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Abstract

We searched for Standard Model Higgs boson decayinglité *), where one of thél” bosons
decays leptonically and the other hadronically. We usédb~! of data collected with the CDF
detector in Tevatron Run Il. We composed a likelihood dmeanant using kinematic variables in
order to maximize the signal/background separation. Wegtr limits on Higgs boson produc-
tion cross section for Higgs boson masses betwi&erand200 GeV /c2. The results range from
5.69 (my = 170 GeV/c?) to 52.5 (my = 150 GeV/c?) times the Standard Model values at
95 % confidence level.
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Chapter 1

Introduction

Searches for the Higgs boson are one of the most interesiinjgas of the Tevatron Run Il pro-
gram. For searches for a high mass Higgs bogon» H — WV *) has the largest production
rate and is considered as the most promising search chanmeldilepton final state, where both
W bosons decay leptonicallyg — H — WW®*) — [ulv), gives a clean search sample and we
already have a state of art analysis on this channel [1].

In this thesis, we explore the semi-leptonic final state whoere of thd1’s decays leptonically
while the other decays hadronically( — H — WW®) — [vjj). This semi-leptonic channel
has a branching fraction about six times larger than theptite channel. On the other hand, it
suffers from a large background of W production associatgd @QCD jets.

We compose a likelihood discriminant from several kinemaériables in order to maximize
our signal/background separation.

In this study, we usé.6 fb~! of data collected from February 2002 through May 20009.

1.1 The Standard Model

The Standard Model is a quantum field theory that is compo$esiig3) and SU(2) x U(1)
gauge symmetry groups.

Gauge theory describes particle interaction. Electrowetdraction is the unified interaction
of the Electromagnetic and weak interactionSI/(2) x U(1) gauge symmetry describes the
electroweak interaction. The electromagnetic interacsatisfies strictly the gauge symmetry.
Then photon is a massless particle. The strong interactiggenerated by color charge which
is quantum number related to quarks. the strong interadaiisfies strictly theSU (3) gauge
symmetry (QCD : quantum chromodynamics [2, 3]).

The Standard Model take a stand on that fundamental paniekss is essentially zero. The
chiral invariance gives a theoretical base to that fermiwhich constitute matter, is massless
particle. On the other hand, gauge invariance gives thieatdiase to that gauge boson mass is
zero. These symmetries are broken spontaneously, thearfardal particle mass is generated. It
is named higgs mechanismm [4, 5].

1.1.1 Fermions

Fermions have spin = % and are classified to quarks and leptons which are considbeed
fundamental particles what is the world made of. These femsiiare classified into the three
generations of left-handed and right-handed quarks artdriep The left-handed fermions are in
weak isospin doublets. On the other hand, the right-hanededidns are in weak isospin singlets.

1



Table 1.1: Properties of quarks and leptons.

Particle | Weak isospin/s | Electric charge?) | Hyper chargel”
ur, cr, tr, 1/2 2/3 1/3
dr, s, by, -1/2 -1/3 1/3
Quarks - i 0 23 473
dr, SR, br 0 -1/3 -2/3
Ve, Vy, Vs 1/2 0 -1
Leptons| ey, ur, 71, —-1/2 -1 -1
€R, LR, TR 0 -1 -2
Table 1.2: Properties of gauge bosons.
Particle | Spins Mass Electric charge? Interaction
g 0 0 Strong
~y 1 0 0 Electromagnetic
W= (W) 80.419GeV /c? -1(+1) Weak
Z 91.188GeV/c? 0 Weak

There are six kinds of quarks and leptons for each. Quarksi@tg), down (), charm ¢),
strange £), bottom 6) and top ). Three leptons are charged leptons which are electpn (
muon () and tau ). The other three leptons are neutrines, ¢/, v-) which are neutral leptons
corresponding to their charged leptons. There are antigtes which have opposite quantum
numbers for each particle.

These fermions are characterized with weak isosp)nagd weak hypercharge’(. Weak
hypercharge” is defined by

Q=13+Y/2, (1.1)
where( is the electric charge. Quarks have another quantum numbiehvis three types color
charge R, G, andB).

Table 1.1 summarizes the properties of quarks and leptons.

1.1.2 Bosons

The interaction between elementary particles is mediajed & 1 bosons. Gluong) mediate
strong interactions and is massless bi-colored particleoGinteracts only colored particles. The
photon ) mediates electromagnetic interactions and is a masséetisle. W+ and Z mediate
weak interactions and are massive particles. e and Z acquire the masses by electroweak

symmetry breaking through the Higgs mechanism. Table Inthsarizes the properties of gauge
bosons.



1.1.3 QCD Lagrangian

QCD satisfies stricths U (3) gauge symmetry and is not accompanied by spontaneously signm
breaking. QCD lagrangian is given

L = w(i’y”DV—m)w—iFm,-F’“’

8
D, = &m—i-igA“-t:@“—i—ig;Aku%
F, = 9,A,—0,A,—gA,xA,
Fo = (Fuuk=1~28)
t = (twk=1~28)

\wherey) = (R, G, B) which is quark color charge,, = \;/2 is the3 x 3 representation matrix
of the generator. QCD is a noncommutative gauge theoryFgndncludes nonliner term ofl,,.

1.1.4 Electroweak Interactions

Electroweak interaction satisfiéd/ (2) x U (1) gauge symmetry. There are individual hypercharge
Y and isospinT, T3) corresponding to left-handed and right-handed fermioitmt means inter-
action related to left-handed particles different rigantled one. The lagrangian of electroweak
interaction is separated into gauge sector and higgs se€twh sector satisfies gauge symme-
try. The gauge sector represents self-energy and interecfor fermions and gauge bosons. The
higgs sector represents self-energy of Higgs boson anthotiens connected with Higgs boson.
Self-coupling of Higgs boson produce the spontaneous symfaeaking of vacuum. As a result,
fermions and gauge bosons obtain their mass.

Here is the lagrangian which satisfi€&’(2) x U (1) gauge symmetry for electron and neutrino
which are doublet 06U (2) symmetry.

1 1 B
Laws = —ZFMV - R — ZB/WB/W + \I/Li’y“Du‘l’L + e}gi’y“DueR
+(D,®) (D, @) — V(D) — feler(®TTL) + (V. P)eg] (1.2)

Fo = 0,W,—0,W, — gwW, x W,
B. = 0,B,—0,B,
D, = 6u+z‘gwwu-t+z‘(g73) B, Y

2] v (2]

Quantities with bold outline letter are vector in isospirasg that isF' = (F%,a = 1 ~ 3).
The first line on lagrangian (eq. 1.2) represents the gaugersevhile the second line represents
the higgs sector. Adding’° and B mixing and spontaneous symmetry breaking to the lagrangian
we can obtain the lagrangian of Glashow-Weinberg-Salamoryh@-8].
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1.1.5 Fermion Mass Term

Higgs field obtain vacuum expectation valueia spontaneous symmetry breaking, and require

eq. (1.3).
R oe { (’””8)/\/5] (1.3)

[(v+2)/\/§}’

Inserting eq. (1.3) into third term of eq. (1.2), the masatef fermion become

Lyukawa = —felerer +eérer](v+¢)/V2
= —meee — (me/v)eed
Me = fev/\/i
We can make d quarkl; = —1/2) mass using same procedure only changing coupling constant

f. To generate u quark mass, we need to chdgse

1.1.6 Mass Term ofl} and Z

We can obtain mass term &f *, W~ andZ boson to make the replacement

‘“[v/oﬂ]

on the kinetic energy term of the higgs sector which is the tinsn of the second line of eq. (1.2).
ThenW* andZ mass are

gwv gzv mw
_= mZ = — =

2’ 2 cos Oy

mw

, Wheregy is gw = e/sin Oy, sinfy ~ 0.234 and gy is gz = e/ sin Oy cos Oy. Following
notation describe the relation between Weak interacti@hfearmi coupling constant.

Gy _ e?
8mi,  8mi, sin2fy

Gr
V2
v

2
= W (V26 p) V2 ~ 246GeV
gw

1.1.7 Higgs Interaction

The lagrangian for the higgs interaction is described bgritirsg eq. (1.3) into the higgs sector of
eg. (1.2).

¢4

Lo = 50,000 —mhe?) — o — 2%

~(V2GF)? Y myoff
f
1 m2
+2(V2GF)2 ¢ <m%VW,jW“ - TZZ“Z“>
m2
+V2G p¢* (m%VWjW_” + TZZ#Z“>

m%{ = —2,u2:2)\,u

where) is a empirical value must be input.



1.1.8 Higgs Boson Production and Decay

At the Tevatron, a next-to-leading-order (NLO) Higgs bogwaduction cross section is shown
in Figure 1.1. Gluon fusion Higgs boson productigiy (— H) has largest cross section at the

SM Higgs cross section (HIGLU, V2HV)
1'0 T T T T i

0.1 _
ZH

100 120 140 160 180 200
my (GeV/c?)

Figure 1.1: The NLO Standard Model Higgs boson producti@s€isection in pb at the Tevatron
with pp collision at,/s =1.96 TeV.

Tevatron. Higgs boson production in association willydoson (V H) or aZ boson ¢ H), and
the cross section diV H or Z H process are about 10 times less tlggn— H production.

The Higgs boson decay branching ratio is calculated by HDEQ3, which can include
NLO effect, and is shown in Figure 1.2. At the low mass regidfy( < 135 GeV/c?), Higgs
boson decays mainly intbh. On the other handd — W~ is dominant decay mode at
the high mass regionM; > 135 GeV/c?). At the low mass regiongg — H — bb is the
predominant channel, however, this channel suffers frogef@CD multi-jet backgrounds. As a
result, WH — (vbb is one of the most sensitive channels for the low mass Higasses. At
the high mass regiomg — H — WW — (vlv channel (Figure 1.3 ) gives clean search sample.
g9 — H — WW — /(vjj channel (Figure Figure 1.4) is also promising decay mode=rdh
is huge QCD multi-jet background bi¥' W — (vj; decay mode has six times lager branching
ratio thanWWW — fvfv decay mode. Then we focus gn — H — WW — /fvjj decay mode
to search for the Standard Model Higgs boson. Figure 1.4 slggw— H production and decay
into alvjj final state.
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1.2 Previous Higgs Boson Searches

1.2.1 Direct Searches
Searches at LEP

The Large Electron Positron Collider (LEP) experiment aRDEperformed a search for the Stan-
dard Model Higgs boson ia*e™ collisions at various center-of-mass energies of 189209
[10]. At the LEP, the main search channekise™ — ZH with Z boson decaying into all and
Higgs boson decaying intbh. Using the full data accumulated at four experiments (ALEPH
DELPHI, L3, and OPAL) from 1989 until 2000, the experimentlexied the Higgs boson mass
below 114.4GeV /c? at 95% confidence level (C.L.) (Figure 1.5).
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Figure 1.5: Therati@' L, = C'L,1,/C Ly for the signal plus background hypothesis as a function
of the Higgs mass. Solid line: observed result; dashed Imedian expectation. The green and
yellow bands around the median expectation line correspotite 1r and 2r probability bands.

Searches at the Tevatron

The following searches are performed at the Tevatron. Taergublic information of the detalil
of the searches on the CDF and DO public web page [11,12].

1. The high mass Higgs boson searches (maldly > 135 GeV /c?) with H — WW* and
WH(ZH) — W (Z)+ WW?* decays.

e same sign dilepton channel is the most sensitive channtiddrigh mass Higgs boson
searches



e opposite sign dilepton channel is based on same sign dilegémtification with very
small background but also small effective cross section.

2. The low mass Higgs boson searches (maly < 135 GeV /c?) with H — bb, 7H7~, or
~~ decays.

e WH — (Tvbb channel has a relatively large effective cross section.

e ZH — (T¢~bb channel provides clean signal among the low mass Higgs boson
searches.

e VH — vubb channel: The Higgs boson is produced in association witli*aor Z
boson.Z — vv is the main decay mode, but also comes from the case that gechar
lepton is not detected in tH& — (v decay.

e {tH — lepton + jets channel: The Higgs boson is produced in association with
The final state has one lepton and at least four jets.

e {tH to no lepton channel: The Higgs boson is produced in assmciatith ¢¢. This
search focuses MET jets and all hadronic decay mode.

e ¢gbb channel: The Higgs boson is produced in association witii*a or Z boson,
or also produced through the weak vector boson fusion psocHsis channel suffers
from the enormous QCD backgrounds.

e 7777+ jets channel: The Higgs boson is produced through threeepses: gluon
fusion, associated with 8 or Z boson, or weak vector boson fusion. The lower
branching fraction off — 77~ can be recovered with using multiple production
processes.

e v channel: The Higgs boson is produced through the gluonfiiyziocess and decays
into two photons. Due to the very small branching fractiondf— ~+, this channel
has a very small effective cross section

Figure 1.6 summarizes the CDF combined 95% C.L. upper limithe Higgs boson produc-
tion cross section normalized to the Standard Model exfientaThe CDF experiment excludes
the ranges with SM Higgs boson with mass; between 156.5 and 173.7 Ge¥/@nd between
100 and 104.5 GeVfc Figure 1.7 summarizes the Tevatron combined 95% C.L. uUjgpér The
Tevatron combined result is that the mass rangg between 156 and 177 GeV/cand between
100 and 108 GeV/care excluded.
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Figure 1.6: The summary of the CDF combined 95% upper limitrenHiggs boson production
cross section normalized to the Standard Model expectafidre CDF experiment exclude the
ranges with SM Higgs boson with mass; between 156.5 and 173.7 GeVY/and between 100
and 104.5 GeVk
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Figure 1.7: The summary of the Tevatron combined the Higg®bsearch. 95% C.L. exclusion
for Standard Model Higgs boson with mass; between 156 and 177 GeV/and between 100
and 108 GeV/t.
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1.2.2 Indirect Searches

The Higgs boson mass is not theoretically predicted, batpbissible to estimate using theoretical
considerations and precision electroweak parameter merasmts. The Higgs boson contributes
to the propagator of th&” and Z bosons through loop-effects. The corrections toltieand 7
masses are logarithmic functions of the Higgs mass leaditightted conclusions:

e L TR R % A a9

myy
where the radiative correctiorns, is defined as:

ML in? gy = 14 A 15
m—QZ +sin“ Oy =1+ Ar (1.5)
As shown in the above equation, the constraint on the Higgssnmemainly related with the
top quark and théV boson masses. The Electroweak working group [13] has bedorméng
global fits to the electroweak data, with the current mostigien measurement oh, = 173.2 +
0.9GeV /c? andmy, = 80.399 £ 0.023GeV /c%. Figure 1.8 shows thé x? curve as a function
of the m g derived from global fits. The preferred Higgs mass from thigdirresponding to the
minimum of the curve is
mpy = 92138 GeV /c? (1.6)

and the 95% confidence level upper limit is
my = 161GeV/c? (1.7)

The upper limit increases to 185V /c? when including the LEP direct search limit of
114.4GeV /c2. The recent combined result at the Tevatron (CDF and DOleles the mass range
between 156 and 17ZeV /c? at 95% confidence level, which is also shown in yellow.
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Chapter 2

Experimental Apparatus

This chapter describes the Fermilab accelerator complBX, ICdetector components, trigger and
data acquisition (DAQ) system.

2.1 Characteristics of Fermilab Accelerators

The Fermilab accelerator complex is constructed by theouaraccelerators which are the Pre-
accelerator, Linac and Booster, Main Injector, Recyclewalron, Debuncher and Accumulator.
The Pre-accelerator, Linac and Booster are collectivelgwkn as the Proton Source. The De-
buncher and Accumulator are referred to as the Antiprotaur&o The Tevatron is the last in the
chain of accelerators collides protons and antiprotons.

The Tevatron design is vastly simplified if it collides protowith antiprotons because the
protons can travel opposite directions in the same beam-pifl be bent by the same set of
magnets. An overview of the entire accelerator complex @wshin Figure 2.1. The Tevatron’s
first physics run, referred to as Run |, occurred from 1999619After a series of upgrades, it
began running again, referred to as Run I, in 2002 and isdtwah in September 2011.

Preaccelerator

The preaccelerator is really the first accelerator. It issingrce of the negatively charged hydrogen
ions accelerated by the linear accelerator. The preaetefeis a Cockcroft-Walton-style [14]
electrostatic accelerator which consists of the sourceémin an electrically charged dome. The
source converts hydrogen gas to ionized hydrogen gas.(Hlhe dome is charged to a potential
of —750 KeV. The ionized gas is allowed to accelerate through a coluom the charged dome
to the grounded wall to an energy T¥0 KeV. After beam exits the accelerating column, it travels
through a transfer line and then enters the Linac.

Linac

The Linear Accelerator is the next level of accelerationth@ negatively charged hydrogen ions.
It takes the ions with an energy @50 KeV and accelerates them to an energyt@d MeV. The
Linac consists of two main sections, the low energy driftefubnac and the high-energy side
coupled cavity Linac. The first section consists of five dufives, modeled after Luis Alvarez’
original proton linear accelerator, that accelerate tmelieam tol17 MeV. The second section
has seven side-coupled cavity modules that accelerate tlmgito400 MeV. At the far end of

13
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Figure 2.1: A diagram of the Fermilab accelerator chain.

the Linac is a chopper, that electrostatically selects &igroof the Linac beam to be sent along a
transfer line to the Booster. The Linac completes fifteerebration cycles per second.

Booster

The Booster is the next level of acceleration. It takes4bi@MeV negative hydrogen ions from
the Linac and strips the electrons off, which leaves onlypieon, and accelerating the protons
to 8 GeV. The Booster is a proton synchrotron, approximat® m in diameter. It has the same
duty cycle as the Linac, 15 Hz. The acceleration is accoimgtisoy eighteen ferrite-tuned RF
cavities located around the ring. Ninety-six conventiamalgnets with a maximum field of 0.7 T
bend the beam into a circular orbit. The Booster is able td halltiple batches of particles from
the Linac at once to increase beam intensities, often gf@i@ven or twelve batches in its ring.

A special set of magnets handles the injection of incomingpHis from the Linac. Magnets
bend the circulating protons and the injectedats into a single beam that points through a sheet
of foil. The foil strips the electrons from the kbns, leaving behind only protons. A similar set of
magnets steers the beam back into the Booster orbit whileviemm any leftover Hions.

A set of fast kicker magnets extracts the proton beam fronBtaster. The protons go into a
transfer line that leads to the Main Injector.
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Main Injector

The Main Injector is a large proton synchrotron with a dianetf about 1 km. It has two main
functions involving the Tevatron: accelerating protonsl antiprotons to 150 GeV for injection
into the Tevatron, and accelerating protons to 120 GeV tcehets the antiproton source.

The Main Injector uses 344 dipole magnets and 208 focusiadrgpole magnets, all conven-
tional water-cooled electromagnets, to steer the protambét can accelerate protons to 150 GeV
in two seconds.

Tevatron

The Tevatron is a large synchrotron, 1 km in radius, that lacates particles from 150 GeV to
980 GeV. It keeps both protons and antiprotons in the sameabiga, revolving in opposite di-
rections. Electrostatic separators produce a strongrieldald that keeps the two beams from
touching except at the collision point. The beam is steeyed?d superconducting dipole mag-
nets and 240 quadrupole magnets with a maximum magneticdiel® T. They are cooled by
liquid helium to 4.2 K, at which point the niobium-titaniuniay in the magnets becomes super-
conducting.

The Tevatron holds 36 bunches each of protons and antigotdime process of injecting
particles into the machine, accelerating them, and imigatollisions, referred to as a shot, starts
with injection of protons, one bunch at atime, at 150 GeV ftbemMain Injector. The antiprotons
are injected four bunches at a time from the Recycler thraibhghMain Injector. RF cavities
accelerate the beams to 980 GeV, and then some electrastpticators switch polarity to cause
the beams to collide at two points. Each collision point &ethe heart of a particle detector: one
named DO and the other named the Collider Detector at Farr(@®F).

Antiproton Source

The antiproton source produces antiprotons for use in Tewabllisions. The Main Injector sends
120 GeV protons down a transfer line to a nickel target. (Riekas chosen because it can absorb
more heat without melting than other metals.) Antiprotoresaanong the products resulting from
this collision; they are selected by an electromagnetiectet and focused down a transfer line to
the Debuncher. Studies have shown that 120 GeV is the opgingafyy for antiproton production;
at this energy, approximately one antiproton is collected 1 protons sent to the antiproton
source. The resultant antiprotons have an average eneegyoot 8 GeV.

Debuncher

The Debuncher is not an accelerator but a triangular statagelts main purpose is to “debunch”

the particle beam, removing its RF bunch structure. Magimetise Debuncher decrease the mo-
mentum spread of the antiprotons by rotating them in phageesgrading momentum spread for
time spread. This results in a beam of particles that havembuRch structure but have roughly
uniform momentum. Antiprotons remain in the Debuncherluhg next batch of protons is sent
to the antiproton target, at which point the antiprotonssanet to the Accumulator.

Accumulator

The Accumulator lies in the same tunnel as the Debuncheralldng term antiproton storage ring,
designed to store antiprotons with minimal losses for da@y#iprotons from the Debuncher are
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manipulated by RF systems in the Accumulator to fill a stabigan of phase space, known as the
core. The core is kept as small as possible to minimize the entum spread of the antiprotons;
a smaller beam gives a higher luminosity upon injection theaTevatron.

While the antiprotons stay in the Accumulator, they are ceduin transverse momentum
through a process called stochastic cooling [15]. This gtloce measures the momentum spread
of a group of antiprotons and sends a signal across the rimgrtector magnets, which adjust
their fields for each group of particles to reduce the mommnspread of those particles. This
results in denser antiproton beams injected into the Temaincreasing the resulting luminosity.

Extraction from the Accumulator requires the antiprotom$®¢ collected into bunches again.
Adiabatic activation of RF stations causes a portion of thanb to be collected into bunches,
which are then transferred back to the Main Injector, deasdel to 8 GeV, and injected into the
Recycler.

Recycler

When the Accumulator reaches its maximum optimal capaitstygntiprotons are passed into the
Recycler, a ring of permanent magnets in the same tunneleadtin Injector. This storage
ring keeps antiprotons at 8 GeV, collecting them until theali®n is ready for injection. In the
Recycler, antiprotons are cooled further using a proceksdcalectron cooling [16], in which a
beam of electrons is accelerated to the same energy as ipeotorts and runs alongside them.
Transverse momentum from the antiproton beam is passee tmtich lighter electrons, causing
the antiprotons to lose transverse momentum, making the Iseaaller. Antiprotons are injected
from the Recycler to the Main Injector, which acceleratesnitto 150 GeV for injection into the
Tevatron.

2.2 The CDF Il Detector

The CDF Il detector is a general purpose detector designstlittypp collisions at the Tevatron.
It was commissioned in the beginning of Run Il in 2001. Theedi&lr components are arranged
in cylindrical shape. The position of the sub-detectors described in cylindrical coordinates
(r, ¢, z) with fixing the origin to the geometric center of the deteciine = 0 is parallel to the
ground and points out of the Tevatron ring. The z-axis poahtgg the beam in the direction of
the protons.

The outgoing particles are described in spherical cootdmaThe z-axis is replaced by the
polar angled. In the event reconstruction, the transverse momentum icles pr = |p|sind
is measured in the transverse plane, and their directioivendoy the pseudorapidity. The
pseudo-rapidity is defined as

n = —Intan (g) (2.2)
which is a good approximation at high energigs ¢ m) to the rapidity
1 E+p,
y—§ln<E_pz> (2.2)

whereF is the particle’s energy angl is its momentum along the z-axis.

A solid cutaway view of the CDF Il detector is shown in Fig. 218 the center of the detec-
tor, the charged patrticle tracking system is enclosed byparsonducting solenoid. Outside the
solenoid is the calorimeter system which is surrounded bynthon detectors.
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Figure 2.2: Isometric view of the CDF Il detector.

2.2.1 Tracking System

The innermost part of the CDF Il detector is the tracking eiysiwhich is composed of multi-
layer silicon microstrip detectors, an open-cell wire detiamber, and a superconducting solenoid
magnet. The coverage of these detectors are illustratedgurd=2.3. It is used to reconstruct
trajectories of charged particles and precisely measwie thomenta. The reconstructed particle
trajectories are called tracks. Good resolution is requicedetect displaced secondary vertices,
which is a key to detecB hadrons.

Silicon Detectors

The silicon detector consists of three parts: Layer 00 (Lad), the Silicon Vertex Detector
(SVXII) [18], and the Intermediate Silicon Layers (ISL) [[1@s shown in Figure 2.4. The detector
offers full tracking coverage fom| < 2.0 as shown in Figure 2.4 (left).

All the three sub-detectors are constructed from wafers-tfpe silicon with thin strips
(~10 m) doped with p-type silicon (n-type in addition for SVXIIrsgors). The reverse bias volt-
age extends the depletion region from the p-n junction. Whetmarged particle passes through the
depleted region, it ionizes the silicon wafer creating gtetand hole pairs. The voltage moves
electrons to one side of the sensor, the holes to the other Siden, induced charge is read out
by ASIC chips mounted at the end of the sensors. The spasiauteon is varying depending on
each silicon sub-detector, since pitches are ranging fromn2 to more than 10@m.

LOO: The LOO, the innermost silicon detector, consists of onenay single-sided silicon attached
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Figure 2.3: The CDF tracking system.

directly to the beampipe, only at1.5 cm radius. Its purpose is to improve the resolution of
the track impact parameter and position of secondary \etic

SVXII: The SVXIlis the main part of the silicon detector, which csisof five concentric layers
of double-sided silicon. These layers are placed at radinf2.4 cm to 10.7 cm. The hit
information of the SVXII provides high resolution trackimgformation and is especially
useful for reconstructing displaced secondary vertices.

ISL: The ISL is the outermost silicon detector, which consista single layer afp| < 1.0 (at a
radius of 22 cm) and two layers &0 < |n| < 2.0 (at a radius of 20 cm and 29 cm). This
detector helps the connection of tracks between the Cedtradr Tracker and the SVXII.
This improves the track resolution and the performance wfdod tracking injn| < 2.0.

Central Outer Tracker (COT)

The COT is a cylindrical drift chamber that sits directly side of the silicon detectors in the
central region || < 1.0) [20]. The chamber consists of eight cylindrical radialtgets (“super-
layers”) of 310 cm long cells at radii between 40 and 132 crmftbe detector center. The eight
superlayers are placed in alternating axial and steredossctwires in axial superlayers run par-
allel to thez-axis, while wires in stereo superlayers are strung-& degree angles with respect
to the z-axis. The number of cells in the superlayer increases ligdiatwards, the innermost
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Figure 2.4: The CDF silicon detector. Left: the coveragehefgilicon detector in r-z plane. Right:
Configuration of the silicon detector ingrplane.

superlayer consists of 168 cells and the outermost one stendi 480 cells. Each cell contains
twelve sense wires and thirteen potential wires placedraltely. The chambers are filled with a
mixture of argon and ethane gasses with an admixtute78b isopropanol and- 100ppm oxgen.
The main mixture is chosen to have a uniform drift velocityoss the cell volume and admixture
is for preventing the aging.

Along a charged particle passing through the chamber, tBsegain the chamber are ion-
ized. The electrons are drifted toward the sense wire by lgwdrie field, and then they create an
avalanche of charges which induce a pulse onto the senseMiegposition resolution of the COT
is about 14Qum per cell, and the transverse momentum resolutiéfgg—?ls: 0.0015 [GeV /c] 7.

Time-of-Flight System (TOF)

The TOF detector [21] is incorporated into the CDF deteatoorider to identify particles up to
1.5 GeV/ec. By measuring the time it takes for a collision product tocteghe TOF, we can
separate particles which have different masses, suctitagnd K*. This detector is located
between the COT and the superconducting solenoid at a raditd0 cm with a coverage in
In| < 1.0. In this analysis, we do not use for particles discriminatiut use for the event veto
coming from cosmic rays.

Superconducting Solenoid

The superconducting solenoid operated at a current of &t A produces an uniform magnetic
field of 1.4 T parallel to the:-axis. The conductor is made of Al-stabilized NbTi. Thisosy
magnetic field bends the trajectory of high-charged particles, allowing us to reconstruct their
momentum using the tracking system.
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2.2.2 Calorimeters

The CDF calorimeters measure the energy of both charged eudah particles. They are sam-
pling scintillator calorimeters segmented into towersihg\a geometry projected to the detector
center. The calorimeter system consists of electromag(EM) and hadronic calorimeters, cov-
ering 27 in azimuth over the rangl)| < 3.6. The cross section of the CDF calorimeter system is
shown in Figure 2.5.

I
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Figure 2.5: The CDF calorimeter system.

The EM calorimeter system consists of two sections: therakBM calorimeter [22] (]| <
1.1) and the plug EM calorimeter [23] (1 < || < 3.6). Both sections include the main calorime-
ter, which mainly measures the energy of particles, and flmsver maximum detector, which
helps to improve the position resolution of the calorimetkisters. The hadronic calorimeter
system consists of three sections: the central hadronicic®ter (| < 0.9), the wall hadronic
calorimeter (.7 < |n| < 1.3), and the plug hadronic calorimeter.§ < || < 3.6).

Central Electromagnetic Calorimeter (CEM)

The CEM is segmented into 24 towersdnand 10 towers im on each side. The single CEM
wedge is shown in Figure 2.6. It is a lead-scintillator sangplcalorimeter having a radiation
length (X() 18 X,. The energy resolution of the CEM is

OF 13.5%
— = —=92% 2.3
E E (GeV) ’ (@3)
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where the notatiom® sums the constant and stochastic term in quadrature.

Lead
Scintilator

Strip
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Figure 2.6: The single CEM wedge.

Central Electromagnetic Shower Maximum Detector (CES)

The CES is a proportional chamber with wire and strip readdhith improves the position res-
olution of the shower clusters. The CES is placed near at @igost which the shower for
electrons and photons has the maximum number of particgdcthe shower maximum. Its
position corresponds to a depth of\ of the EM calorimeter. The position resolution is 0.2 cm
at 50 GeV.

Plug Electromagnetic Calorimeter (PEM)

The PEM is segmented into 12 towersjimand 24 (48) towers i for the inner (outer) groups. It
is a lead-scintillator sampling calorimeter having a tdtétkness is 21X,. The energy resolution
of the PEM is:

OFE 16.0%

oY e ® 1% (2.4)

Plug Electromagnetic Shower Maximum Detector (PES)

The PES [24] measures the shower maximum position simildngdaCES. It is located at &
depth and is made of two layers of 5 mm wide scintillator striwith each layer having a 45
crossing angle relative to the other.
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Central Hadronic Calorimeter (CHA)

The CHA, iron-scintillator sampling calorimeters, is segrted into 24 towers igp and 8 towers
in n [25]. Itis located directly outside of the CEM with 32 laygrsr tower, which corresponds to
4.7 interaction lengths\() thick. The energy resolution of the CHA is:

oR 50%
2 _ T p3 2.5
E E (GeV) O3 (29

for singlew™ that do not interact in the CEM.

Wall Hadronic Calorimeter (WHA)

The WHA extends the CHA coverage to fill the gap between th&aesnd plug regions [25]. It
is made of 15 layers of iron (5.0 cm) and scintillator (1.0 ciff)e energy resolution of the WHA

IS:

OR 5%
— = — 3 4% 2.6
E E (GeV) ’ (2.6)

for singlew™ that do not interact in the CEM.

Plug Hadronic Calorimeter (PHA)

The PHA is made of 23 layers of alternating iron and sciritla The energy resolution of the

PHA is:

oR 80%
— = ——05% 2.7
E E (GeV) ’ @)

for singler® that do not interact in the PEM.

2.2.3 Muon Detectors

The energy of highpr muons are not measurable with the calorimeter, since thsy fheough
the detector materials by depositing only minimum ionizemgrgy. The CDF muon detectors
consist of four systems and are located outside of the caders. The muon system coverage is
shown in Figure 2.7. A cross section view of a muon chambehdsva in Figure 2.8. When a
muon passes through the muon system, the drift time in egehikregistered. We define a muon
“stub” which requires a hit in three of the four layers of tighambers.

Central Muon Detector (CMU)
The CMU [26] consists of four layers of planar drift chambérsated outside of the CHA. It
covers the central region ¢f| < 0.6 and can detect muons withr > 1.4 GeV /c.

Central Muon Upgrade (CMP)

The CMP consists of four layers of planar drift chambers tedautermost of the CDF for walls
or behind the magnet return yokes. The CMP coVgis< 0.6 and can detect muons wighy >
2.0 GeV/ec.
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Central Muon Extension (CMX)

The CMX consists of four to eight layers of drift chambers eleging on the polar angle. It pro-
vides muon detection in the region6 < |n| < 1.0 and can detect muons with- > 1.4 GeV /c.
The scintillator tiles (CSX) is also placed on the inside antside of the CMX, used for improved

triggering.

Barrel Muon Detector (BMU)

The BMU extends the muon detector coverage.to< |n| < 1.5. Drift chambers and scintillators
are attached surrounding the forward toroid magnets.
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2.2.4 Luminosity Monitor
Luminosity

The collision rate of protons and antiprotons is quantifigdhe instantaneous luminosity. The
luminosity is calculated with the following formula:

_ frNBNpN; (Ul) (2.8)

N 27 (02 + UZ%) B*

where f, is the revolution frequencyy¥g is the number of bunchesV, and NV, are the number of
protons or antiprotons per bunch, ando; are the beam sizes at the interaction palnts a form
factor which corrects for the bunch shape and depends oratleaf the bunch lengtl; to the
beta functions* at the interaction point3* is a measure of the beam spreads, which are given by
V/B*e with € being the beam emittance.

There is a continuous effort to maximize the peak luminositych directly results in increas-
ing the amount of data delivered by the Tevatron. The amoludata collected through Run Il is
expressed by the integrated luminosify4dt) which is measured in units of b, where 1 b'! is
10?4 cm~2. Figure 2.9 shows the integrated luminosity delivered leyThvatron and recorded by
the CDF.
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Figure 2.9: Total integrated luminosity delivered by thedteon and recorded by the CDF.

Cherenkov Luminosity Counters (CLC)

The beam luminosity is measured by using the CLC detectdrlfi¢ated in the forward region
(3.75 < |n| < 4.75) of the CDF detector on both sides. The CLC consists of lomioab gaseous
Cherenkov counters that monitor the average rate of inelagtcollisions per bunch crossing
(Rpp)- The instantaneous luminositf ) is calculated from the next expression:

pe fee =0 Linst - € (2.9)
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where . is the average number @ interactions per bunch crossingpc is the bunch cross-
ing frequency (2.5 MHz for 3836 bunch operations}, is the CLC acceptance for a singhg
interaction, and; is the inelastigp cross section at the Tevatron (60:72.4 mb).

2.2.5 Data Acquisition System

The bunch separation of the Tevatro39$ ns for 36x36 bunch operations which corresponds to
2.5 MHz. Since this rate is too high to record every event ik, we need to discard the most
events while interesting ones must be identified. The seledf events is performed by the fast
online electronics, called the trigger system. The CDF&igsystem has a three level architecture
(called Level 1, Level 2, and Level 3) and is designed to redhe data rate by identifying the
physically interesting events. Once an event is acceptatidyevel 3 trigger, then the data are
sent to the Consumer Sever/Logger (CSL) that is the final cmipt in the CDF data acquisition
system. The data flow in the CDF trigger system is shown inreigulO0.

Crossing rate 2.53 MHz
(396 ns clock cycle)
L1

2.53 MHz synchronous pipeline
torag BT atency 5544 ns = 42 x 132 ns
pipeli Trigger Accept rate < 50 kHz
14 clock
L1 accept

Asynchronous 2-stage pipeline
evel 2 Latency ~ 20 ps = 1/50 kHz
1) {l¢[s[-1=| Acceptrate 300Hz
L2 buffers: j[l

L1+L2 rejection factor: 25,000

Level 3 Mass
System Storage

DAQbuffers / Accept rate <75 Hz
Event Builder Rejection factor: >4

4 evenis

L2 accept

Figure 2.10: Data flow in the CDF data acquisition system.

Level 1

The Level 1 trigger (L1) acceptace rate is less than 50 kHyur€i2.11 shows the trigger path from
the Level 1 to the Level 2. The L1 CAL can make its decision dase clusters of energy in the
calorimeters, missing energy from the energy conservatioithe sum of calorimeter energy. A
system called Extremely Fast Tracker (XFT) [28] recondiudracks using the COT information,
and the tracks found by the XFT are used for the L1 triggergiesi The CMU can also provide
L1 trigger for muon candidates.

Level 2

The Level 2 trigger (L2) reduces the event rate to 300 Hz. TResystem consists of several
asynchronous subsystems which provide input to prograremabprocessors. The L2 decisions
are made based on the following:
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Figure 2.11: Block diagram of the Level 1 and Level 2 triggatip

e L2 cluster finder (L2CAL): The L2CAL combines adjacent catoeter towers over 1 GeV
threshold starting from a seed tower of minimum 3 GeV.

e CES information: The shower maximum detector informatioovjmes the position resolu-
tion for electron and photon showers with better than thstelulocation. It is also used to
match with the tracking information.

e Silicon Vertex Tracker (SVT) [29]: The SVXII information isombined with the L1 XFT
track information by the SVT, a system that rapidly analyttessilicon data to look for a
displaced vertex.

e Muon information: The muon trigger combines informatioorfr the muon detector and
from the L1 XFT track.

Level 3

The Level 3 trigger (L3) consists of a few hundred of compaiterhe L3 computer farm recon-
structs the event in software and filter the event rate to &BduHz. Events that pass L3 decision
are written to disk.
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Consumer Server/Logger

Once an event is accepted by the L3 trigger, it sends to the@oer Server/Logger (CSL) system.
The CSL is responsible for categorizing events by the trigigeh, writing them to the disk, and
sending a fraction of events to online processors for re@ tinonitoring of data quality.
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Chapter 3

Event Reconstruction

We search for the Higgs boson gy — H — WW — {vjj, which includes a lepton, missing
energy, and two jets as the final observables. Definition asdription of the relevant observables
for high level detector objects and the event reconstraocii@ discussed in this chapter.

3.1 High Level Detector Object

The detector raw outputs are primarily used to reconstrigh kevel detector object, which in-
cludes tracks, sequences of hits left by charged partidekey pass through the tracking detec-
tors, and calorimeter clusters, collections of towers irichlenergy from particles is deposited.
Associating these together, with applying quality cuts,re@nstruct electrons, muons, jets and
missing transverse energy.

3.1.1 Tracking

The tracking system of the CDF Il detector is described iniSe@.2.1. It detects trajectories of
charged particles. This information is used in primary @eteconstruction, lepton identification,
and heavy flavor tagging.

The tracking detectors are enclosed by the supercondustitenoid, which provides a uni-
form magnetic field inside the detector with field lines plalab the beam-axis. Charged patrticles
traveling through magnetic field are curved depending oir thementa and charges. The result-
ing trajectory in transverse plain is a helix. The followipgrameters are used in the description
of the trajectory in three dimensions:

C': half-curvature of the trajectory defined as
1
2Qp

wherep is the radius of the projection of the trajectory to the traarse plane. It carries the
same sign as the charge of the particle and is inversely giopal to thep of the track.

(3.1)

cotd: cotangent of the polar angle of the trajectory at closestaggh to the origin.

do: the impact parameter, the minimal distance between thectayy and the origin in the trans-

verse plane, defined as
do = Q- (/3 + vy — p) (3.2)

wherex andyy are the coordinates of the center of the helix circle in taaswverse plane.
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¢o: the azimuthal angle of the trajectory at the point of closggiroach to the detector center.

zo. thez position of the trajectory point closest to the detectorteen

We use four tracking algorithms in this analysis, called C2dnd-alone tracking, Outside-In
(Ol tracking, Inside-Out (10) tracking, and Phoenix trangk

The primary tracking algorithm of CDF begins with the COTrsly, hits in the COT are
identified. These are associated together within each ksygerto form short track segments,
which can be combined across superlayers to form a trackaugecthe superlayers of the COT
alternate in orientation between axial and stereo supemdaythe tracking algorithm compares
segments in all axial superlayers first, starting with teaickthe most outer superlayer and finding
the segment that gives the best fit. It then adds the stereulayers and performs the fit again to
create a final COT stand-alone track. COT stand-alone traicksequired to have hits in at least
four of eight superlayers, using 2 axial and> 2 stereo superlayers.

The Ol tracking can extend the COT stand-alone tracks byngdaiigh-resolution hit infor-
mation from the silicon detector. It attaches axial siliduts to COT tracks and then performs
pattern recognition on the small angle and 8ereo strips. At each wafer intersected by the seed
track, every hit is attached to a separate copy of the seekl ticdhen, the track is extrapolated to
the next wafer where the same matching procedure is pertbrmal the track reaches the most
inner silicon wafer. At the end, the track combination witle highest number of hits and lowest
x2/dof is kept.

Due to the limited COT coveragén{ < 1.0) and the strict hit requirement (at least four of
eight superlayer), tracking in the forward region requingiser algorithms, called 10 tracking and
Phoenix tracking. 10 tracking algorithm firstly finds tradksthe silicon detector, requiring hits
in at least three layers, then extends them by adding hitserCOT that are not already used to
form COT stand-alone or Ol tracks. Phoenix tracking usesistet in the plug calorimeter and the
primary vertex as two points of the track and then looks fés m between that would complete
the track. It uses the energy of the cluster to estimate thementum of the particle, giving a
curvature estimate which is used to search for hits in theking region.

In this analysis, most tracks are from a collection whicHudes COT stand-alone tracks, Ol
tracks, and 10 tracks.

3.1.2 Primary Vertex

Primary vertex location is required to calculate transgegeergies in the calorimeter towers and
to derive objects such as jets and missing energy, sincentile @is defined by the vector point-
ing from the vertex to the shower maximum detectors withia ¢alorimeter towers. Using the
detector center, instead of theposition of the vertex in th€ calculation, has an impact on the
Fr beyond the level of the corrections applied for jets and nsuon

Vertices are found by fitting good quality tracks [30]. At hiuminosities, several collisions
may occur at one bunch crossing. The position of the vertaken-coordinate has a Gaussian
spread obr, = 29 cm around the detector center. Therefore, the vertices totipte interactions
are normally separated ig-position. The estimate of the vertices is started with figdseed
vertices in thez-coordinate. Then, the-position of each vertex is calculated from the weighted
average of the:-coordinate of all tracks within 1 cm of the seed vertex. Thienpry vertex is
determined by an iterative vertex finding algorithm whiclkesiracks around a seed vertex to form
a new vertex position. Thg? for all tracks relative to the new vertex is calculated, ksawvith
degradedy? are removed, and the cycle is repeated until all tracks hayeod y2. We finally
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define the vertex associated with the highest sum of the tpacks the primary vertex of the
event.

3.1.3 Calorimeter Clustering

High momentum electrons, photons, and jets leave energyafi sontinuous groups of calorime-
ter towers which can be identified as an energy cluster. ¥irstlorimeter clustering algorithm
starts finding a seed cluster that has an energy larger thartarcthreshold. Then, adjacent tow-
ers with energy greater than a lower threshold are addedrto &cluster. The position of the
cluster is defined by the energy-weighted mean of the towetlse cluster, and the total energy
is estimated by the sum of the energies of the towers in thearluOnce a cluster is defined, the
precision of its position can usually be improved by matgtitrwith a cluster in the shower max-
imum detector, which is constructed with a similar alganthut which is optimized to achieve
higher position resolution.

3.2 Particle Identification

Once high level detector objects are reconstructed, it $sipte to identify physical objects from
which we start physics analysis. In this section, we desdtile identification of leptons, neutrinos
(missing transverse energy), and jets. These objects arfentl state of our signal procet —
WW — (ubb.

3.2.1 Leptons

Electron

This analysis considers central electrons(CEM).

The central electron reconstruction starts from a trackwijt > 9 GeV /¢ that extrapolates to
a cluster of CEM withEr > 20 GeV. To improve the purity of the electron selection, we apply
several cuts as summarized in Table 3.1. The variables ile Babb are defined as:

e pr: The trackpy associated to the EM cluster.

e Ep: The transverse energy of the electron candidate definéé-as F sin 6.

e Eyap/Fem: The ratio of the total hadronic cluster energy to the totsll &ergy.

e [E/p: The ratio between the cluster energy to the momentum ofdbeciated track.

e Isolation: The ratio of the transverse energy surplus inreeaaf radiusA R < 0.4 around
the cluster center to the transverse energy of the cluster.

e Lgne The difference between the lateral distribution of thergpén the calorimeter towers
and what is expected for an electromagnetic shower. Theceatien is derived from simu-
lations and modified to fit test beam data. This requiremelpisiremove hadronic showers
that might imitate electromagnetic showers.

e |A.lcesand|A,|ces The distances in the transverse plane and along-idrds between
the cluster position from the CES measurements and thepek#tad track associated with
the cluster.
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Table 3.1: Selection requirement for central electrong.[31

Central Electron Selection
To be in the active region of CES and CEM
pr > 10GeV /c
Er > 20GeV
COT Axial Segments> 3
COT Stereo Segments 2
Hits per COT Segments 5
|20track < 60 cm
Enap/Eem < 0.055 + 0.00045 x E/GeV
E/p < 2.0 unlesspy > 50 GeV /¢
Isolation< 0.1
Lgpr < 0.2
|AZ‘CES <3.0cm
-3.0< Q X |A$|CES§ 1.5cm
Xees < 10
Photon Conversions Veto

° X2CE§ Comparison of the CES shower profile with that of the testibesectrons given as
the chi-square probability for the fit.

e Photon conversion veto: Electrons from photon converstbnsugh the detector material
are vetoed by rejecting electron candidates if an oppgsiiearged track is found with a
small distance of closest approach.

Muon

This analysis considers two types of muons: CMUP and CMXsg&hgpes are basically defined
by the detectors which they pass through.

The central muon reconstruction is summarized in Table Siece CMU stand-alone muon
candidates have a large fraction of fake muons coming frarptinch-through particles through
calorimeter, we also require a CMP detector stub to supged&s muons and call such muons
as CMUP muons. The rande65 < |n| < 1.0 is covered by CMX detector. The selection
requirements are explained below:

¢ |Azlcmu, cmp, cmx: The distance between the actual stub in a given muon det&atithe
track position extrapolated to that detector.

e Cosmic Rays Veto: The impact parametkyrof the tracks are used to kill cosmic rays.
Because most cosmic rays pass through the detector froroghe bottom, they often look
back-to-back tracks reconstructégl being identical.

3.2.2 Jets

Jets are the results of hadronization of quarks and gluorthig analysis, we reconstruct jets from
a group of electromagnetic and hadronic calorimeter ctastdich fall within a cone of radius
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Table 3.2: Selection requirement for central muons [31].

Central Muon Selection
pr > 20GeV/c
COT Axial Segments> 3
COT Stereo Segments 2
Hits per COT Segments 5
|doltrack < 0.2 cm if no silicon hits
|doltrack < 0.02 cm if silicon hits
Eem <max2,2 + 0.0115(p — 100)) GeV
Enyap < max6,6 + 0.0280(p — 100)) GeV
|A$|CMU <3.0cm
‘Ax|C|\/|P <5.0cm
|A$|CMX <6.0cm
Isolation< 0.1
Cosmic Rays Veto

AR = /(A¢)* + (An)* < 0.4[32]. The calorimeter clusters which belong to electrondidate

are not taken account for the jet reconstruction. Sincedheanergy does not predict the correct
parton energy due to instrumental and physical reason, pky apveral jet energy corrections to
estimate the energy of parton [33]. The corrected jet enisrgypressed in the following equation:

It
EPATON = (EReasurede froi— EY' x Nutx) x faps— EfC + EROC (3.3)

where correction factors are:

frel: a scale factor to make the jet response uniform over the psemdity

E'\T’” X Nyix: a correction for multiple interactions per beam crossing

fabs an absolute energy correction determined by matching pamergy with jet energy

EYE: the contribution coming from the underling events

EQOC: an out-of-cone correction which is the energy of the partmitted outside the jet cone

3.2.3 Missing Transverse Energy

Neutrinos cannot be detected by the detector, but they angifiidd from the missing energy. Since
the z-component of momentum of the interacting partons is unknome cannot determine the
z-component of the neutrino energy. However, we can detexithie components in the transverse
plane since the transverse momentum sum of initial partanse ignored. The uncorrected miss-
ing transverse energf/?" is the negative of the vector sum of all calorimeter towerasgons
projected on the transverse plane:

raw Z ET7 raw LETraW‘ (3' 4)

i=towers
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Since this missing transverse energy is measured from theadorimeter response, it needs to
be corrected for the jet energy correction and for the muaasyged from the calorimeter. The
missing transverse enerdy used in this analysis is then

Br=Ff"—=> pr+ Y Er(EM+Had - > Er(Jet Energy Correction  (3.5)

muon muon jet

3.2.4 Neutrinop? Reconstruction

Since there is a neutrino in the final stdfle — WIW®*) — [v jj, there remains an uncertainty
as to the z-component of the neutrino momentum.
We simply asuume that the leptonic decayifgto be on-shell, and solvg/ with this equa-
tion:
m (I,v) = 80.419 GeV /¢

[34]. This is a quadratic equation, and gives two real sohgiin some events, and two imaginary
solutions in others. In the case where we have imaginaryieok) we simply pick up the real part
of the solution. When we have two real solutions, choose ahéisn that has a smaller absolute
value since this turned out to be more probable.

Figure 3.1 shows the performance of this neutgfioeconstruction. The black line shows alll
the events. The “imaginary” histogram shows the events a/ttex on-shell’/ mass assumption
ended up in imaginary’, solutions. The “correct” histogram shows the events whexesuccess-
fully picked up thep? solution that is closer by value to the HEPG information tifae other
solution. Note that the “imaginary” events are considereldd “correct” here.

The reconstructed mass peaks around the Higgs mass inpu tddnte Carlo generation,
showing the present mass reconstruction method is apfdicab

The reconstructed Higgs mass, however, tends to have attikethigher mass, even in the
correctly reconstructed events. To understand this tesydere plot in Figure 3.2 the reconstructed
Higgs mass for events where the analyzed two jets match thpawons coming from & boson
from the Higgs decay. The distribution is much narrower timaRigure 3.1, suggesting that the
tail in the distribution is due to the events where we pickeis that are not come from the Higgs
decay.

Since the peak seems not affected much by the reconstruet@fit the reconstructed Higgs
mass to Gaussian in Figure 3.3. Theregion around the peak is fit into gaussian.

Table 3.3 summarizes the “imaginary” and “correct” frangaas well as the Higgs mass res-
olution for different Higgs mass assumptions. Note that‘dwerect” fraction is inclusive of the
“imaginary” fraction. To be more cleat00 — 31.1 = 68.9% of the events give real solutions, and
we pick up the correct real solution 9.5 — 31.1 = 48.4% of the entire events. Therefore, we
pick up the correct solutions i).2% of the cases where the solution to real.
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Figure 3.1: Performance @t reconstruction. Top, middle, and bottom rows corresporgignal
Monte Carlo generated withu; = 150,170 and 200 GeV /c?. The left plots show the recon-
structed Higgs mass, and the right show the reconstryefeehlue subtracted by the truth (in
HEPG). See text for the definition of the “correct” and “inaaiy” histograms.
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Figure 3.2: Performance @f/ reconstruction for events where the two analyzed jets miteh
HEPG partons that come from the decay of the Higgs bosonpfgr= 170 GeV/cQ. The left
plot shows the reconstructed Higgs mass, and the right sti@mweconstructeg? value subtracted
by the truth (in HEPG). See text for the definition of the “@mt’ and “imaginary” histograms.
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Figure 3.3: Fit of the reconstructed Higgs mass to a Gaussiaft, center and right plots show
signal Monte Carlo forn g = 150, 170,200 GeV /c? respectively.

Table 3.3: Fraction of events with imaginary solutions, ahdvents where we pick up the correct
neutrino Pz solution. The resolution and mass for the reconstructed$ligass.

inputmy imaginary solution correct solution mass resolutiéeY) mass GeV)
150 18.1% 79.0% 16.3 158
170 31.1% 79.5% 14.0 168
200 32.4% 79.7% 19.6 195
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3.2.5 Distinction of Up- and Down-type Quark Jets

The Higgs boson has a spin 0, and is expected to decay isttypiT his information is useful in
reducing background, because the dominant backgroun@gses have different spins.

Plotted in Figure 3.4 are the lepton angle in the leptonigaicayingl¥’s rest frame against
the up-type quark angle in the hadroniccally decayivig rest frame. The plots are for the singal
and dominant background processes. The angles are caftuising the HEPG information. One
can clearly see that the signal has a quite different digidh than the background processes.
Although we do not use these 2D plots in our analysis but rati@ude a 1D variable AR
between lepton and the down-type quark) into our likelihd@triminant, Figure 3.4 illustrates
the impact of such spin information as the singal/backgdogiscriminant.
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Figure 3.4:cos0] againstcosty,, ... From left: signal MC forn g = 170 GeV /c?, electroweak

WW process, andll’” + ¢ + 1parton.

In order to use such spin information in the analysis, it isc@l to distinguish between jets
originating from up-type and down-type quarks in the hadrd# decay.

We take the jet that is away from the lepton than the othergeha up-type jet. Figure 3.5
shows HEPG level ¢ distribution between the lepton and the up-type quark amehekype quark
in the Higgs decay.

We performed a study on matching the reconstucted jets Wéhard process partons in the
signal Monte Carlo sampler{(z = 170 GeV/cQ), in order to understand the validity of this
reconstruction method. The two jets are matched to the guarkhe Higgs decay final state
in 66.7% of the events. We found8.4% of such events were reconstructed correctly with our
up-/down-type distinction.

[ &ylep, quark), HEPG | — Ao(lep,Up)
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Figure 3.5: Blue(Red) histogram showsy distribution between lepton and the up-type(down-
type) jet in the Higgs decay. For signal Monte Carlo oy, = 170 GeV/cQ.

37






Chapter 4

Event Selection

Our target physics processjg — H — WW® — [vjj, and we require the four final state
particles to be reconstructed with the CDF detector.

4.1 Trigger Requirements

Events considered in this analysis must first pass one of thigh p, lepton trigger paths. The
CDF trigger system is described in Section 2.2.5. The thiiggedr paths used in this analysis
are ELECTRONCENTRAL 18, MUON.CMUP18, MUONCMX18. These central leptons are
specifically designed to trigger on high- central electrons and muons using a minimal set of
identification cuts. The specific trigger requirements avergin the following sub-sections.

411 ELECTRON_CENTRAL _18

The ELECTRONCENTRAL_18 trigger path is designed to accept events which contaigta h
pr electron which enters the CEM. This trigger path consisttheffollowing level 1, 2, and 3
requirements:

e L1_CEMB8_PT8 requires a central EM cluster with a measukigdof at least 8 GeV, the ratio
Enad/ Egm to be less than 0.125, and an XFT track with > 8.34 GeV /c.

e L2_ CEM16PT8 additionally requires an EM cluster with &7y of at least 16 GeV in the
range|n| < 1.317.

e L3_LELECTRONCENTRAL_18 requires an_gy, less than 0.4, thé\, between the COT
track extrapolation and the CES shower location measuretodse less than 8 cnfy; >
18 GeV, and a COT track withhy > 9 GeV /c.

4.1.2 MUONCMUP18

The MUON.CMUP18 trigger path is designed to accept events that aoataigh», muon where
a high-momentum track is associated with hits in both the Ciild CMP detectors. This trigger
consists of the following level 1, 2, and 3 requirements:

e L1 CMUPGPT4 requires an XFT track withy > 4.09 GeV/c pointing to the CMP
fiducial region and a CMU stub with a track havipg > 6 GeV/c.
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e L2 CMUPGPTS8 additionally requires a 4-layer XFT track withh > 8.34 GeV /c which
is fiducial to both the CMU and CMP detectors.

e L3 MUON_CMUP18 requires a COT track withy > 18 GeV/c whose extrapolation
matches hits in the CMU and CMP detectors wittiRcyp < 20 cm andA oy < 10
cm.

4.1.3 MUON.CMX18

The MUON.CMX18 trigger path is designed to accept events that comthighs; muon with a
high-momentum track pointing to hits in the CMX detectorisTtigger consists of the following
level 1, 2, and 3 requirements:

e L1 CMX6_PT8CSX requires an XFT track withy > 8.34 GeV /¢ pointing to the CMX
fiducial region, a CMX stub with a track having- > 6 GeV /¢, and a hit in the CSX.

e L2 CMX6_PT10 additionally requires a 4-layer XFT track wjihy > 10.1 GeV /c.

e L3 MUON_CMX18 requires a COT track with; > 18 GeV /c with a stub in the CMX
matching to its extrapolation withi 7 x < 10 cm.

Trigger Efficiency

The triggers are very efficient, but they can not take eveateptly. Thus, we have to estimate
trigger efficiency for each trigger path and apply this estion to the Monte Carlo simulation.
The trigger efficiency is estimated using the data triggdned different path, applying the trigger
selection cuts, and counting how often events are acceptedrtarget trigger path.

The followings are the estimated trigger efficiency usedlics analysis.
The ELECTRONCENTRAL_18 trigger efficiency is 96.& 0.4%, the MUONCMUP18 trigger
efficiency is 88.4+ 0.5%, and the MUONCMX18 trigger efficiency is 91.6- 0.5%.

4.2 Event Selection

To select candidate events of the¢ — H — (vjj process, the following criteria are required:

e Trigger:
Events must be triggered by the specific triggers as disdusshe previous section.

e Primary vertex position:
The z-coordinate of the reconstructed primary vertex must b&iwi60 cm from the center
of the detector.

e Presence of exactly one isolated lepton:
The leptonic decay of & boson produces exactly one high lepton, which must be
identified. We requireor > 20 GeV /c for the lepton candidate. If there exist more than
one leptons, such events are rejected.

e Difference between the primary vertex and lepton trackragpt:
The difference zyack — 20| < 5 cm.

e Photon conversion veto:
Discussed in electron identification section.
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e Cosmic ray veto:
Discussed in muon identification section.

e 7 boson veto:
If one of the leptons is not identified correctly, — ¢ ¢~ events may become background.
To remove such events, the invariant mass of the lepton anttack with opposite charge
must not be in theZ boson mass window (76 — 1@V /c?).

e Large missing transverse energy:
Fr > 20 GeV. Thelr is corrected for the presence of muons (including muonikéated
tracks) and jet energy correction.

o Jet:
The jets are identified using the cone algorithm with a con@.4f32] and are required to
be central [;j| < 2.0) with E7 > 20 GeV. We use exactly 2-jet events.

e QCD veto:
To suppress the noW/ QCD background, we apply specific cuts. In order to reduce QCD
backgrounds that come from QCD multijet events, we furtipgryathe following cuts:

Mry(e,v) > 20 GeV or Mp(u,v) > 10 GeV 4.2)
Aoy, jetl) > 1.9 —Er/(20 GeV) (4.2)
Ab(Br, jet2) > 1.8 —Br/(25 GeV) (4.3)

where jetl and jet2 refer to the leading and second leadirig jee event.

e Further QCD veto:
We require60 < My (l,Er) < 100 GeV, in order to further reduce the ndi- background.
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Chapter 5

Background and Signal Estimation

Our target signature has one high lepton, large missindsr and two highEr jets in the final
state. There are background events which decay into the Eaalestate mimicking the signal
signature. In this chapter, we present our method to estithatsignal and backgrounds.

5.1 Background

The following background sources are considered.

e IV + jets Backgrounds: This backgrounds come fridimboson production associated with
jets. This is the main background source in our analysis.

e Electroweak Backgrounds: Electroweak backgrounds irchidsingle top, WW, W Z,
Z 7 andZ + jets production events. These backgrounds are non-filggligut smaller than
theW + jets backgrounds.

e Non-IW QCD:A W-like signature is generated when one jet fakes a highepton and
Fr is generated through jet energy mismeasurement. This bauwkd is modeled using the
sideband distribution in a QCD enriched data sample. Nobackground is modeled using
data sample which false at least two non-kinematic cenlieatren selection (see Table 3.1)
which areEhad/EEM, Xz'trip’ Lghrs Q X Awire-

5.2 Likelihood Composition

In order to separate the signal from background, maximitigsensitivity of the analysis, we
compose a likelihood discriminant.

Suppose we have histograms of a certain variable for sigmélbackground. We call such
histograms signal and background templates, and thesgtasts are normalized so that the total
areais 1. Suppose an (data) event has a vgluend let us denote the content of the bin containing
x; in signal histograms; and that in background histograf). We define the likelihood for this
single variable to be:

By having such likelihood, combining several different @egion variables becomes straightfor-
ward. g
L= H Li = H Z,
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or
Si
log L = ZlOng‘ = Zlog <E>
7 7

The suffixi runs through the variables we consider to separate betwgeal 2nd background.
Overflow and underflow are treated as separate bin in our empl

Since the signal behavior changes as the assumed Higgs bwsschanges, we compose
several signal templates for the Higgs boson masses in tigee nae search for. In the current
analysis, we search for the Higgs boson with mad$@s160, 170, 180, 190 and200 GeV /c2.
Therefore, we composed six different signal templates.

As for the background, the best possible way to compose thpléte would be to include
all kinds of background processes well modelled by MontddCagenerators. We instead com-
posed the background templates Wi#jets ALPGEN Monte Carlo events alone for simplicity.
In facts the contribution from other background processesmall and the distribution is barely
independent to them.

We consider the following six variables as the separatiorakées .

e Reconstructed Higgs mass

e Dijet mass

AR(lepton, Down-type jet

A R(up-type jet, down-type jet

| A(b(lepton, Whadronic) |

. PITepton

Figure 5.1, 5.2 and 5.3 show the signal and background teespaim;; = 180 GeV/c2. In
appendix A, we show figures of the signal and backgrounds legegpfor the other mass points.
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5.3 Method and the Result of Background and Signal Estimatio

In our analysis, we first fit the missingy distribution using the shapes of the electroweak, non-
W, W +jets, Z+jets backgrounds, with the signal fluctuated. The misdirgdistribution before
applying ther > 20 GeV and60 < My < 100 GeV cuts is used as the control region for the
nond¥ background. The number of the electroweak backgroutidsiagle top WW /W Z/Z Z
diboson processes augktjets through electroweak processes) are normalized tortdss sections
listed in Table5.1 and are fixed in the in the fit. The initiatmalization of signal is set to the cross
section predicted by SM (Table 5.2). Under the above canditive extract the normalization for
the overalllV +jets background as well as the normalization for n@rbackground.

Table 5.1: Cross sections of the electroweak backgrouncegees.

process cross sectigpb)
wWw 11.347530 (scale) T) 52 (PDF)
wZz 3.22702%(scale) T 8 (PDF)
77 1.207005 (scale) T 03 (PDF)

single top (s-chan.) 1.046 + 0.006(scale) £+ 0.059(PDF) + 0.030(mass)
single top (t-chan.) 2.10 £ 0.027(scale) = 0.018( PDF') £ 0.045(mass)

tt 7.0470 2% (scale) £+ 0.014(PDF) + 0.030(mass)
Z+0 parton 158
Z+1 parton 21.6
Z+2 parton 3.47
Z+3 parton 0.548
Z >4 parton 0.0992

Table 5.2: Cross sections for the signal events, generaitbdP¥ THIA parameters PARP(91) =
2.10 and PARP(64)=0.2.

procesyyg — H — WW  gg — H cross section (pb) BRH—W W ™) (%)

mpy = 150 GeV /c? 0.5391 68.91
mpy = 160 GeV /c? 0.4323 90.48
mpy = 170 GeV /c? 0.3440 96.39
mpy = 180 GeV /c? 0.2792 93.25
mpy = 190 GeV /c? 0.2280 78.70
mpy = 200 GeV /c? 0.1891 74.26

In the second step, we fit our final discriminant log likelidadistribution in the signal region.
In order to estimate th& +jets background modeling, we separdtetjets background and fit
for its components independently. These components aneedeliiy the flavors of the final state
partons from the hard scattering process (8X.+ qq, W + qg/gq, W + gg andW + 0 or 1
parton events coming into the 2 jet bin). The ndhQCD background is modeled using an event
sample selected from analysis dataset by requiring thatat two of the non-kinematical electron
identification criteria fail. We model other background aighal events by Monte Carlo events.
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We fluctuate the fraction of electroweak, ndn; 4 W +jets subsamples, and the signal in this fit.
The fluctuation of these fractions is constrained by thdatiee uncertainties which are showed
in Table 5.3.

We perform the fit to missindsr and log likelihood distribution iteratively until the saad
factor to each background obtained in the fit stabilizes iwis¥ of the previous iteration. The fit
to missingEr is done with CEM, CMUP and CMX lepton events separately, avie fit to the log
likelihood is done after combining the three lepton categorThe smallest fractional uncertainty
we quote for the normalization of background events i$0% for the electroweak backgrounds.
Figure 5.4 and 5.5 show the results of the fits from our finabtien formy = 180 GeV/c%.
Table 5.4 summarizes the estimated background and sigeat eate by the iteration method
atmy = 180 GeV/c?. Table 5.5 summerizes the expected number of signal eveitiisthe
Standerd Model Higgs boson production cross section timesching ratio.

The normalization for the background events are obtainethisyprocess, however, which is
not include whole systematic uncertainties. Then we chdwsaormalization atv; = 180 GeV
which is the middle point in our mass range and fit our liketidaistribution with all systematic
uncertainties on each mass points. The systematic unaigtaare summarized in chapter 6.

Finally, we obtain the final fit event yield of background whis listed in table 5.6. Figure
5.6 shows distributions of the individual variables in tlilkelihood with final fit event yield at
mpy = 180 GeV /c?. The background estimation is plotted along with data. ribistion of signal
assumingny = 180 GeV /c? Standard Model cross section is also shown, which is scajdyu
a factor of 100. Figure 5.7 shows the overall likelihood ridisttions with final fit event yield at
mpy = 180 GeV/c?. In appendix B, we show figures of the individual variableshie likelihood
and the overall likelihood distributions for the other masints.

Table 5.3: Constraints for each background and signal fadicta in the iteration process.

CDF RUNII Preliminary (4.6 fo't)
Systematic Uncertainty (%) signal  Electroweak W+qq W+qg/gW+gg W+Q/1lp Z+LF non-W

Luminosity 6
Trig. Eff., Lepton ID 2
Ewk Cross Section 8
Signal cross section 1000
ISR/FSR, PDF
Jet Energy Scale 2
W+qqg Normalization 20
W+qg/gq Normalization 20
W+gg Normalization 20
W+0/1p Normalization 20
Z+jets Normalization 40
non-W Normalization 40
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Figure 5.4: Fit tdf7 distribution to extract the normalization for the nd¥i-and overalllV +jets

backgrounds. Events with CEM electrons, CMUP and CMX muaaspéotted in top left, top
right, and bottom left separately. Red line shows the siglitibution with SM cross section
times a hundred.
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Table 5.4: Estimates of the background events by the iterdtir each mass point. The elec-
troweak subprocesses diéWW, W 7, Z Z, single top (t-chan. and s-chan.) atid

CDF RUNII Preliminary (4.6 fb'!)

Higgs Mass (GeVA) 180
process num. of events
Ewk 1910
non-W QCD 368
Z+jets 814
W+qq 11538
W+qggq 8259
W+gg 8549
W+0/1p 6270
Total Background 37708
Observed Events 37670
signal <41 68%C.L.)
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Table 5.5: Expected number of the signal events with thedat@Model cross section for each mass point.

CDF RUNII Preliminary (4.6 fo'!)

Higgs Mass (GeVA) 150 160 170 180 190 200

Expected number of events 22406.5 38.6+ 11.1 36.1+10.3 28.0£8.0 18.9+54 14.9+4.3
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Table 5.6: Final number of Estimated background events.€elétroweak subprocesses &1V, W Z, Z Z, single top (t-chan. and s-chan.) ard
CDF RUNII Preliminary (4.6 fo'!)

Higgs Mass (GeVA) 150 160 170 180 190 200
process num. of events
Ewk 1929+ 170 1927+ 169 1909+ 168 1884+ 166 1916+ 168 1903+ 166
non-W QCD 4264 160 3424126 327+ 121 3254+ 122 292+ 109 3994+ 150
Z+jets 8344 327 854+ 335 880+ 344 880+ 345 833+ 327 759+ 300
W+qq 12680+ 1212 12913+ 1298 11683+ 1131 129124+ 1453 110644 1525 11923+ 1460
W+qggq 8316+ 1346 8927+ 1409 7216+ 1055  7712-1045 93144+ 1314 812941249
W+gg 81224412 7753+ 389 8000+ 403 7788+ 452 8436+ 612 8688+ 1203
W+0/1p 5379+ 634 48144 593 7630+ 986 6180+ 918 5836+ 875 58934 868
Total Background 37689 2004 37534+ 2082 37648k 1921 37685k 2101 37693k 2292 37697 2456
Observed Events 37670 37670

37670 37670

37670 37670
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Figure 5.7: Likelihood output distribution with final fit eneyield for my = 180 GeV/c?.
The black dot with errors shows the data, filled histogranesfar backgrounds. The open red
histogram shows the distribution for signal withy; = 180 GeV /c? assumed, scaled by 100.
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Chapter 6

Systematic Uncertainties

The sources of the systematic uncertainty are consideidaffect the rates of the signal and
background, as well the shapes of the signal and backgroistidbdtions. In this study, we
consider the uncertainties for the jet energy scale @haf the W +jets ALPGEN Monte Carlo,
which could have sizeable effects on the distribution skape first summarize the systematic
uncertainties that affect the event rate, followed by dpton of the systematic effect on the
distribution shapes.

6.1 Rate Uncertainties

We estimated the signal uncertainties for an assumed Higgsnbmass oi70 GeV/c?. The
obtained uncertainties are applied to analyses at difféléggs masses.

6.1.1 Luminosity

Signal, electroweak and{gets backgrounds are normalized to the theoretical crad®ss times

the integrated luminosity of the dataset, which are sulifethe luminosity uncertainty. We as-

signed4.4%(CDF) and3.8(Tevatron) [35] of uncertainties on the event rates of th@seesses.
Normalization of noni” and ¥ +jets are determined by comparison to data, and these pro-

cesses are not subject to the luminosity uncertainty.

6.1.2 Trigger Efficiency and Lepton Reconstruction Efficiecy

We applied scale factors for the trigger and lepton recactin efficiencies in order to match the
efficiencies in signal Monte Carlo studies to those in data.c@lculated the average of the scale
factors weighted by luminosity over the data periods weyaga(up to period 24) and applied that
number to the Monte Carlo efficiency. The uncertainties andtale factors were calculated at
the same time, and we found them to(b&% for trigger, and0.3% for the lepton reconstruction.
Almost all events of Electroweak background have a higghlepton. Then, the uncertainties
for Electroweak background are considered same level fijmadi We assigr2% uncertainty
conservatively to signal and Electroweak background.

6.1.3 Signal Cross Section

gg — H channel is a QCD process the corresponding theoreticalramntiy is not small. We
use recent studies with the HNNLO program [36—38] to asdigiortetical uncertainties based on
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observed changes in the cross section originating from catidns to the renormalization and
factorization scales used in the calculation and the inf Phodel. In the case of PDF model
uncertainties, we use MSTW 2008 NNLO PDF set [39] eigenfonst which also account for
potential variations originating from uncertainty in th@lwe ofa; (q2).

6.1.4 Jet Energy Scale Uncertainty

We changed the correction factor iyl o around the center value, and assigned the observed shift
in acceptance as the systematic uncertainty. We measwrethtiertainty on the acceptance due to
the uncertainty on the jet energy scale to signal, electaveend Wjets background processes.
The results are summarized in Table6.1.

6.1.5 noni¥ normalization

The uncertainty on the noW/ scaling is40% [30].

6.1.6 WW+jets normalization

As stated earlier, we obtain th& +jets normalization by a MET fit outside ol window. We
also estimated the normalization without applying any nespent onMp. Such an alternative
estimation shifted the normalization by3%. The statistical uncertainty of tHé +jets normal-
ization which come from MET fit i$%. We assign &% uncertainty on the normalization of
W +jets background. Finally, we separdfé+jets sample to four categories which are quark-
quark, quark-gluon and gluon-gluon pairs and events with e one parton using information
of hard processes in HEPG. Eadh+jets group has 1/51/3 statistics of all amount dfi +jets.
Then 20 % is enough to cover the uncertainty for eEchjets category.

6.1.7 Z+jets normalization

40% were applied toZ+jets normalization. It is enough to cover the uncertaityf +jets [40].

6.1.8 ISR/FSR

We analyzed a signal Monte Carlo that has a different partmnver settings than the nominal
one. We measured the change in the acceptance, and as3ig¥ied

Summary of rate systematics

Table 6.1 summarize all the systematic uncertainties fifedtahe estimated event rate.
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Table 6.1: Relative systematic uncertainties on the exaasr Subscript s means the shape related

systematics.

CDF RUNII Preliminary (4.6 fot)

Systematic Uncertainty (%) signal  Electroweak

W+qq

W+qg/g W+gg

W+0/1p

Z+LF  non-W

Luminosity (CDF) 4.4 4.4

4.4

Luminosity (Tevatron) 3.8 3.8

3.8

Trig. Eff., Lepton ID 2 2

2

Ewk Cross Section 6

Signal cross section
Scale inclusive 134
Scale}-Jet -23
Scale2-Jet 0
PDF 7.6

ISR/FSR 2.7

Jet Energy Scale 3~8 2

W+gq Normalization

20

W+gg/gq Normalization

20

W-+gg Normalization

20

W+0/1 parton Normalization

20

W+jets JES quark-1o
WHjets JES quark-1o

+0.6s
—2.0s

—2.8s
+2.1s

—5.58
+5.8s

+19.4s
—12.6s

WHjets JES gluont-1o
WH+jets JES gluon-1o

—8.5s
+9.1s

—0.5s
—0.7s

+7.0s
—9.0s

+15.3s
—9.0s

WH+jets & shapeR? = 2.0
W+ets @ shapeR? = 0.5

+0.2s
+0.7s

—6.1s
+9.7s

+0.8s
—4.1s

+22.9s
—34.3s

Z+jets Normalization

39.5

non-W Normalization

40
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6.2 Shape systematics

6.2.1 Jetenergy scale in signal

We estimate shape systematical uncertainties related3daltevents of signal and find that JES
systematical uncertainties have little effect for our ldglihood distribution. Therefor we don't
apply shape systematical uncertainties related to JES.

6.2.2 Jet energy scale in/+jets background

We also estimate shape systematical uncertainty relatéd $oforiV +jets background. We have
4 kind fo JES systematics which ate{ 1o, g + 00), (¢ — 1o, g £ 00), (¢ £ 0o, g + 10) and
(g £ 00, g — 10). Figure 6.1-6.4 show distributions of the likelihood ouitfior 1 +jets samples.
We show figures of JES shape systematics for the other Higgs pants in appendix C.
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Figure 6.1: Likelihood output distribution using th&+jets quark JES+10 systematic samples
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log likelihood output forl//+gggq background.

6.2.3 (?* of W+jets background

The center value of &= m%v for the W +jets Monte Carlo samples. We estimate shape systemat-
ical uncertainties of th&/ +jets using Monte Carlo samples with 20Q? and 0.5x Q2. Figure

6.5 and 6.6 show distributions of the likelihood output ToFjets samples. We show figures of
Q? shape systematics of the other Higgs mass points in appéndix

58



CDF RUNII Preliminary (4.6 fb™) Wegn 4965 Syst. (nh =160 GeV) CDF RUNII Preliminary (4.6 fbl) WR01p 3 JES Syt (h =160 Gev)

s F canter g conter
5007 — S 0.1 —
> >
a E 10 a 10
20.06 - B
s F S0.08[~
E0.05F E
s E s
z 2
£0.04 £0.06—
EE £
§ L §
e 2
Wo. 03— a
500k 5004~
Bo.02~ 2
5 e
o0 =
Eoorll | L | | | . | | L | | | | | |
0 8 6 4 2 o0 2 4 6 10 08 6 4 2 o0 2 4 6 8 10
LogLH LogLH
CDF RUNII Preliminary (4.6 fb%) we 80 Gev) CDF RUNII Preliminary (4.6 fb%) ws S 50
o 14 o T
g [ 8. F
g A
12 — £ —
o A
e 1 m&ﬂgﬁmﬂﬁ
osF Tl Il UUJHJ“ﬂHt
06—
04f
02f
L L L L L L L L L L L L L L L L L L
% 8 6 4 =2 o0 2 4 8 10 6 4 2 0 2 4 8 10
LogLH LogLH

Figure 6.2: Likelihood output distribution using thE+jets quark JESt-10 systematic samples
atmpy = 180 GeV/c?. The black line shows the center value. These histograms she
distribution for+1o(red) and—1o(blue). The left top plot shows log likelihood output fdr+gg
background. The left bottom plot shows ratios which-afer/(center value). The right plots show
log likelihood output forl//+0 or 1 parton background.

CDF RUNII Preliminary (4.6 fb™) Wi 0 JES Syst (<100 GeV) CDF RUNII Preliminary (4.6 fb™) W90 .95 Syt (nh <180 Ge)

re;
o
3
3
T

o
9
8

T

008

‘o

S

)

9

3

T
S

ents Normalized by area
S
S
2
T

<]

.3004;7

Number of Events Normalized by area
o )
3 a
@ ]
T T

3
3
S
T

8 10 % 8 6 4 =2 0 2 4 6 8 10
LogLH LogLH

0.8

06
045

0.2

8 10
LogLH

Figure 6.3: Likelihood output distribution using th&+jets gluon JESt10 systematic samples
atmpy = 180 GeV/c?. The black line shows the center value. These histograms she
distribution for+1o(red) and—1o(blue). The left top plot shows log likelihood output fdr+qq
background. The left bottom plot shows ratios which-ader/(center value). The right plots show
log likelihood output forld +gggq background.

59



CDF RUNII Preliminary (4.6 fb) W19 JES Syst. (nh =180 Ge¥) CDF RUNII Preliminary (4.6 fb) Wso1p g IES Sys. (mh =180 GeV)

8 center § o conter
807 J— —_—
So.07 >
s o 2 o
Bo.osf- Bo.os-
T F ]
Eoosf- £
2 F 2006~
o
£0.04f- £
§ §
s F £
Loosf- Zooa-
5 F 5
Zo0of 2
5 So02|-
zZ F 2
0.01—
i | I | | | | L L L | | | | | |
BT — 4 2 o0 2 4 6 1 % 8 6 4 2 0 2 4 1
LogLH LogLH
CDF RUNII Preliminary (4.6 fb) (mh =190 Gev) CDF RUNII Preliminary (4.6 fb) (mn =130 Ge
e F 2 F —_
g8 F s F
4 - 14 o
12f+ ﬂ ﬂ
. Mmilnch
0 AU A
0.8
0.6
A= 04
=and
02
| | ! | | | | | ! | ! | | | | | !
0 8 6 4 2 o0 2 4 8 1 %0 6 4 2 o0 2 4 8 1
LogLH LogLH

Figure 6.4: Likelihood output distribution using th&+jets gluon JESt10 systematic samples
atmy = 180 GeV/c?. The black line shows the center value. These histograms she
distribution for+1c(red) and—1o(blue). The left top plot shows log likelihood output fdr+gg
background. The left bottom plot shows ratios which-ader/(center value). The right plot shows
log likelihood output forl/+0 or 1 parton background.

CDF RUNII Preliminary (4.6 fb) W+qq Q2 Syst. (mh =180 GeV) CDF RUNII Preliminary (4.6 fb) Weqggg Q2 Syst. (mh =180 Gev)
g o center value gO09F
& s F
> 10 50081
) 2 E
goos[~ +1o Bo.orf
] T F
£ £0.06
20.06— S E
2 Z0.05F
2 2004
Wo.04f— =
5 20.03F
] 50 03E
H 2 F
Sooo|- £0.02F
z z E
0.01F
L L L L L L L L E L L L L L L L L
% 8 6 4 2 o0 2 4 1 %0 8 4 4 1
LogLH LogLH
CDF RUNII Preliminary (4.6 fb) Weaa Q2 Syst. (mh =180 Gev) CDF RUNII Preliminary (4.6 fb) Weagga Q2 Syst, (mh =180 Gev)
o F °
T 12— — g2 i
L 221
= — 2 —
[ 18]
8 } 16f]
n 145
6 1.2H
F 1 mLF,—ﬁ—”J"‘-ﬂD
A 0.8 =
06
2 04
Afla o 0.2
L L L L L L L L = L L L L L L L L
% B 6 4 2 0 2 8 1 %% "8 6 4 2 0 2 1
LogLH LogLH

Figure 6.5: Likelihood output distribution using th&+jets @& systematic samples at; =

180 GeV/c2. The black line shows the center value. The red histograwsttiee distribution for
+10(2.0 x Q?). The blue histogram shows the distribution feto (0.5 x Q?). The left top plot
shows log likelihood output folW +qq background. The left bottom plot shows ratios which are
+1o/(center value). The right plots show log likelihood outpart W +qggq background.

60



CDF RUNII Preliminary (4.6 fb%) W+gg Q2 Syst. (mh =180 GeV) CDF RUNII Preliminary (4.6 fb) W+01p Q2 Syst. (mh =180 GeV)
goosE center value g F center value
s s
E B 01— 10
Z007F 10 I3 N
3 F — 410 3 +1o
N0.06 [~ i
s F 50.08—
E F E
5005 £
27F 2
2 E £0.06—
50.04 g
s F s
@ @
5003 50.04~
2 2
20.02- g [
2 20.02—
0.01F [
L L L L L L L L L = L L L L L L L
fl0 8 6 4 2 0 4 8 10 fl0 8 6 4 2 0 2 4 8 10
LogLH LogLH
CDF RUNII Preliminary (4.6 fb) Wegg Q2 Syst. (mh =180 Gev) CDF RUNII Preliminary (4.6 fb) Ws01p Q2 Syst. (mh =180 Gev)
e, .F o 22F
T 25 J— 3 E J—
g g,
. 18E _
16
145
g I
al il
= 'y LLU:I—' o u LH {
I | L | | | . | L | L | | | | | |
%0 6 4 2 0 2 4 I 6 4 2 0 2 4 I
LogLH LogLH

Figure 6.6: Likelihood output distribution using th&+jets & systematic samples at; =

180 GeV /c2. The black line shows the center value. The red histograrwslhiee distribution for
+10(2.0 x Q?). The blue histogram shows the distribution feto(0.5 x Q?). The left top plot
shows log likelihood output folW +gg background. The left bottom plot shows ratios which are
+1o/(center value). The right plots show log likelihood outfart 17+0 or 1 parton background.

61






Chapter 7

Results and Discussions

7.1 Upper Limits on Higgs Boson Production Cross Section

There is no significant excess of events in the data comp#rafackground expectation and the
likelihood distributions, Then, we fit the likelihood digmution and extract 95% C.L. upper limits
using pseudo-experiments based on the background expaadédtribution.

We set an upper limit on the Higgs boson production crossgaetimes branching ratio of
g9 — H — WW® as afunction ofny by using the number of events in thié + 2 jets sample.
Since there are no peaks observed in the likelihood digiobpuwe assume that thd” + 2 jets
and likelihood distributions in the data consistléf + jets, Electroweakif' W, W Z, Z Z, tt and
single top),Z+jets and nord’. A 1-dimensional binned maximum likelihood technique isdis
to obtain the 95% C.L. upper limit on the cross section of gigimocess. The expected number of
events [i;) in each mass bin is

Bkg
:fo'Nk+fiw_)H'(5'5'099—>H)>

k=1
where k corresponds to background indexr-jets, ElectroweakZ +jets, and nori. f¥ and
Vi A are the expected fractions of events for the background ladignal in a given mass
bin, predicted by MCN*, ¢, £ ando,,_, i are the expected number of background events, the
detection efficiency, the luminosity, and the unknown — H cross section, respectively. In
pseudo-experiments, we select background events indepiynéccording to Gaussian distribu-
tions with the estimated total uncertainty as the standavibtions. The corresponding likelihood
is then

U/USM / / H MZ € ulHGNk;,UNk

i€ bins '
X G( ggHHvUNggHH)de:d gg—H - (7.1)

We define the expected limit by taking the median value of geugo-experiments.
Figure 7.1 shows the obtained upper limits.

7.2 Discussion

A search for the Standard Model Higgs bosorfin— W) — ¢vjj is also performed by the
ATLAS experiment (Figure 7.2) at the Large Hadron CollideHC) at CERN. The cms energy
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Figure 7.1: The dashed line and the solid line show the erpeand observed upper limits on
cross section normalized by SM Higgs boson cross section.

Table 7.1: Expected and obsen&i; C.L. upper limits on cross section for the Standard Model
higgs boson i — WW®) — [vjj channel. The values are normalized by the Standard Model
Higgs boson cross sections.

CDF RUNII Preliminary (4.6 fo'!)
Higgs Mass (GeVkA) 150 160 170 180 190 200

—20 8.17 2.62 3.08 4.08 6.15 7.11
—lo 17.7 493 544 7.61 112 119
median U.L.6su 359 897 936 13.6 195 199
+1o 63.8 15.6 159 231 32.7 325
+20 93.2 272 266 389 536 529

Obs. U.L.bsm 525 5.88 5.69 13.0 245 238
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of LHC is 7 TeV. Then, Higgs boson production cross sectioseigeral times higher than cross
section at Tevatron. The luminosity of LHC is also highemtfi@avatron.

However, they have huge QCD backgrounds because of a higieeergy. This huge QCD
backgrounds prevent their Higgs boson searclifin~ WW®) — (vjj channel rangingn
below 200 GeV/e.

Then CDF and DO are only two experiment which can search ®iStandard Model Higgs
boson inH — WW®*) — (vjj channel rangingny below 200 GeV/&. This analysis can add
~ 1% sensitivity to the Tevatron combined upper limits on crasstion for SM Higgs boson.
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Figure 7.2: Result off — (vjj search at ATLAS experiment.
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Chapter 8

Conclusions

We have presented the results of a search for the StandarelMiads boson itH —W W *) v
channel withd.6 fb~! of data collected With the CDF detector Tevatron RUN II. Weehaot ob-
served any significant excess of events over the known baghkdrin the likelihood distribution.
Therefore, we have set upper limits on the cross sectiorsttheebranching ratiosa, (g9 — H) %
Br(H — WW(*)) using the likelihood distribution. We set upper limits onggé boson pro-
duction cross section ranging from 5.690gy (mpy = 170 GeV/c?) t0 52.5x ogy (my =
150 GeV /c?) at 95% confidence level.
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Appendix A

Signal and Background Templates

Figure A.1, A.2 and A.3 show the signal and background tetaplat m; = 150 GeV.
Figure A.4, A.5 and A.6 show the signal and background tetaplat m; = 160 GeV.
Figure A.7, A.8 and A.9 show the signal and background tetaplat m; = 170 GeV.
Figure A.10, A.11 and A.12 show the signal and backgroundtates at ny = 180 GeV.
Figure A.13, A.14 and A.15 show the signal and backgroundtates at ny = 190 GeV.
Figure A.16, A.17 and A.18 show the signal and backgrouncptatas at ny; = 200 GeV.
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Appendix B

Input Variables and Output of the
Likelihood

Figure B.1, B.3, B.5, B.7, B.9 and B.11 show distributionstioé input variables to the likeli-
hood for my = 150 to 200GeV /c? in our final iteration. The background estimation is plotted
along with data. Distribution of signal is also shown. On fagiof likelihood input, Top column

from left: reconstructed higgs mass, dijet masB(lepton, Down-type jet Bottom from left:

AR(up-type jet, down-type jet |Ao(lepton, Whadronic)|, P;epton' The crosses shows the data,

filled histograms are for backgrounds.
Figure B.2, B.4, B.6, B.8, B.10, B.12 shows the output of tkelihood for my; = 150 to 200
GeV /c2in our final iteration.
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Figure B.1: Likelihood input distributions fon; = 150 GeV /c2. The open red histogram shows
the distribution for signal withn; = 150 GeV /c?, scaled by a factor of 100.
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Figure B.2: Likelihood output distribution for.;; = 150 GeV /c?. The open red histogram shows
the distribution for signal withn; = 150 GeV /c?, scaled by a factor of 100.
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Figure B.5: Likelihood input distributions fon; = 170 GeV /c?. The open red histogram shows
the distribution for signal withny = 170 GeV /c?, scaled by a factor of 100.
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Figure B.6: Likelihood output for the analysis @ty = 170 GeV/c?. The open red histogram
shows the distribution for signal withhy; = 170 GeV/c2, scaled by a factor of 100.
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Figure B.7: Likelihood input distributions forn = 180 GeV /c2. The open red histogram shows
the distribution for signal withn; = 180 GeV /c?, scaled by a factor of 100.
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Figure B.8: Likelihood output distribution for.;; = 180 GeV /c2. The open red histogram shows
the distribution for signal withn; = 180 GeV/c2, scaled by a factor of 100.
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Figure B.9: Likelihood input distributions fany = 190 GeV/c2. The crosses shows the data,
filled histograms are for backgrounds.
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Figure B.10: Likelihood output distribution fany = 190 GeV/c2. The open red histogram
shows the distribution for signal withv; = 190 GeV /c?, scaled by a factor of 100.
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Figure B.11: Likelihood input distributions fany = 200 GeV/c2. The open red histogram
shows the distribution for signal withvz; = 200 GeV /c2, scaled by a factor of 100.
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Figure B.12: Likelihood output distribution fany = 200 GeV/c?. The open red histogram
shows the distribution for signal with.;; = 200 GeV /c?, scaled by a factor of 100.
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Appendix C

Q? and JES Shape Systematics

We estimate shape systematical uncertainties ofithgets using different @ Monte Carlo sam-
ples. Figure C.1 - C.12 show distributions of the likelihamatput for W +jets samples. In these
figures, the black, red and blue lines show the distributiithe center valuey10(2.0 x Q?) and
—10(0.5 x Q?).
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Figure C.1: Likelihood output distribution using th&+jets @& systematic samples fony; =
150 GeV/c?. The left top plot shows log likelihood output fd#+qq background. The left
bottom plot shows ratios which atelo/(center value). The right plots show log likelihood output
for W+qggq background.
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Figure C.2: Likelihood output distribution using th&+jets @ systematic samples fon; =
150 GeV/c2. The left top plot shows log likelihood output fd# +gg background. The left
bottom plot shows ratios which atelo/(center value). The right plots show log likelihood output
for W+0 or 1 parton background.

90



CDF RUNII Preliminary (4.6 fb™) W+qq Q2 Syst. (mh =160 GeV) CDF RUNII Preliminary (4.6 fb™)

50.08F S0.07F
& & E
20 10 > 10
= 5006
g +10 3 F o
No. b E
] ]
g goosp
S0 st
o ©0.04
8° 8
i £0.03F
50, S E
3 Bo.02fF
£0- E
] > 0k
Z001 Zo.01fF
L L = L L
8 10 S0 - - - E 6 8 10
LogLH LogLH
Wrqq Q2 Syst. (mh =160 Gev) CDF RUNII Preliminary (4.6 fb) Wiag1n Gz Syt (ah 150G
° °
© 22F — g 2F —
2F 18
18 16F
16 14
145 E
12F
12 Mnn s A an e [
15 Dﬁﬂbh%du E :IJ T L““rli{‘
0.8 085
= 06F
04F 04F
0.2 0.2
L L L L L L L L L E L L L L L L L L L
fl0 8 6 4 2 0 2 4 8 10 fl0 8 6 4 2 0 2 4 8 10
LogLH LogLH

Figure C.3: Likelihood output distribution using th&+jets & systematic samples fony =
160 GeV/c?. The left top plot shows log likelihood output fd#+qq background. The left
bottom plot shows ratios which atelo/(center value). The right plots show log likelihood output
for W+qggq background.
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Figure C.12: Likelihood output distribution using thE&+jets & systematic samples. The left
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We also estimate shape systematical uncertainty relat@&$ofor W +jets background. We
have 4 kind fo JES systematics which ageH{ 1o, g + 00), (¢ — 1o, g + 00), (¢ £ 00, g + 10)
and ¢ + 0o, g — 10). Figure C.13-C.36 show distributions of the likelihoodtmut for 1V +jets
samples. In these figures, the black, red and blue lines dhewlistribution of the center value,
+1lo and—1o.
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Figure C.13: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 150 GeV /c2. The left top plot shows log likelihood output fé¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qggq background.
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Figure C.14: Likelihood output distribution using thé+jets quark JES-10 systematic samples
for my = 150 GeV /c2. The left top plot shows log likelihood output fo¥ +gg background. The
left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
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Figure C.16: Likelihood output distribution using thié+jets gluon JESt10 systematic samples
for mpy = 150 GeV/c2. The left top plot shows log likelihood output foF +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plot shows log likelihood
output fori¥+0 or 1 parton background.
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Figure C.17: Likelihood output distribution using thé+jets quark JES-10 systematic samples
for my = 160 GeV/c2. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qgggq background.
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Figure C.20: Likelihood output distribution using thé+jets gluon JES-10 systematic samples
for my = 160 GeV/c2. The left top plot shows log likelihood output fo¥ +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plot shows log likelihood
output fori¥+0 or 1 parton background.
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Figure C.21: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 170 GeV/c2. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qggq background.
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Figure C.22: Likelihood output distribution using thé+jets quark JES-10 systematic samples
for my = 170 GeV /c2. The left top plot shows log likelihood output fo¥ +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+0 or 1 parton background.
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Figure C.23: Likelihood output distribution using thé+jets gluon JES-10 systematic samples
for my = 170 GeV /c2. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output forW+qgggq background.
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Figure C.25: Likelihood output distribution using thé+jets quark JES-10 systematic samples
for my = 180 GeV/c2. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qgggq background.
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Figure C.26: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 180 GeV/c2. The left top plot shows log likelihood output fé¥ +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output fori#+0 or 1 parton background.
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Figure C.27: Likelihood output distribution using thié+jets gluon JES+10 systematic samples
for my = 180 GeV/c2. The left top plot shows log likelihood output fé¥ +qq background. The
left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood

output foriW+qggq background.
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Figure C.28: Likelihood output distribution using thé+jets gluon JES-10 systematic samples
for my = 180 GeV /c2. The left top plot shows log likelihood output fo¥ +gg background. The
left bottom plot shows ratios which arelo/(center value). The right plot shows log likelihood

output fori¥+0 or 1 parton background.
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Figure C.29: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 190 GeV/c2. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qggq background.
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Figure C.30: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 190 GeV /c2. The left top plot shows log likelihood output fo¥ +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+0 or 1 parton background.
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Figure C.31: Likelihood output distribution using thié+jets gluon JES-10 systematic samples
for my = 190 GeV /c2. The left top plot shows log likelihood output fo¥ +qq background. The
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output forW+qgggq background.
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Figure C.33: Likelihood output distribution using thé+jets quark JES-10 systematic samples
for my = 200 GeV/c?. The left top plot shows log likelihood output fo¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qgggq background.
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Figure C.34: Likelihood output distribution using thié+jets quark JES-10 systematic samples
for my = 200 GeV /c2. The left top plot shows log likelihood output fé¥ +gg background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output fori#+0 or 1 parton background.
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Figure C.35: Likelihood output distribution using thié+jets gluon JES+1o systematic samples
for my = 200 GeV /c2. The left top plot shows log likelihood output fé¥ +qq background. The

left bottom plot shows ratios which arelo/(center value). The right plots show log likelihood
output foriW+qggq background.
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Figure C.36: Likelihood output distribution using thé+jets gluon JES-10 systematic samples
for my = 200 GeV /c2. The left top plot shows log likelihood output fé¥ +gg background. The
left bottom plot shows ratios which arelo/(center value). The right plot shows log likelihood
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