR = 0.4 around the lepton direction (but in the case of an electron, not
including the electron cluster itself) to the lepton energy, and is required to satisfy
I < 0.1. The isolation requirement is meant to reject leptons from semileptonic
decay of heavy flavor hadrons and leptons faked by hadrons: indeed, in both cases,
the lepton candidate is produced in a jet environment and tends to be less isolated
than a lepton produced by a W boson decay.

The second step identifies and counts jets in the W boson events. Only jets with
Er > 15 GeV and |n| < 2.0 are counted. With these requirements, W H events
are expected to give two jets. The W + ljet, W + 3jets and W+ > 4jets samples
are considered control samples, while W boson events with two jets constitute the
signal sample for this analysis.

In addition to the selections above, events which are flagged as Z° bosons and
cosmic rays are removed. The Z° boson veto is described later in this section. In
order to further reduce the top contributions, we remove events with a high-pr
isolated track (p5$* > 20 GeV/c) and charge opposite to the primary lepton. The
isolated track is defined as the track with ped/(p5sed + Spr) > 0.9, where ped is
the seed track pr and Xpr is the sum of track pr (> 0.5 GeV/c) in a cone of radius
0.4 around the seed track. We also require that there are no any extra jets with
E > 8 GeV in the forward region (2.0 < |n| < 3.0) or two more extra jets with
EP > 8 GeV and Er < 15 GeV in the central region (|n| < 2.0), where E}*" is
uncorrected jet Er.

In order to purify the sample, one attempts to identify the b quark jets in the
W H events using a secondary vertex b-tagging algorithm (described in Chapter 5).
Events in which at least one of the jets is b-tagged are kept. The sample prior to
requiring a b-tagged jet is referred to as the “pretag” sample.

Z° and Dilepton Vetoes

Z" boson and tt dilepton decays that contribute to the inclusive high-ps lepton
dataset are removed by flagging the presence of a second lepton. Any event with
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two leptons satisfying the lepton identification is removed. Events where the sec-
ond lepton is an electron in the plug calorimeter or a muon that fails the CMUP
requirement, but has one CMU or CMP muon segment, are also removed. Finally,
remaining Z° bosons are removed by requiring that there be no second object which
forms an invariant mass with the primary lepton between 76 and 106 GeV/c?. For
primary muons the other object is an opposite-signed isolated track with pr > 10
GeV/c. For primary electrons the second object may be such a track, an electro-
magnetic cluster, or a jet with Ep > 15 GeV and |n| < 2.0 that has fewer than 3
tracks in AR < 0.4 and an electromagnetic energy fraction greater than 95%.
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Chapter 5

Secondary Vertex b-Tagging: The
SecVtx Algorithm

5.1 Introduction

Identifying heavy flavor jets (i.e. jets containing a heavy flavor — bottom or charm
— hadron) plays an important role in this analysis. While W H events produce two
b quark jets from the hadronization of two b quarks from the Higgs boson decay,
most of the non-W H processes found in the W + jets sample do not contain heavy
flavor quarks in the final state. Thus identifying b quark jets significantly reduces
the background.

Several methods exist. One technique looks for a low momentum electron or
muon (“soft lepton tagger”) coming from the semileptonic decay of heavy flavor
hadron. This method is limited by the small semileptonic decay branching ratio
(~ 11%) and by the difficulty of reconstructing low momentum leptons in a high
occupancy jet environment.

Other methods take advantage of the long life time of the B hadrons: with a
mean life time of the order of 1.5 ps (¢ ~ 450 pum), together with a large relativistic
boost, a B hadron in a W H event flies for several millimeters (on average) before
decaying. The average transverse momentum of a B hadron in a W H is 40 GeV /¢ for
the Higgs boson mass of 115 GeV/c?. For example, for a 40 GeV /¢, neutral meson B°
of the mass 5.28 GeV /c? corresponding to a boost v = 7.6, and life time c7 = 460
pm, the average decay length is 3.5 mm. B hadrons decay to multiple particles,
producing a secondary vertex displaced from the primary interaction. Tracks coming
from this secondary vertex are reconstructed by the silicon vertex detector with
sufficient precision to be distinguished from the prompt tracks produced at the
primary interaction.

B hadron decay channels are numerous. Most of them involve neutral particles
whose trajectories cannot be reconstructed, and/or a D (charm) hadron, which in
turn decays to several particles after a finite life time, producing a tertiary vertex
making the kinematics of the decay even more complex. As a result, a full recon-
struction of the B hadron is impossible with a high efficiency and more inclusive
methods need to be used. The SecVtx algorithm, described in Section 5.3, selects
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tracks with a large impact parameter and reconstructs a secondary vertex out of
these tracks. The up side is to be relatively insensitive to the particular B decay
involved. The down side is that D hadrons cannot be distinguished from B hadrons.
Although D hadrons have a shorter life time and decay with lower track multiplicity
than B hadrons, they are tagged with a relatively high efficiency as well. Thus
the SecVtx algorithm is actually a “heavy flavor tagger.” In the rest of this docu-
ment, the terms of “b-tagging” and “heavy flavor tagging” are used depending on
the context.

This chapter consists of the following contents: Section 5.2 describes the event-
by-event primary vertex algorithm. Section 5.3 describes the details of the SecVtx
algorithm. In Section 5.4, the method used to define the track is discussed. The
performance of the SecVtx algorithm is shown in Section 5.5. Section IV of [48]
should be referred for a detailed discussion of the SecVtx algorithm.

5.2 Event-by-Event Primary Vertex Finding

In order to provide the initial z location of the interaction, the z vertex (described
in Section 4.1) of the identified electron or muon is used [49]. The position of the
primary vertex is then determined by fitting together the tracks within a +1 cm
window in z around this vertex. The procedure starts by fitting a vertex using all
tracks within the z window and with impact parameter significance (relative to the
average beam position) |dy/o4,| < 3, where o4, includes the uncertainty on both
the track and the beam position. The transverse profile of the beam at the z of
the initial vertex estimate is also used as a constraint in the fit. A pruning stage
removes tracks which contribute x? > 10 to the fit (or the track with the largest x?
contribution if the total fit reduced chi-squared per degree of freedom x?/ng > 5,
where ngy is the degree of freedom). After the initial pruning, the fit is repeated using
only the remaining tracks until a vertex with no tracks over the y? cut is found. If
no tracks survive the pruning stage, then the beam profile is used for the primary
vertex position estimate.

5.3 The SecVtx Algorithm

Secondary vertex b-tagging operates on a per-jet basis, where only tracks within
the jet cone of radius AR = 0.4 are considered for each jet in the event. A set
of cuts involving the transverse momentum, the number of silicon hits attached to
the tracks, the quality of those hits and the x?/ng of the track fit are applied to
reject poorly reconstructed tracks. The details of this track selection are described
in the next section. Clearly, only jets with at least two of these tracks can produce
a displaced vertex; a jet is defined as “taggable,” if the jet contains two selected
tracks. Displaced tracks within the jet are selected based on the significance of their
impact parameter dy/o4, with respect to the primary vertex and are used as input
to the SecVtx algorithm. SecVtx uses a two-pass approach to find the secondary
vertices:
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e Pass 1:
The first pass requires at least three tracks with pr > 0.5 GeV/cand |dy/0q4,| >
2.0, out of which it attempts to reconstruct a secondary vertex. At least one
of the tracks in the fitted secondary vertex must have py > 1.0 GeV/c.

e Pass 2:
If the first pass is unsuccessful, the SecVtx algorithm performs a second pass
which makes tighter track requirements (pr > 1.0 GeV/c and |dy/og4,| > 2.5
with one track of pr > 1.5 GeV/¢), but requires only two displaced tracks to
be found in the jet, and attempts to reconstruct a two track vertex.

Once a secondary vertex is found in a jet, the two dimensional decay length
L,y is calculated as the projection onto the jet axis, in the r x ¢ plane only, of
the secondary vertex vector pointing from the primary vertex to the secondary
vertex. The sign of L, is defined relatively to the jet direction, specifically by the
angle o between the jet axis and the secondary vertex vector (positive for o < 90°,
negative for o > 90°). Figure 5.1 shows a schematic view of a positive tag (left)
and a negative tag (right). Secondary vertices corresponding to the decay of B

Jet Axis .
Jet Axis

Secondary Vertex

Secondary Vertex Primary Vertex

Primary Vertex

Figure 5.1: Schematic view of a positive (left) and negative (right) SecVtx tag.

and D hadrons are expected to have large positive L,,, while the secondary vertices
from random mismeasured tracks are expected to be less displaced from the primary
vertex and to give a symmetric Lg, distribution w.r.t. the primary vertex. To reduce
the background from the false secondary vertices, a secondary vertex is required to
have L,y /or,, > 7.5 (positive tag) or Ly, /o1, < —7.5 (negative tag), where o,
is the total estimated uncertainty on L,, including the errors on the primary and
secondary vertices. Additionally, in order to reject secondary vertices due to material
interaction [50], we converged on not allowing any vertices with exactly two Pass 1
tracks where the vertex is found between 1.2 and 2.5 cm with respect to the center of
the SVX!. All vertices with a radius greater than 2.5 cm with respect to the center

'Some care must be taken since the CDF origin is taken to be the center of the COT which
is not the origin of the SVX (the SVX center is shifted approximately (z,y) = (—1 mm, +1 mm)
with respect to the COT origin).
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of the SVX are vetoed.

The negative tags are useful for evaluating the rate of false positive tags (“mistags”),
since the L,, distribution of fake tags is expected to be symmetric. Section 6.2 pro-
vides more details about the mistags. Figure 5.2 shows a vertex display of an actual
data event.

2? CDF Run Il Preliminary

MET 61.3 GeV

Figure 5.2: Vertex display of a W + 2jets candidate event with two SecVtx positive
tags (run 166063, event 279746). Only tracks within a jet cone and passing the
selection are shown. Prompt tracks, a muon track and tracks of the final secondary
vertex fit are shown in solid black, solid blue and solid red. The Fr direction is also
shown in a green arrow.

5.4 Track Selection

The vast majority of reconstructed tracks are prompt, meaning that they emanate
from the primary interaction point whose location is estimated by the reconstructed
primary vertex. Tracks that are displaced from the interaction point can be:

e misreconstructed tracks (mostly due to multiple scattering in the material),

e secondary particles produced by nuclear interactions in the detector material,

e the decay product of long life time particles (B and D hadrons, but also strange
particles, mostly K2 and A).

We are interested in selecting tracks coming from the decay of a heavy flavor hadron
as much as possible. Decays from K2 and A are removed explicitly by reconstructing
the invariant mass of pairs of tracks. Nuclear interactions are often produced far
away from the beam in the detector and at large angle: an upper bound on the
impact parameter |dy| < 1.5 mm removes the majority — but not all — of them.
The track selection aims at reducing the fraction of misreconstructed tracks, the
selection being described in the previous selection. Such tracks tend to have a lower
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X’ <1 [1,3); [3,6); [6,12), [12,25); > 25
# of hits >2,3;4;5

# of good hits >2;3;4

# of missing hits > 0; 1; 2; 3

Table 5.1: Bins used to define the track classes. For tracks with 3 hits, the hit
pattern (i.e. what layers the hits are on) is also considered.

momentum, a larger fit x2, fewer attached hits in the silicon detector, or hits of
poorer quality than tracks coming from the decay of B or D hadrons. Tracks are
selected based on these criteria. As a first baseline selection, only tracks satisfying
the following selection are considered further:

e The track must be within the jet cone:

AR = \/(ntrack — Njet)? + (Ptrack — Pjer)? < 0.4,

pr > 500 MeV/c,
|do| < 0.15 cm,

|ZO - Zprimary vertex| < 2.0 cm,

Not compatible with a K2 or A decay.

In order to measure the purity of the tracks as a function of the selection cuts, a
control sample made of generic QCD jet events is used. Such a sample is expected
to contain few heavy flavor jets so that, to first order, one can assume that all real,
well-reconstructed tracks are prompt, while misreconstructed tracks and tracks due
to material effect are likely to have a large impact parameter. Thus “real tracks”
(signal) are defined as tracks with an impact parameter significance |dy/o4,| < 4.0;
while fake tracks (background) are defined by |dy/0g4,| > 4.0. The purity of the track
sample is then studied depending on the following variables:

e Track fit x? (normalized to the number of degrees of freedom),
e The number of SVX silicon ¢ (axial) hits,

e The number of missing SVX axial hits. Missing hits are identified by extrap-
olating the track in active modules of the silicon detector where one would
expect to find a hit attached to the track, but does not find any,

e The number of good silicon hits. A good hit is required not to contain any
defective strip, to be made of at most five strips, and not to be shared with

any other track satisfying the baseline selection mentioned above.

A large number of classes of tracks is defined according to bins shown in Table 5.1.
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5.5 The SecVtx b-Tagging Performance

A precise understanding of the b-tagging algorithm performance is necessary. The
CDF collaboration measures the efficiency to identify a b quark jet (“b-tagging ef-
ficiency”) using t¢ MC sample. However, since we do not have the same b-tagging
efficiency for MC as data yet, the ratio of the b-tagging efficiency (gata/emc =
0.909 + 0.060) which is estimated from b semileptonic decay using jet samples is
applied as the correction factor [51, 52, 53]. Figure 5.3 shows the b-tagging efficien-
cies as functions of jet Ep and 7. Although we just use the tight SecVtx tagger,
the b-tagging efficiency for loose tagger is also shown [54]. The bands represent the
systematic error on the £qa1,/201c scale factors. The decrease in efficiency at high-Er
jet is due to worse resolution of the secondary vertex w.r.t. the jet axis.

SecVix Tag Efficiency for Top b-Jets SecVix Tag Efficiency for Top b-Jets
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Figure 5.3: The b-tagging efficiency to tag b quark jets in t¢ MC samples which have
been matched to b quarks, using both the "tight” and ”loose” tunes of the SecVtx
tagger as functions of jet Er (left) and n (right). The bands represent the systematic
error on the e4,1a/emc scale factors.

Figure 5.4 shows the mistag rate for jets resulting from light quark/gluon frag-
mentation. These have been measured from inclusive jet data. The mistag rate is
very low.

SecVitx Mistag Rates SecVix Mistag Rates

o
=}
>

Loose SecVitx

Loose SecVix

mistag rate
o
o
o
T
mistag rate
o
o 5 9
o n o
N [$)] [o5)
T

0.03 0.015 |
Tight SecVix F
0.02 - 0.01 - Tight SecVtx
0.01 ; : 2
Only jets with n|<1 0.005 ¢ Only jets with E;>50 GeV

oS RPN IO I EIIN RPN I R S I I B B B B .

20 40 60 80 100 120 140 160 180 00 02 04 06 08 1 12 14 16 18 2

jet E; (GeV) jetn

Figure 5.4: The mistag rate for jets resulting from light quark/gluon fragmentation
as functions of jet Er (left) and n (right). These have been measured from inclusive
jet data.
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Chapter 6

Background Estimation

Several non-W H processes are present in the W + jets sample, even though we have
optimized the event selection to isolate the W H signal (Chapter 7). Here is a list
of the backgrounds, whose contribution needs to be evaluated in order to search for
the W H production.

e W +light flavor/gluon jets: the production of the W boson in association with
multiple light flavor /gluon jets is a background that is greatly reduced by the
use of the SecVtx b quark jet identification; however, events where a light
flavor/gluon jet is mistagged remain as an important source of background.

e W + heavy flavor jets: the production of the W boson in association with
heavy flavor jets is an irreducible source of background.

e non-W (lepton fake): jet events faking the W boson leptonic decay signature
can fall into the W + jets event.

e 7Y + jets and Z° + heavy flavor: if one of the legs of the Z° boson leptonic
decay is undetected, such events can fall into the W H event selection. These
backgrounds, though the contributions are small, are evaluated together with
the W + light flavor/gluon/heavy flavor jets.

e Other low rate electroweak processes with heavy flavor, such as diboson and
single top productions also contribute to the background.

The estimation of each background is described in this chapter.

6.1 Non-W Background

Jet events can fake the W boson signature in several ways: the lepton can be faked by
a hadron, or can come from a semileptonic decay of a heavy flavor hadron. The event
with the faked W boson signature is referred to as a “non-W.” Similarly, the large
Fr can be due to a detector mismeasurement or the neutrino from the semileptonic
decay. Finally, the b tag can be due to an actual heavy flavor jet or a mistag!. Such

!The mistag is described in Section 6.2
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mismeasurements are difficult to reproduce in the simulation, since the heavy flavor
content in such events is not well predicted. One must rely on the data to evaluate
this source of background [55, 56]. Since the W/Z° + heavy flavor backgrounds are
calculated by normalizing the inclusive cross sections to the number of W + jets
events before b-tagging, it is necessary to understand the non-WW contamination in
the pretag sample as well as in the tagged sample. More detailed discussion is found
in Appendix A.

6.1.1 Pretag Non-W Background

Generally, non-W events produce non-isolated leptons and low Fr, so that the re-
gions with poor isolation (large I) and low £ in the lepton sample are composed
mostly by the non-W events. These regions are used to extrapolate the expected
non-W contribution in the signal region (good isolation (small I) and large Er).
The lepton data sample is divided into the following four regions:

e Region A: [ > 0.2 and fr < 15 GeV,
e Region B: I < 0.1 and Fir < 15 GeV,
e Region C: I > 0.2 and r > 20 GeV,
e Region D: I < 0.1 and fr > 20 GeV,

where Region D is the W boson signal region. The main assumption of the method
is to consider that isolation and F are uncorrelated for non-W events, so that the
ratio of non-W events with I > 0.2 and I < 0.1 in the low Fr region is the same as
in the high £7 region. Then the number of non-W events in the signal region D is
given by
Np X NC
Ny 7
where Nx denotes the number of events in Region X. The non-W background is cal-
culated separately for the electron and muon channels and for each jet multiplicity.

non—W __
Ny =

(6.1)

6.1.2 Tagged Non-W Background

Two methods are employed and combined to estimate the number of non-W events
in the b-tagged “W 4 jets” sample.

One method evaluates the b-tagging rate of non-W events in the signal sideband
region, and applies this rate to the pretag non-W estimate in the signal region
D. Although the heavy flavor content of the non-W events is not well known (in
particular, the presence of a real lepton enhances the heavy flavor content in non-W
events), the b-tagging rate in Region B is used as an estimate of the b-tagging rate
in the signal region D (Region B rate method). In order to reduce the statistical
uncertainty, the b-tagging rate per taggable jet is measured and it is applied to the
number of taggable jets in the signal region D.
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Another method (tagged method) regards the isolation distribution of leptons in
the tagged events in the low r region as an unbiased isolation distribution of the
non-W events. This isolation distribution can then be used to estimate the number
of non-W events in high f7. With the limited statistics in the present data sample,
this method is applied in the two isolation bins (I < 0.1 and I > 0.1), effectively
applying Equation 6.1 to the tagged event sample, where the upper isolation cut is
lowered from 0.2 to 0.1 in order to gain statistics in the control regions. For the
same reason, the Ng/N, ratios are also measured for two jet bins (W + 1jet and
W+ > 2jets samples).

6.1.3 Systematic Uncertainty

In order to validate the method and estimate the systematic uncertainty associ-
ated with the background estimation, we divide 1 and isolation into the following
sideband regions:

e Region A : 1 > 0.2 and Fr < 15 GeV,
e Region E: 0.1 <1< 0.2 and fr < 15 GeV,
e Region C : I > 0.2 and £ > 20 GeV,
e Region F : 0.1 <1 <0.2 and Fr > 20 GeV,
e Region A”: I > 0.1 and fr < 10 GeV,
e Region A’ : [ > 0.1 and 10 < Fr < 20 GeV,
e Region B”: I < 0.1 and iy < 10 GeV,

e Region B’ : I < 0.1 and 10 < < 20 GeV.

We calculate the ratios, G = (Ng-N¢)/(Na-Np) and G’ = (Np»-Na:)/(Na» - Np-) for
both pretag and b-tagged samples, shown in Table 6.1. Here Region F is the isolation
sideband and (Ng - N¢)/Na is the estimation in Region F as described in Section
6.1.1. Region B’ is the  sideband and (Np» - Nas)/Na» is also the estimation in
this region. If the extrapolations from isolation or Fr sideband regions are valid,
then the fractions G and G’ should be equal to 1. Any deviation from unity will be
assigned as a part of systematic uncertainty. For both pretag and tagged samples,
the methods seem to valid at a 25% level.

6.1.4 Summary of Non-W Background

Table 6.2 and Table 6.3 show the estimated number of b-tagged non-W events from
the Region B rate method and the tagged method. A systematic uncertainty of 25%
is attached. Both background estimations are weight averaged, as shown in Table
6.4.
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Pretag Tagged
Electron Muon Electron Muon
G:Region F (0.1 < I < 0.2 and £ > 20 GeV)

W +1jet 1.00+0.03 0.63+0.03 0.9=£0.1 0.7+0.2
W + 2jets 0.844+0.06 0.74+0.1 1.0£0.2 0.8+0.3
G":Region B’ (I < 0.1 and 10 < 7 < 20 GeV)

W +1jet 1.05+0.01 0.76 £0.02 1.05+0.08 0.82+0.12
W 4+ 2jets 0.77+£0.02 0.65+0.04 0.794+0.12 0.724+0.20

Table 6.1: The ratio of extrapolated and observed non-W backgrounds in Regions
F and B’ for pretag and b-tagged event samples.

Jet Multiplicity ljet 2jets 3jets > 4jets
electron channel 23.7+6.0 10.6+2.8 2.7+0.8 1.0£0.3
muon channel 6.6+1.3 38409 16+04 0.7+0.2

Table 6.2: The estimated number of b-tagged non-W events (Region B rate method).

Jet Multiplicity 1jet 2jets 3jets > 4jets
electron channel 3744+99 17.7+5.0 42+15 1.74+0.7
muon channel 550+13 34+£1.1 23+£07 1.24+0.5

Table 6.3: The estimated number of b-tagged non-W events (tagged method).

Jet Multiplicity 1jet 2jets 3jets > 4jets
electron channel 27.3+5.1 123+25 3.0£0.7 1.14+0.3
muon channel 6.0+1.2 38+08 1.8+04 0.84+0.2

Table 6.4: The estimated number of b-tagged non-WW events (average).
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Jet Multiplicity 1jet 2jets 3jets > 4jets
Mistags 98.0+79 393+3.1 12.1+1.2 59+0.8

Table 6.5: The estimated number of mistag background contribution.

6.2 W+Light Flavor/Gluon Jets (Mistags)

A light flavor /gluon jet that ends up being positively b-tagged by SecVtx is referred
to as a “mistag.” Mistag background events are W + jets events where the tagged
jet does not result from the decay of a heavy flavor hadron. Mistags are caused
mostly by random overlap of tracks which are displaced from the primary vertex
due to tracking errors. There are some contributions from K2 and A° decays and
nuclear interactions with the detector material (the beam pipe or the inner silicon
layers). Since the MC fails in describing them properly, these effects are measured
directly from jet data samples without relying on the detector simulation.

Because the SecVtx algorithm is symmetric in its treatment of dy and L, sig-
nificance, the mistags should occur at the same rate for L,, > 0 and L., < 0.
Therefore, a good estimate of the positive mistag rate due to resolution effect can
be obtained from the negative tag rate [57]. The samples of jet triggers are used to
measure the rate of negative tags for taggable jets. The mistag rate is parametrized
as a function of four jet variables — Er, track multiplicity, 7 and ¢ — and one event
variable Y E7p, the scalar summed Er of all jets with Ep > 10 GeV and || < 2.4.
These parametrized rates are used to obtain the probability that a given jet will be
negatively tagged.

In estimating the mistag background, each jet in the pretag sample is weighted
with its mistag rate. The sum of the weights over all jets in the sample is then
scaled down to account for the fraction of pretag events which are due to non-W
background. The low mistag rate per jet means that negligible number of events
has multiple mistagged jets; the number of mistagged jets is well approximated to
the number of events with (at least) one mistagged jet. This method is tested to
predict the negative SecVtx tagged events in the lepton + jets sample. As compared
in Figure 6.1 as a function of the jet multiplicity, there is a fair agreement in the
shape and the normalization between the prediction and observation.

For the estimation of the number of fake positive tags, a correction factor of
1.27£0.13 is applied to account for additional mistags of light flavor/gluon jets due
to material interactions and long lived light quark hadrons [50]. The results for the
mistag estimate are shown in Table 6.5. The error includes statistical uncertainties
from the pretag sample, and takes into account the small effect of correlation between
mistag weights that come from the same bin in the mistag matrix. In addition, there
is a 8% systematic uncertainty accounting for the sample dependence of the mistag
rate parametrization [52].
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Figure 6.1: Comparison of observed and predicted negative SecVtx tags as a function
of jet multiplicity in the lepton + jets data sample. (a)electron channel, (b)muon
channel.

6.3 W+Heavy Flavor Jets (W + bb, W 4+ cé and
W + ¢)

Heavy flavor production in association with a vector boson (e.g. W + bb, W +
cc, W + ¢) contributes significantly to the W H background in the b-tagged W +
jets sample, even though W + light flavor/gluon jets production dominates in the
pretag sample. Several MC generators are capable of performing matrix element
calculations for W/Z° + jets production, even to high jet multiplicity, but these
generators use leading-order calculations. As a result, the overall normalization
of these contributions has a large theoretical uncertainty. However, the relative
contributions of the various diagrams are rather well-defined. Thus a matrix element
MC program is used to estimate the relative fraction of W +heavy flavor production,
but the overall normalization of the W 4+ jets production is measured from the data.
Combining the two results gives an estimate of the W + heavy flavor signal.

The new event generator ALPGEN [35] is used in this study. The ALPGEN calcu-
lates exact matrix elements at leading order for a large set of parton level processes
in QCD and electroweak interactions, taking into account all heavy quark masses,
spins and color flows. Table 6.6 shows the heavy flavor fractions evaluated using
the ALPGEN [59]. The numbers of W + bb, W + c¢ and W + ¢ events are given by
multiplying the heavy flavor fractions by the pretag event count, after subtracting
the QCD background. Estimates of the b-tagged background are then obtained by
multiplying the SecVtx tagging efficiencies summarized in Table 6.6. The SecVtx
tagging efficiencies include the scale factor (£qata/emc = 0.909 £ 0.060), which cor-
rects the b-tagging efficiency differences between data and MC [51, 52, 53].
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Jet Multiplicity 1jet 2jets 3jets > 4jets
W + heavy flavor fractions (%)

W + bb (1b) 1.0£03 14404 20£05 22+0.6
W + bb (2b) 14404 204+£05 26£0.7
W + ¢ (1c) 1.6+04 24406 34409 3.6+1.0
W + ¢ (2¢) 1.8405 27407 37+1.0

W+c 43409 60+£13 63+13 6.1+1.3

SecVtx b-tagging efficiencies (%)
W +bb (16, > 1 tag) 26.8+2.0 27.8+22 29.3+25 24.2+3.3

W+ bb (2b, > 1 tag) 486+32 50.0+3.8 50.3+£4.9
W+ bb (2b, > 2 tags) 901+14 95+15 81+14
W+ce (le, >1tag) 62+09 67+10 61+1.1 7.7+1.9
W+ cc (2¢, > 1 tag) 123419 11.6+20 10.1+2.3
W + ce (2¢, > 2 tags) 05402 04401 08+04

W +c (> 1 tag) 5.8+09 6.1£09 71+£12 56+1.6

Table 6.6: Ratio of W +heavy flavor production to total W + jets production for dif-
ferent jet multiplicities. The SecVtx event tagging efficiencies include the b-tagging
scale factor of 0.909 + 0.060. The samples of W + bb and W + c¢ are further di-
vided into two classes based on the number of heavy flavor jets (Er > 15 GeV and
In| < 2.4) inside the detector.

Jet Multiplicity ljet 2jets 3jets > 4djets
W +bb 99.3+34.2 54.0+18.4 10.5+3.5 1.6+0.7
W +ce 376 £13.0 195+66 424+14 0.74+0.3
W+e 83.2+20.9 168+43 22406 03+0.1

Table 6.7: The estimated W + heavy flavor background contributions.

The tt cross section group [58] in the CDF collaboration found, by fitting the
entire jet multiplicity distribution, that the data are most compatible with W +
heavy flavor background; the distribution is 15 + 11% higher than the predicted
contributions. No rescaling of any other background is favored. Obviously we cannot
use this number blindly because it fits our signal region, namely the W + 2jets bin.
Of all the jet multiplicity bins, the W + 1jet bin has the most statistical power to
contribute to the fit. We fit to derive an independent a single heavy flavor rescaling
factor using that W+ 1jet bin. Our fitted rescaling value is 1.2+0.2, consistent with
what the top group found. However once this fit has been performed, the W + 1jet
bin is no longer an independent control region for the background estimate. The
results are shown in Table 6.7.
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Process Cross Section (pb)

WHWw- 12.4 £0.80
wZz° 3.96 £ 0.06
AVA: 1.58 £0.02

t (my = 173.5 GeV/c?) 8.6+1.3
single top (s-channel) 0.88 £+ 0.05
single top (¢-channel) 1.98 £0.08
70 — rrr 254.9 £ 5.6

Table 6.8: The theoretical and measured cross sections used to estimate the MC
derived background contributions.

6.4 Other Backgrounds (tt, single top, W W,
WZ°% Z°Z° and Z° — 77717)

A number of backgrounds are too small to be measured from data, thus the simu-
lation is used to predict their contribution to the sample. The diboson production
processes WHW =, WZ° and Z°Z° in association with jets, can mimic the WH
signal, when one boson decays leptonically and the other hadronically. The process
Z% — 7777, in association with jets, can mimic the signal, when one 7 decays lep-
tonically and the other decays hadronically. The ¢ quark decays into W boson and
b quark, where W™ boson decays leptonically or hadronically. As the result, ¢t and
single top (s-channel ¢¢ annihilation and t-channel W-gluon fusion) processes can
also mimic the signal.

MC samples are used to measure the acceptance and b-tagging efficiency. The
MC acceptances are corrected for the lepton identification and trigger efficiencies
as described in Chapter 7. The b-tagging efficiency is also scaled by the factor of
0.909 + 0.060, described in Section 5.5. The normalization is based on the measured
integrated luminosity and the theoretical (single top, WTW =, WZ° and Z°Z°) and
measured (tf and Z° — 7777) cross sections, shown in Table 6.8 [60, 61, 62, 63, 64].

6.5 Summary of Background Estimation

Figure 6.2 and Table 6.9 summarize the number of observed W + b-tagged events
along with the estimated background events. The number of observed W + b-tagged
events in W + 1jet and W+ > 3jets are used to constrain the W 4 heavy flavor and
tt backgrounds.
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Figure 6.2: The number of observed W + positive tagged events and the background
summary as a function of jet multiplicity. The integrated luminosities are 318.5 pb~*
for CEM and CMUP, and 305.2 pb~! for CMX.

Background W + ljet W +2jets W + 3jets W+ > 4jets

Events before tagging 26218 3910 602 160

Mistags 98.0£7.9 393+£31 121412 59+08

W + bb 99.3+£34.2 54.0+184 105+£35 1.6£0.7

W +ce 376 £13.0 1954+6.6 42+14 0.7+0.3

W+ec 83.2+209 16.8+43 22+0.6 0.3+0.1

Diboson/Z% — 777~ 3.7+ 0.9 50+ 1.1 1.54+0.5 0.3+0.1

non-W 34.3+£6.3 16.5+3.2 48+£1.0 1.9+04

single top 3.4+0.7 9.6 + 2.0 20405 0.4+0.1

tt 1.3+£0.2 14.6+25 356+6.0 56.2+9.5

Total Background 360.7£52.7 175.2+£26.3 728 4+87 67.1+£99
Observed W + positive tags 362 187 75 62

Table 6.9: The number of observed W + positive tagged events and the background
summary for an integrated luminosity of 318.5 pb~! for CEM and CMUP, and 305.2
pb~! for CMX.
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Chapter 7

Search for the Higgs Boson
Decaying into bb and Produced in
Association with W Boson

This chapter describes a search for the Higgs boson decaying into bb and produced
in association with W boson using 319 pb~! dataset. The search starts from event
selection optimization for jet Fr selection criteria, described in Section 7.1. Section
7.2 describes the reconstructed dijet mass distribution, the mass width, the mass
deviation and the mass resolution for the Higgs boson. Section 7.3 describes the dijet
mass and W transverse mass shapes for the non-W background. After validation
of kinematic distributions (Section 7.4), we discuss the validation of the dijet mass
shape using W+ > 3jets bin in Section 7.5. Finally we search for a dijet invariant
mass resonance from the Higgs boson in the reconstructed dijet mass distribution
after b-tagging and discuss the validation of the dijet mass shape in W + 2jets bin
(Section 7.6).

7.1 Event Selection Optimization

The 1st and 2nd leading jet E7 selection criteria are studied in order to maximize
the search sensitivity. We vary the cuts from 15 GeV to 50 GeV using a WH MC
sample and the same background estimation methods as described in Chapter 6. We
evaluate the significance for each set of cuts. The significance is defined as S/ VB,
where S and B are the numbers of signal and background events in a mass window,
which is within £1.50,¢. of the reconstructed Higgs boson mass, where the o,e. shows
the width of the dijet mass fit by Gaussian. Figure 7.1 shows the significance as a
function of the jet Er selection criteria. Since the significance is not sensitive to the
1st leading jet Er and jet Ep > 15 GeV selection criteria are well studied in the
CDF collaboration [58], we require the 1st leading jet Ep > 15 GeV and the 2nd
leading jet Ep > 15 GeV.
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Figure 7.1: The significance as a function of 1st and 2nd leading jet Er selection
criteria. The significance is not sensitive to the 1st leading jet Er. (a)my =
110 GeV/c?, (b)ymg = 115 GeV/c?, (¢)my = 120 GeV/c?, (d)my = 130 GeV/c?,
(e)my = 140 GeV/c?, (f)my = 150 GeV /2.
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7.2 Dijet Mass Distribution for the Higgs Boson

Since the Higgs boson decays into two b quark jets, it is important to understand the
reconstructed dijet mass distribution for the Higgs boson. Figure 7.2 shows the jet
multiplicity distribution after event selections using W H MC sample of myg = 115
GeV/c?. The W +2jets signature contains most of the signal events. We reconstruct
the Higgs boson mass from two jets in W + 2jets bin. Figure 7.3 shows the dijet
mass distributions. The dijet mass distributions have the low mass tails which
originate from events with b semileptonic decay and events with the gluon jets!.
We fit the distributions with Gaussians in 20, mass regions. Then we define the
mass deviation and the mass resolution as (Mmyec — Mgen)/Mgen AN Orec/Myec, Where
Mrec and Mygen denote the Gaussian central value and Higgs mass we set in PYTHIA.
Figure 7.4 shows the central value and width of Gaussian fit, the mass deviation and
the mass resolution. Figures 7.5 to 7.9 show the kinematic distributions for lepton
Er, Br, W transverse mass, 1st leading jet E7 and 2nd leading jet Er in the tagged
samples, respectively, where my = 115 GeV/c? is assumed.

7.3 Dijet Mass and W Transverse Mass Shapes
for Non-W Background

Since there is no reliable MC simulation for non-W background, we have to obtain
predictions for this background directly from data. We have a reasonable method to
estimate the number of non-W background in the signal region, but characterizing
kinematic distributions of non-W background in the signal region (I < 0.1 and
Fr > 20 GeV) may be difficult; the shape from one of the sidebands and the shape of
events with the electron identified as one of photon conversion pair may be different.
We have compared the shapes of dijet mass and W transverse mass in the Regions
C, A’ and B’ along with a dedicated sample of conversions in signal region. In
Figure 7.10, the electron + 2jets sample is used for the dijet mass shapes in Regions
C, A’ and B, where the upper isolation cut is lowered from 0.2 to 0.1 for Region
C. The dijet mass shapes are quite similar, but there seems to be some bias on the
W transverse mass due to different isolation and Fr requirements and additional
photon conversion requirement. In particular, the isolation cut, I > 0.1, selects
a large number of events with the W* transverse mass near 0 GeV/c?, where the
non-isolated electron and F vector are in the same jet. For this reason, the Region
B’ (Fr sideband region) seems a better choice for kinematic modeling of the signal
region. This approach is confirmed from the comparisons of the predicted dijet mass
distribution with the distribution from pretag data events. Figure 7.11 shows the
comparison with the x? test and Kolmogorov-Smirnov test (see Appendix B). The
Region B’ shape represents a quantitatively better agreement with data. We note
that the W transverse mass prediction is biased low in the Fr sideband region we
used, but that the region does describe better the dijet mass distribution; the Higgs

!The gluon jets originate from initial and final state radiation.
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Figure 7.2: The jet multiplicity distribution after event selections using WH MC
samples. (a)my = 110 GeV/c?, (b)ymyg = 115 GeV/c?, (¢)my = 120 GeV/c?,
(d)mg =130 GeV/c?, (e)my = 140 GeV/c?, (f)myg = 150 GeV/c®. The W + 2jets
signature contains most of the signal events.

72



CDF Run Il Preliminary

2 « Indf 58.19/11 2 +° Indf 64.03/12 5 % Indf 1159/12
(a) my =110 GeV/c (b) m, =115 GeV/c (c) m, =120 GeV/c
Constant 8406+ 13.36 Constant 83151 1292 Constant 839.2+13.06
09 e ssassozser | 0% wen 102650217 | 0900 Wen 107202537
> > >
[ Sigma 17.35+0.2346 [ Sigma 18.07+0.2204 [ Sigma 1859+ 0.2484
Og00 G800 Ogoo
©v ©v v
7] N7 %]
2700 £700 2700
o [ 3
ir & &
600 600) 600)
500} 500 500
400) 400 400
300 300 300]
200 200] 200|
100| 100] 100|
o N N N N 2 - N N
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
m 2 m 2. .. 2
Dijet Mass (GeV/c") Dijet Mass (GeV/c") Dijet Mass (GeV/c")
2 «% I ndt 1128/13 2 «% I ndt 97.41/14 2 «% Indf 96.18/15
(d) m, =130 GeV/c (e) my, =140 GeV/c (f) my, = 150 GeV/c
Constant 8238 12.47 Constant 815.4% 1191 Constant 7608+ 11.18
En < En
o Mean 115+ 02617 o Mean 123.4+0.2656 ©800 Mean 1321+ 0.2878
> = 800, S
© 800 sigma 19.83+0.2558 [ sigma 20.91+0.2536 [ sigma 22,63+ 0.2849
0] 0] 0]
© 0. 0700
700 =700 =
2 2 2
c c c
5] 5] @ 600)
3 600) 769 g
o0 500 500
200 200 400
300 300 300
200 200 200|
100 100| 100|
ol N ol " N N
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
m 2 m 2. .. 2
Dijet Mass (GeV/c") Dijet Mass (GeV/c") Dijet Mass (GeV/c™)

Figure 7.3: The reconstructed dijet mass distributions for the Higgs boson using
WH MC samples in W + 2jets bin. (a)mg = 110 GeV/c?, (b)mpyg = 115 GeV/c?,
(c)mg = 120 GeV/c?, (d)mg = 130 GeV/c?, (e)my = 140 GeV/c?, (f)myg = 150
GeV/c%.

boson search relies on not the W transverse mass distribution but the dijet mass
distribution.
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Figure 7.4: The Gaussian central value and width, the mass deviation and the
mass resolution. (a)Gaussian central value, (b)Gaussian width, (c¢)mass deviation,

(d)mass resolution.
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Figure 7.5: The lepton Er distributions for the W H tagged sample, where mpy = 115
GeV/c? is assumed. (a)electron channel, (b)muon channel, (c¢)electron + muon
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Figure 7.6: The F7 distributions for the WH tagged sample, where my = 115
GeV/c? is assumed. (a)electron channel, (b)muon channel, (c¢)electron + muon
channel.
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Figure 7.7: The W transverse mass distributions for the W H tagged sample, where
mg = 115 GeV/c? is assumed. (a)electron channel, (b)muon channel, (c)electron +
muon channel.
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7.4 Validation of Kinematic Distributions

Before proceeding to the Higgs boson search, we validate some of basic kinematic
distributions using a large control sample of W + 2jets and b-tagged W + 1jet in both
data and MC samples. This is to insure our search for new physics in any samples
with limited statistics, such as in the b-tagged W + 2jets sample we are using in
this analysis. We have compared the kinematic distributions for pretag and tagged
samples. Figures 7.12 to 7.25 show the kinematic distributions for lepton Er, B, W
transverse mass, 1st leading jet E7 and 2nd leading jet Ep in the W + 2jets pretag
and tagged samples, and in the W + 1jet tagged sample, respectively?. The data
seem to be well described by the MC, except in some of the distributions for the
W + 2jets tagged sample, where statistical significance is limited.
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Figure 7.12: The lepton Ep distributions for W + 2jets pretag sample. (a)electron
channel, (b)muon channel, (c)electron + muon channel.

7.5 Dijet Mass Shape

To understand the dijet mass resolution, we compare the observed dijet mass dis-
tribution with the expected dijet mass distribution. This is required to extract the
limit on the Higgs boson production, if there is no significant dijet invariant mass
resonance from the Higgs boson.

2Fr > 20 GeV and I > 0.1 region is utilized for the Fr distribution.
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Figure 7.13: The [ distributions for W + 2jets pretag sample. (a)electron channel,
(b)muon channel, (c)electron + muon channel.

We checked the dijet invariant mass distribution of the two leading jets in the
b-tagged W+ > 3 jets events where ¢t contribution dominates. Figure 7.26 exhibits
a good agreement between data and expectation, which gives us a confidence in the
validity of the simulation and background modeling.

We have also compared the pretag dijet mass distribution with the expectation
from the various backgrounds, which is shown in Figure 7.11 (Left). The agreement
between the data and MC is reasonable again.

7.6 Dijet Mass Distribution

We perform a direct search for a resonant mass peak in the reconstructed dijet
invariant mass distribution. Figure 7.27 shows the dijet mass distribution after
requiring at least one b-tagged jet in W 4 2jet sample. There seems to be an
excess of events between 40 and 120 GeV/c?, but it is not statistically significant.
Figure 7.28 shows the ratio of the numbers of events between data and background
expectation as a function of the dijet mass for the pretag and tagged samples. The
errors include statistical errors only from the data sample. The ratios are consistent
to be unity, fluctuating around 1.
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Figure 7.14: The W transverse mass distributions for W + 2jets pretag sample.
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.
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Figure 7.16: The 2nd leading jet Er distributions for W + 2jets pretag sample.
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.
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Figure 7.17: The lepton Er distributions for W + 2jets tagged sample. (a)electron
channel, (b)muon channel, (c)electron + muon channel.
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Figure 7.18: The Fr distributions for W + 2jets tagged sample. (a)electron channel,
(b)muon channel, (c)electron + muon channel.
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Figure 7.19: The W transverse mass distributions for W + 2jets tagged sample.
(a)electron channel, (b)muon channel, (c)electron + muon channel.
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Figure 7.20: The 1st leading jet Er distributions for W + 2jets tagged sample.
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.
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Figure 7.21: The 2nd leading jet Ep distributions for W + 2jets tagged sample.
(a)electron channel, (b)muon channel, (c)electron + muon channel.
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Figure 7.22: The lepton Er distributions for W + 1jet tagged sample. (a)electron
channel, (b)muon channel, (c)electron + muon channel.
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Figure 7.23: The Fr distributions for W + 1jet tagged sample. (a)electron channel,
(b)muon channel, (c)electron + muon channel.
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Figure 7.24: The W transverse mass distributions for W + 1jet tagged sample.
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.
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Figure 7.25: The 1st leading jet Er distributions for W + 1ljet tagged sample.
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.
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Figure 7.26: The invariant mass of the two leading jets in the b-tagged W+ > 3jets
sample from data and expected backgrounds.
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Figure 7.27: The dijet mass distribution in the data along with background samples.
The Higgs boson mass distribution is scaled up by a factor of 10, where the Higgs
boson mass is assumed to be 115 GeV/c%.
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sample.
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Chapter 8

Upper Limit on the Cross Section

This chapter describes the final results of the Higgs boson search and methods used
in obtaining the results. In the absence of a significant excess in the observed data
w.r.t. the predicted background in the dijet invariant mass distribution as described
in Chapter 7, a 95% confidence level upper limit can be placed on the production
cross section times branching ratio decaying into bb, o(pp — W H) x Br(H — bb),
as a function of the Higgs boson mass.

8.1 Procedure for Setting Limit

To set the upper limits on o(pp — WH) x Br(H — bb) at a 95% confidence level
(C.L.), where o(pp — WH) and Br(H — bb) denote the production cross section
of pp — WH'" and the branching ratio of H — bb, a binned maximum likelihood
method is used with the contents of the bins treated with Poisson statistics [65].
The probability associated with i-th bin is

P;(ni, pi) = o (8.1)

where n; is the number of events observed in i-th bin, p; is the number of events
(signal + background) expected in the i-th bin. Then the likelihood function is
defined as the total probability, which is the product of the individual probabilities:

Bie (8.2)

where N is the total number of bins. The 95% C.L. upper limit (cys) is calculated

by .
/0 ) L(a)do
W. (8.3)

Lo(pp — W H) means the sum of o(pp - WTH) and o(pp - W~ H).

0.95 =
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We note that in the limit of infinite statistics, the likelihood function becomes a
Gaussian as a consequence of the central limit theorem. In this case, Equation 8.2

becomes equivalent to

82

57
where s is the number of standard deviations. For 95% C.L., one finds s = 1.96.
The corresponding limit value then follows

In Lipax — In L = 1.92. (8.5)

InL =1In Ly — (8.4)

Figure 8.1 shows the logarithm of a likelihood function compared to the likelihood
function itself. This illustrates the two different methods which can be used to derive
the 95% C.L. on the parameter «o. Generally, both methods of maximum likelihood
and likelihood integration yield the same limits. However, we use likelihood inte-
gration for setting the 95% C.L. upper limit.

The systematic uncertainty, Ac, must be incorporated into the likelihood func-
tion. We convolute the systematic uncertainty into the likelihood function by smear-
ing each point of L by a Gaussian distribution centered at that point with width
Ao

(a—a')?/2Aa"?

[ee] e*
Lomear(@) = ) (o7 P— P 8.6
() / @) s (8.6)

8.2 Signal Acceptance

The expected number of signal events, Ny g_ 45, 1S calculated from the following
equation: B
Nw b = Ewn s £ 0(pp — WH) - Br(H — bb), (8.7)

where ey 5005 and L are the signal acceptance and the luminosity. The acceptance
is split into various efficiencies and correction factors as follows:

MC § : ’
EWH—tvbb — €20 * Etrig SWH—)Z’V()E . ( BT‘(W — 0 V)) * Slepton (88)

l':&u,’f

where ¢, is the efficiency of the |z| < 60 cm cut, ey, is the trigger efficiency for
identifying a single high-py lepton, and )¢ - 'is the fraction of WH — ('vbb
(¢' = e, pu,7) MC events which pass all the selection cuts including the reconstruc-
tion efficiency, as well as the efficiencies of the kinematic cuts and of the b-tagging
algorithm. Br(W — ('v) and sjepion are the branching ratio of W — ¢'v and a factor
that corrects for the lepton identification efficiency difference between data and MC.
Samples of PYTHIA W H — ¢'vbb MC with the Higgs boson masses of my = 110,
115, 120, 130, 140 and 150 GeV/c? are used to estimate ey, .. Table 8.1 and
Figure 8.2 show the definition of event selection numbers and the selection efficiency
for my = 115 GeV/c? using the W H — ¢'vbb MC sample in the W + 2jets bin.
The MC acceptance is corrected for the b-tagging efficiency, and other three

efficiencies using data and MC:
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Figure 8.1: The logarithm of a likelihood function (top) compared to the likelihood
function itself (bottom), illustrating the two different methods which can be used
to derive the 95% C.L. on the parameter a.
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Selection Number

Event Selection

1

O~ O U = W N

9
10
11
12
13
14
15
16

Initial (After good run requirement)
Trigger Requirement
Lepton ID

Lepton Isolation
Conversion or Cosmic Veto
|20 — Zlepton| < 5.0 cm
Isolated Track Veto
Dilepton Veto

Z° Veto

ET > 20 GeV

Extra Jet Veto

EX* > 15 GeV (No effect)
At Least One Taggable Jet
At Least One Tagged Jet
Single Tag

Double Tags

Table 8.1: The definition of event selection numbers.

The b-tagging efficiency is corrected for the b-tagging scale factor of €gata/Emc =

0.909 + 0.060 [51, 52, 53] by randomly keeping only 90.9% of all the tags, and

The efficiency of the 2z, cut is measured from data: £,, = 0.951 £ 0.003 [66].

The trigger efficiency ey, is measured from each independent trigger. It is

different for each type of lepton: g™ = 0.962 & 0.007 [67], £31"" = 0.908 +

[
discarding the others.
[ J
[ J
trig
0.005 and 6%\;”( = 0.965 £ 0.004 [68].
[ J

with a PYTHIA Z° sample, and found to be s¢EM = 0.996+0.052

lepton

0.822 4 0.048 and stMX = 0.976 + 0.050 [68].

lepton

Systematic uncertainties on the acceptance are:

e Lepton isolation:

The scale factor Siepton is evaluated by comparing a data sample of 70 events

[69], Siepion =

The scale factor siepton is evaluated in a Z 0 sample with little jet activity, while
this analysis uses two jets events, so that leptons tend to be less isolated in
this analysis. The statistically limited Z° + jet sample is used to check the
isolation dependence on Sjepton and a 5% systematic uncertainty is assigned

[70].

e Jet energy scale:

Based on the single jet energy uncertainty, the jet energies in the WH MC
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samples are shifted by +10. The difference from the nominal acceptance is
taken as the systematic uncertainty (3%).

e Secondary vertex b-tagging:
Based on the b-tagging scale factor uncertainty as described in Section 5.5, the
scale factor in the W H MC sample is shifted by +10. The difference from the
nominal acceptance is taken as the systematic uncertainty (5%).

e Initial and final state radiation (ISR and FSR):
In PYTHIA, the parameters related to ISR and FSR are varied by half and
double of PYTHIA default values. The difference from the nominal acceptance
is taken as the systematic uncertainty (3% and 7%).

e Parton distribution function (PDF) [36, 71]:

The uncertainty in the distribution of the proton (antiproton) momentum
among its constituent partons affects the momentum of the W H system. In
the CTEQ parametrization, PDF's are described by 20 independent eigenvec-
tors. In next to the leading order (NLO) version of PDFs, CTEQ6M, a 90%
confidence interval is provided for each eigenvector. Using the +90% value
of each eigenvector, we compute a new acceptance by reweighting our default
CTEQSL pyTHIA W H sample. We add in quadrature the differences between
the weighted acceptances for the 20 eigenvectors w.r.t. the weighted accep-
tance from the nominal CTEQ6M. The difference between the leading order
CTEQSL and the next to leading order CTEQ6M PDFs, as well as the uncer-
tainty on a; (QCD coupling constant) are added in quadrature, resulting in a
total uncertainty of 1%.

e Jet energy smearing:
The studies of v + jet balancing indicate that the jet energy resolution in
PYTHIA is better than in the data. We have estimated the difference in the
acceptance after smearing the jet energy in MC with additional 10% of jet
energy resolution. The difference is small about 1% for the uncertainty.

e Soft jet modeling:
Although we used extra jet veto in the offline event selections, described in
Section 4.6.2, the soft jet may not be simulated well in MC. We have used the
inclusive W + 0jet and W + 1jet data and MC samples to estimate the soft Er
jet rejection factors. Figure 8.3 shows the soft Er jet selection efficiencies. We
take the difference (1%) as the systematic uncertainty for soft jet modeling.

Table 8.2 summarizes the systematic uncertainties. Figure 8.4 shows the overall
acceptance including all systematic effects as a function of my.
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source uncertainty (%)
Lepton ID )
Trigger <1
PDF
ISR
FSR
Jet energy scale
Secondary vertex tag
Jet energy smearing
Soft jet modeling
Total 11

== Ot W] W

Table 8.2: Systematic uncertainties on the signal acceptance.
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Figure 8.4: The overall WH — Whb acceptance with overall systematic uncertainty
(11%) as a function of my.
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8.3 A 95% Confidence Level Limit on the Higgs
Boson Production

In the absence of a significant excess in the observed data w.r.t. the predicted
background in the dijet invariant mass distribution, a 95% C.L. upper limit can
be placed on the production cross section times branching ratio decaying into bb,
o(pp — WH) x Br(H — bb), as a function of the Higgs boson mass.

We assume the dijet mass distribution in the data consists of QCD (mistags,
W + bb, W + c¢, W + ¢ and diboson), TOP (¢t and single top) and W H events. A
binned maximum likelihood technique, described in Section 8.1, is used to estimate
the number of W H signal events by constraining the number of QCD and TOP
events to the expectation within the statistical and systematic uncertainties. The
expected number of events (u) in each mass bin is

1= fqep - Noep + frop - Nrop + fwr - (ewmww - £-0(pp — WH) - Br(H — bb)),

where fqep, frop and fyg are the expected fraction of events in a given mass
bin predicted by MC. Nqgcp and Nrop are the expected number of QCD and TOP
events, respectively.

The corresponding likelihood is

Ni | o=t

L= H % X G(NQCD,O'NQCD) X G(NTOP,O'NTOP),
i=bin v
where N; is the observed number of events from W 42jets sample and G is a Gaussian
constraint on the estimates of QCD and TOP background events. Then we fit the
dijet mass distribution with this likelihood function. Figure 8.5 and Figure 8.6 show
the —In £ and likelihood distributions as a function of the cross section. Figure 8.7
shows the 95% C.L. upper limits as a function of myg with the expected limits from
pseudo-experiments which are described in Section 8.4 [14, 15]. Table 8.3 shows the
cross section fit values with errors and the upper limits. Since there is some events
remaining in the region from 40 to 120 GeV/c?, the measurement gives a worse limit
than the expectation. However, it is consistent with the expected limits. Although
we have improved the limit compared to Run 1, the sensitivity of the present search
is limited by statistics. The observed limit is approximately one or two orders of
magnitude higher than the predicted cross section for Standard Model Higgs boson
production.

8.4 Pseudo-Experiments

The pseudo-experiment is a mock numeric test. Since we have the number of ex-
pected backgrounds and the signal acceptances for the b-tagged W + 2jets events,
we can simulate the number of observed events and also the 95% C.L. upper lim-
its on the W H production cross section. To validate the measured upper limits,
we have made pseudo-experiments to check whether the measured upper limits are
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Figure 8.5: The —In £ distributions as a function of the cross section for the dijet
mass fit.
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Figure 8.6: The likelihood distributions as a function of the cross section for the
dijet mass fit.
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a function of the Higgs boson mass. Also shown are the theoretical cross section
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my Fit Value (pb) Upper Limit (pb)

110 48720 10.0
115 3.7753 8.6
120 2.6153 7.2
130 0.4120 4.9
140 0.057 3.5
150 0.070% 2.8

Table 8.3: The fit values with errors and the 95% C.L. upper limits.

reasonable by checking the statistical fluctuations expected from the background
expectations and the signal acceptances. We make 1000 pseudo-experiments by
fluctuating the background and the acceptance by Gaussians. Figure 8.8 shows the
95% C.L. upper limit distributions from the pseudo-experiments. In the figure, the
“prob.” means probability to measure the upper limit from data. The measured
upper limits from pseudo-experiments are consistent with the observed limits.

8.5 Double b-Tagging as an Cross Check

We have examined the double b-tagging requirements to check the excess of events
between 40 and 120 GeV/c*:

e > 1 tag (At least one b-tagging method),
e > 2 tags (Double b-tagging method).

We require one of the jets to be tagged by SecVtx and the second jet to be also tagged
by SecVtx. Table 8.4 and Figure 8.9 show the observed and estimated number of
events as a function of jet multiplicity. Figure 8.10 shows the reconstructed dijet
mass distributions. The observed number of events and dijet mass distribution are
consistent with the estimated number of events and dijet mass distribution.

At first, we compare the significances between at least one b-tagging method and
double b-tagging method. Figure 8.11 shows the significance (S/ \/E) comparison as
a function of my. Table 8.5 shows the numbers of signal and background for my =
115 GeV/c?. The double tags method does not seem to improve the significance.

Table 8.6 and Figure 8.12 show the signal acceptance, and Figure 8.13 shows the
95% C.L. upper limits as a function of my for double tags. The double b-tagging
method does not improve the upper limits over at least one b-tagging method.

8.6 Other Direct Standard Model Higgs Boson
Searches at Tevatron

The CDF and D@ collaborations are actively searching for the Higgs boson by
making use of a variety of search channels. Figure 8.14 shows the compilation
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Figure 8.8: Comparison of observed limits with the expected limits from pseudo-
experiments. The red line shows the measured upper limits. (a)my = 110 GeV/c?,
(b)ymg = 115 GeV/c?, (c)myg = 120 GeV/c?, (d)my = 130 GeV/c?, (e)my = 140
GeV/c?, (fymg = 150 GeV/c?. The lines show the measured upper limits. In figure,
the “prob.” means probability to measure the upper limit from data.
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Background W + 2jets W 4+ 3jets W+ > 4jets

Mistags 1.03+0.11 0.41+£0.06 0.21 £0.03

W + bb 8.04+£296 1324047 0.254+0.12

W +cc 0.41+0.15 0.0840.03 0.024+0.01

non-W 0.38+0.13 0.314+0.11 0.12+0.04

Diboson/Z°% — 7777 0.344+0.06 0.10+£0.03  0.0240.00

single top 1.30+0.30 0.43+0.12 0.09 £0.04

tt 3.12+0.54 8314145 1598 4+2.78

Total Background 14.62 £3.25 10.96 +1.68 16.69 + 2.84
Observed positive tags 14 12 19

Table 8.4: The number of observed double positive tagged events and the background
summary for an integrated luminosity of 318.5 pb~! for CEM and CMUP and 305.2
pb~! for CMX.

CDF Run Il Preliminary (319 pb™) CDF Run Il Preliminary (319 pb™)

%) 0 soF
— —
= c Double tags (SecVtx-SecVtx)
() —e— Data (3]
Li N Lﬁ —e— Data
‘\\\\\\\\\i I:l Wlight flavors 50 |:| WH+light flavors
300 \\\\\\\\\\\\\\\ I:l Wheavy flavors I:l W*+heavy flavors
I:l Diboson and Z°>t't 40 I:l Diboson and Z°—t't
250F I:l non-w [ non-w*
200 ] or 30} [ mor
§§§§ Background Error Background Error
150} 20l
100 AN
00—
50
0 1 1 f T 0 1 I
1 2 3 24 1 2 3 >4

Jet Multiplicity Jet Multiplicity

Figure 8.9: The observed and estimated number of events for (Left)at least one
b-tagging method, (Right)double b-tagging method. The left plot is the same as
Figure 6.2.

Methods Signal Background
At least one b-tagging  0.53 62.8
Double b-tagging 0.12 5.07

Table 8.5: The numbers of signal and background in 1.50 mass window for mpy = 115
GeV/c%.

101



~N N
o o 6L
~ ~
%_, 50} W+2jets (> 1 b-tag) % W+2jets (2 b-tags)
(D —e— Data O 5 —e— Data
8 |:| W+light flavors 8 L |:| W+light flavors
~ 40} |:| W+heavy flavors -~ |:| W-+heavy flavors
2] [ Top 2 4 [ Top
QC_, O wzew'w 2°2° and Z°—tt g O wzew'w z°2° and 2°>r'e
Li 30 I:l non-W Lﬁ D non-W
VAN Background Error 3+ -e- Background Error
| I v+ 10 (m,, = 115 GeVic?) I \WHx 10 (m,, = 115 GeVic?)
20 FH Mean = 102.5 + 0.2 GeV/c? Mean = 104.5+ 0.4 GeV/c’
Width = 18.0+ 0.2 GeV/c? 2r T Width = 15.4+ 0.4 GeV/c’
¥’Indf = 18.58 / 14 ¥Indf = 1.461/5
KS Test = 0.59 KS Test = 0.97
10 1l T
0 I + 1 1 0 I 1 1
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
.. 2, .. 2
Dijet Mass (GeV/c") Dijet Mass (GeV/c")

Figure 8.10: The dijet mass distributions for (Left)at least one b-tagging method,
(Right)double b-tagging method. The left plot is the same as Figure 7.27.
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Figure 8.11: Significance as a function of Higgs mass for the selection with at least
one b-tagging or with double b-tagging.
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Methods Acceptance (%)
At least one b-tagging 1.51
Double b-tagging 0.34

Table 8.6: The signal acceptance for mpg = 115 GeV/c?.
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Figure 8.12: The total W*H — Wbb acceptance as a function of the Higgs boson
mass for (Left)at least one b-tagging method, (Right)double b-tagging method. The
left plot is the same as Figure 8.4.
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as a function of the Higgs boson mass for double b-tagged events. Also shown
are the theoretical cross section (black triangles) for Standard Model Higgs boson
production in association with a W boson, and the expected limit results from
pseudo-experiments (blue region).
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Figure 8.14: The current Higgs boson search results at Tevatron.

for the 95% C.L. upper limits on the production cross section. For CDF results,
WH — (vbb (319 pb™') [72], Z°H — visbb (289 pb~!) [73], H — WHW~ (184
pb™!) [74] and WH — WWTW~ (194 pb™') [75] are shown. For DO results,
WH — evbb (382 pb!) [76], Z°H — wvwbb (261 pb~!) [77], H — WTW~ (325
pb~! for e*e v channel, 318 pb~! for e*uFviv channel and 299 pb~! for u*p v
channel) [78] and WH — WW W~ (384 pb~! for e*e*vv channel, 368 pb~' for
e*pFvv channel and 363 pb~! for y*u*vv channel) [79] are shown.

8.7 Future Prospect

The Tevatron Higgs Sensitivity Working group estimated the search potential for
the Higgs boson in 2000 [80] and 2003 [81]. The studies focus on a number of
important improvements including the detectors, b-tagging, dijet mass resolution,
and the advanced analysis technique such as a neural network. Figure 8.15 shows
the Higgs boson search sensitivity as functions of the Higgs boson mass and the
integrated luminosity, where the curves shown are obtained by combining the ¢vbb,
vibb and (¢~ bb channels in the low mass region (90 < mpy < 130 GeV/c?), and the
(*(*jjvv and €70 v channels in the high mass region (130 < my < 200 GeV/c?).
The understanding of the Higgs boson sensitivity will improve over time, as we get
more data, with a better understood detector and more clever ideas. Finding the
Higgs boson at the Tevatron will be challenging. With 5 fb~!, if the Higgs boson
does exist, the Tevatron expects to exclude the Standard Model Higgs boson up
to 130 GeV/c? at 95% C.L. or have 30 evidence for the Higgs boson up to 115
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Chapter 9

Conclusion

We have conducted a search for WH — (vbb in 1.96-TeV pp collisions using the
CDF detector. The data were collected from February 2002 to August 2004. The
corresponding integrated luminosity is 319 pb~!. We have exploited the b-tagged
W 4+ 2jets events to carry out a search for the Higgs boson decaying into bb and
produced in association with a W boson. We observed 187 events, which agreed
with the Standard Model background expectation of 175.2 + 26.3 events, and there
was no significant resonance corresponding to the Higgs boson in the reconstructed
dijet invariant mass distribution. As a result, we set a 95% C.L. upper limit on the
production cross section times branching ratio decaying into bb as a function of the
Higgs boson mass. The results are listed in Table 9.1 for at least one b-tagging and
double b-tagging methods. The sensitivity of the present search is limited by small
statistics to one or two orders of magnitude higher than the predicted cross sections.
In the next few years, the Tevatron Collider is still in a unique position to search
for the dynamics responsible for electroweak symmetry breaking. We will be able
to either see some glimmer of new physics or constrain the Standard Model at an
unprecedented level, by using several ten times of data as much as the current data.

o(pp — WH) x Br(H — bb) (pb)
my (GeV/c?) At least one b-tagging Double b-tagging

110 10.0 9.7
115 8.6 8.8
120 7.2 8.3
130 4.9 7.1
140 3.5 6.7
150 2.8 6.6

Table 9.1: The 95% C.L. upper limits for at least one b-tagging and double b-tagging
methods.
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Appendix A
Non-W Background

In Section 6.1 and Section 7.3, we estimate the number of events for the non-W
background and discuss the dijet invariant mass shapes. However, it would be
desirable to understand better the predictions for some specific processes using MC
events, such as bb, v + jets, W — 7v and Z° — ptpu~.

A.1 bb

We have investigated the lepton isolation I versus P distributions in large bb MC
samples used for the b-tagging scale factor measurement [51, 52, 53], where the
2 — 2 process is generated and one lepton with pr > 8 GeV is required at the
generator level. The sample is equivalent to a total integrated luminosity of ~ 170
pb~!. There is no evidence of any bias on the b-tagging rate versus I and f'r, shown
in Figure A.1, which assures the use of sidebands to extrapolate to the signal region
[55].

We have also checked the I versus J/; method for these bb events and 7° — e*e
events with 1 and 2jets, shown in Table A.1, where the 7 cut is lowered to 15 GeV
in order to improve the statistics in the signal region. Within the statistics, the
I versus 'y method seems to work for both bb and fake electrons from 7° decay.
Figure A.2 shows the corresponding dijet and W transverse mass distributions for
events passing the standard selection.

A.2 ~+Jets

One of the non-W backgrounds in the electron channel is from v+ jets events where
the v converts into a ete™ pair. Since the v is likely to be isolated, there is some
concern that the I versus K method may not work for this particular process.
We looked at the v + jets MC events made by the v + jets group; this dataset
corresponds to about 187 pb~'. The photon is required to have pr above 22 GeV/c
at the generator level. After the standard selection, we found 31 pretag events and
2 tagged events in W + jets. These give 53.6 events and 3.5 events expected in the
pretag and tagged sample for 319 pb~! data, which is about 2% of the total sample.
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Figure A.1: The b-tagging rates in bb decays as functions of (a)f and (b)lepton
isolation.
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Figure A.2: The dijet and W transverse mass distributions from bb and fake (7° de-
cays) samples after the standard selection. (Top)W transverse mass, (Bottom)dijet
mass, (Left)electron channel, (Right)muon channel.
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Pretag Tagged
Regions e (bb) e (m°) w (bb) e (bb) 1 (D)
A (I > 0.2 and Fr < 15 GeV) 6636 1668 4348 678 491
B (I <0.1andFr <15 GeV) | 1683 1448 410 124 23
C(I>02andfr>15GeV) | 819 155 503 116 54
D (I <0.1andBr>15GeV)| 153 152 34 21 3
G=(Ng No)/(Na-Np) | 14202 09+01 1.4+03|1.0+£03 08=05

Table A.1: The ratio of predicted and observed non-W background in “signal” region
for bb and “fake” (electrons from 7° decay) samples.

Ratio
Np/Ng  0.103 + 0.006
Nc/Nay  0.112 4+ 0.023

Table A.2: The ratio of the number of events between Region D (C) and Region B
(A) for v + jets sample.

Figure A.3 shows some kinematic distributions from the pretag v + jets sample.
Furthermore, we have checked the I versus f7 method using the electron + 1jet
events, where the 7 cut is lowered to 15 GeV in order to improve the statistics.
Table A.2 shows the ratio of the number of events between Region D (C) and Region
B (A). It gives a consistent prediction of non-W events in the signal region. As the
results, we confirm that the v + jets events contribute little to the overall sample.

A3 W(— tv)+Jets and Z°(— ptpu~)+Jets

There is also some concern that W(— 7v) + jets and Z°(— ptp™) + jets events
may have very different kinematic distributions from other events, once they pass
the standard event selections. In order to see their kinematic distributions indepen-
dently, we have estimated their contribution in the signal region using MC events.
The expected relative contribution to the total sample is about 4.5% for W — v
and about 2% for Z° — utp~. Figure A.4 shows the dijet mass and W trans-
verse mass distributions in these two physics processes for comparison. The effect
of different shape is discussed in Appendix A.4.
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Figure A.3: Some kinematic distributions for pretag -~ + jets events.
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A.4 Dijet Mass and W Transverse Mass Distri-

butions

After checking carefully each source of non-W events, we do not find anything
significantly wrong in our treatment of non-W background. Figure A.5 shows the
comparison of the W transverse mass distributions from data, the expected nominal
shape and the alternative shape that includes W — 7v and Z° — uu~ properly.
The distributions are normalized to the same number of data events. The alternative
shape seems to describe the data slightly better in the low W transverse region
than the shape we previously used; however, the effect is not significant taking into
account the limited data statistics.
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Figure A.5: The comparison of W transverse mass in data and expected shape (see
text). (a)electron channel, (b)muon channel, (c)electron + muon channel.
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Figure A.6 shows the comparison of the dijet mass distributions. The alternative
shape is in good agreement with others, and the effect is not significant again.
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Figure A.6: The comparison of dijet mass in data and expected shape (see text).
(a)electron channel, (b)muon channel, (c¢)electron + muon channel.

A.5 A Cross Check with Additional Cut on Non-

w

As a cross check, we have repeated the analysis using an additional cut to reduce
the non-1W background [82]. The cut requires in addition 0.5 < A¢ < 2.6 between
the leading jet and Fr directions for events with £ < 30 GeV. This cut, developed



Backgrounds w/o Ag w/ A¢
Events before tagging 3910 3378
Mistags 39.3+3.1 35.1+2.9
W + bb 04.04+ 184 48.6 £16.5
W +cc 19.5+6.6 17.5+6.0
W+ec 16.8 +4.3 15.1+3.9
Diboson/Z% — 7+~ 2.0+ 1.1 46+ 1.0
non-W 16.5 4+ 3.2 9.9+ 2.0
tt 14.14+2.5 14.0+24
single top 9.6 £2.0 9.1+1.9
Total 1747+ 26.3 153.8 + 23.6

Observed tags

187

168

Table A.3: The comparison of the backgrounds and observed number of tags with

and without A¢ cut.

in the top group for the cross section measurement, reduces the signal efficiency
about 5% and the non-W background by 50%. Since the non-W background is a
small part of the total tagged background, the cut does not improve the search limit
judged based on pseudo-experiment studies. However, it is interesting to check the
robustness of our results against such a cut. Figure A.7 shows very similar dijet
mass distributions with and without additional A¢ cut. The comparisons of data
and expected background events are shown in Table A.3. The numbers of events
are consistent with the observed events for both methods.
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Figure A.7: The comparisons of dijet mass distribution from data and expected
background with (left) and without (right) the A¢ cut. The left plot is the same as

Figure 7.27.
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Appendix B

Kolmogorov-Smirnov Test

The Kolmogorov-Smirnov Test (or KS Test for short) [83] is often applied to see if
two distributions are different; that is, to see if we can disprove the null hypothesis
that they are drawn from the same population distribution function.

In the KS Test the two distributions to be compared are first converted into two
cumulative probability distributions. Different distribution functions give different
cumulative probability distributions. They all agree at the end points, however,
That is, at the smallest value of x every cumulative distribution is zero; and at the
largest value of x it is always unity. In other words, it is the behavior between these
two end points that distinguishes distributions. What makes the KS Test ideal for
comparing (low statistics) empirical distributions and theoretical curves is that it is
applicable to unbinned distributions.

The Kolmogorov-Smirnov distance D is a simple statistic to measure the overall
difference between two cumulative distributions: It is defined as the maximum value
of the absolute difference between two cumulative distributions. Thus, for comparing
one dataset to a known distribution, KS statistic is

D= max |Sy(z)— P(x)|, (B.1)

—oo<r<+00

where Sy (z) and P(z) denote the cumulative probability distribution of the dataset
and that of the known distribution.

The value D is essentially a random variable but its distribution, when used in
the context of null hypothesis, has been well studied. For large N, Kolmogorov
found the limit distribution:

Qrs(\) =2 Z(—l)i—le—%w, (B.2)

where A = VvV ND. Given )\, this function returns the probability that the two
distributions are compatible. In practice, N = 10 ~ 20 is large enough.

119






Bibliography

1]

[10]
[11]
[12]
[13]
[14]

S. L. Glashow, Nucl. Phys. 20, 579 (1961);
S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

F. Abe et al., Phys. Rev. Lett. 74, 2626 (1995).
K. Kodama et al., Phys. Lett. B 504, 218 (2001).

P. W. Higgs, Phys. Rev. Lett. 12, 132 (1964);
P. W. Higgs, Phys. Rev. 145, 1156 (1996).

ALEPH, DELPHI, L3 and OPAL Collaborations and the LEP Working Group
for Higgs Boson Searches, Phys. Lett. B 565, 61 (2003).

ALEPH, DELPHI, L3 and OPAL Collaborations, the LEP Electroweak
Working Group and the SLD Electroweak and Heavy Flavor Groups,
arXiv:hep-ex/0312023,;

The LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG/.

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1976).

The Gargamelle Neutrino Collaboration, F. J. Hasert et al., Phys. Lett. B 46,
138 (1973).

G. Arnison et al., Phys. Lett. B 122, 103 (1983);
G. Arnison et al., Phys. Lett. B 126, 398 (1983).

S. Eidelman et al., Phys. Lett. B 592, 1 (2004).

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
Michael Spira and Peter M. Zerwas, CERN-TH /97-379.

S. Dawson, BNL-HET-99/1.

D. Acosta et al., Submitted to Phys. Rev. Lett., FERMILAB-PUB-05-042-E.

[15] V. M. Abazov, Phys. Rev. Lett. 94, 091802 (2005).

[16] The CDF Collaboration, FERMILAB-Pub-96/390-E.

[17]

C. S. Hill, Nucl. Instrum. Methods A530, 1 (2004).

121



(18] A. Sill, Nucl. Instrum. Methods A447, 1 (2000).

[19] A. Affolder et al., Nucl. Instrum. Methods A453, 84 (2000).
[20] T. Affolder et al., Nucl. Instrum. Methods A526, 249 (2004).
[21] L. Balka et al., Nucl. Instrum. Methods A267, 272 (1988).

[22] S. Bertolucci et al., Nucl. Instrum. Methods A267, 301 (1988).
(23] M. Albrow et al., Nucl. Instrum. Methods A431, 101 (1999).
[24] M. Albrow et al., Nucl. Instrum. Methods A480, 524 (2002).
[25] Pawel de Barbaro, FERMILAB-CONF-98/057-E.

[26] G. Apollinari et al., Nucl. Instrum. Methods A267, 301 (1988).
[27] G. Apollinari et al., Nucl. Instrum. Methods A412, 515 (1998).
(28] A. Artikov et al., Submitted to Nucl. Instrum. Methods.

[29] D. Acosta et al., Nucl. Instrum. Methods A461, 540 (2001).
[30] P. D. B. Collins, Cambridge University Press (1977).

[31] S. Klimenko et al., Fermilab-FN-0741.

[32] T. Sjostrand et al., Comp. Phys. Commun. 135, 238 (2001).
[33] G. Marchesini and B. Webber, Nucl. Phys. B 310, 461 (1998).
34] G. Corcella et al., JHEP 0101, 010 (2001).

[35] M. Mangano, M. Moretti, F. Piccinini, R. Pittau and A. Polosa, JHEP 07,
001 (2003).

[36] J. Pumplin et al., JHEP 0207, 012 (2002).
[37] P. Avery, K. Read and G. Trahern (1985), unpublished.

[38] R. Brun and F. Carminati, CERN Programing Library Long Writeup W5013
(1993).

[39] G. Grindhammer, M. Rudowicz and S. Peters, Nucl. Instrum. Methods A290,
469 (1990).

[40] T. Affolder et al., Nucl. Instrum. Methods A526, 249 (2004).

[41] Chris Hays, Peter Tamburello, Ashutosh Kotwal, Peter Wittich and Rick
Snider,
CDF/DOC/TRACKING /CDFR/6992.

122



[42] C. Chen, I. Cho, C. Hays, M. Herndon, J. Kraus, J. Kroll, T. Miao, P. Murat,
R. OldeMan and J.C Yun,
CDF/PHYS/BOTTOM/CDFR/6394.

[43] K. Bloom and W.M. Yao,
CDF/DOC/TRACKING /CDFR /5991.

[44] TOP GROUP,
CDF/ANAL/TOP/CDFR/2966.

[45] F. Abe et al., Phys. Rev. D 50, 2966 (1994).
[46] F. Abe et al., Phys. Rev. Lett. 68, 1104 (1992).

[47] Anwar Bhatti and Florencia Canelli,
CDF/PUB/JET/PUBLIC/7543.

[48] D. Acosta et al., arXiv:hep-ex/0410041.

[49] Kevin Burkett and Jodo Guimaraes da Costa,
CDF/DOC/SEC_VTX/CDFR/6430.

[50] Daniel Sherman, Sal Rappoccio, and Joao Guimaraes da Costa,
CDF/ANAL/SEC_VTX/CDFR/7585.

[51] P. Lujan, H. Bachacou, J. Nielsen, W. Yao and T. Wright,
CDF/DOC/SEC_VTX/CDFR,/7343.

[52] A. Holloway, D. Sherman, S. Rappoccio, and J. Guimaraes da Costa, S. Grin-
stein,

CDF/PHYS/SEC_VTX/CDFR,/7445.

(53] H. Bachacou, P. Lujan, J. Nielsen, W.Yao, A. Holloway, D. Sherman, S. Rap-
poccio, J. Guimaraes da Costa, S. Grinstein, T. Wright and S. Levy,
CDF/DOC/SEC_VTX/CDFR,/7480.

[54] Christopher Neu, Daniel Jeans, Joao Guimaraes, Stan Lai, Stephen Levy,
Oscar Gonzalez, Salvatore Rappoccio, Tom Wright and Weiming Yao,
CDF/DOC/SEC_VTX/CDFR/7578.

[55] H. Bachacou, J. Nielsen and W. Yao,
CDF/DOC/TOP/CDFR /6569.

[56] Yoshio Ishizawa, Jason Nielsen and Weiming Yao,
CDF/ANAL/EXOTIC/CDFR/7677.

[57] Joao Guimaraes da Costa and Salvatore Rappoccio,
CDF/PUB/SEC_VTX/PUBLIC/7326.

123



[58]

[59]

[60]
[61]
[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

Andrew Foland, Melissa Franklin, Joao Guimaraes da Costa, Salvatore Rap-
poccio and Daniel Sherman,
CDF/PHYS/TOP/CDFR/7536.

H. Bachacou, C. Ferretti, J. Nielsen and W. Yao,
CDF/ANAL/TOP/CDFR/7007.

J. M. Campbell and R. K. Ellis, Phys. Rev. D 65, 113007 (2002).
D. Acsta, et, al., Phys. Rev. Lett. 94, 091803 (2005).

M. Cacciari, S. Frixione, M. Mangano, P. Nason and G. Ridolfi, arXiv:hep-
ph/0303085.

B. W. H. Laenen, L. Phaf, Z. Sullivan and S. Weinzierl, Phys. Rev. D 66,
054024 (2002).

T. Stelzer, Z. Sullivan and S. Willenbrock, Phys. Rev. D 56, 5919 (2002).

Philip R. Bevington and D. Keith Robinson, A Division of The McGraw-Hill
Companies, Data Reduction and Error Analysis For The Physical Sciences.

W. K. Sakumoto,
CDF/ANAL/ELECTROWEAK/CDFR/7324.

Yoshio Ishizawa and Jason Nielsen,
CDF/DOC/ELECTRON/CDFR/7401.

Victoria Martin,
CDF/DOC/MUON/7367.

C. Hill, J. Incandela, and C. Mills,
CDF/DOC/ELECTRON/CDFR/7309.

H. Bachacou, M. McFarlane and W. Yao,
CDF/ANAL/TOP/CDFR/7682.

Oscar Gonzalez and Carsten Rott,
CDF/PHYS/EXOTIC/CDFR/7051.

Y. Ishizawa, J. Nielsen and W. Yao,
CDF/PUB/EXOTIC/PUBLIC/7740.

Viktor Veszpremi, Daniela Bortoletto, Art Garfinkel, Oscar Gonzalez and
Carsten Rott,
CDF/ANAL/EXOTIC/CDFR/7719.

Sunny S. Chuang, D. Carlsmith, S. Cabrera, M. Kruse, D. McGivern and D.
Waters,
CDF/DOC/EXOTIC/CDFR/6958.

124



[75] Hirokazu Kobayashi, Kazuhiro Yamamoto and Yoshihiro Seiya,
CDF/PUB/EXOTIC/PUBLIC/7307.

[76] The DO Collaboration, DOnote4896-CONF.

[77] The DO Collaboration, DOnote4774-CONF.

(78] The DO Collaboration, DOnote4760-CONF.

[79] The DO Collaboration, DOnote4861-CONF-v0.3.

[80] M. Carena et al., arXiv:hep-ph/0010338.

[81] The CDF and D@ Collaborations, FERMILAB-PUB-03/320-E.

[82] D. Acosta et al., Submitted to Phys. Rev. D, arXiv:hep-ex/0504053.

[83] Brian P. Flannery, Saul A. Teukolsky, and William T. Vetterling, W. H. Press,
Numerical Recipes C: The Art of Scientific Computing.

125



