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Abstract

A search for the Standard Model Higgs boson decaying to two W bosons with
the subsequent decay to a final state containing one lepton, one neutrino, and
two (or three) jets (H — WW* — (vjj where ¢ stands for electron or muon)
is presented using 4.7 fb~! of data recorded by the ATLAS detector in 2011 at
center of mass energy /s = 7 TeV. No significant excess is observed over the
expected Standard Model background. Limits on the Higgs production cross
section are derived for masses between my = 300 GeV and my = 600 GeV. For
a Higgs boson mass my = 400 GeV, the 95% confidence level upper bound on
the cross-section for Higgs boson production by gluon fusion times the branching
ratio for H — WW* is 2.2 pb, or approximately 1.9 times the Standard Model

prediction.
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Chapter 1

Introduction

Over several decades, the Standard Model (SM) of particle physics has been
able to successfully describe experimental results which are consistent with
theoretical predictions. However, one important particle in the model, the Higgs
boson which is believed to give mass to other particles, is not yet discovered.
Very recently both ATLAS and CMS collaborations have discovered a new
boson at ~125 GeV in the search for SM Higgs boson [1, 2] using H — 7,
H — ZZ — 0000 where ¢ stands for electron or muon. There is also evidence of
this new boson using H — WW* — (vlv decay channel. There is compelling
theoretical demand for the existence of new particles and interactions at TeV
energy scales. Therefore, it is of great importance to search for the Higgs boson
in the high mass range (my > 300 GeV) as well using H — WW* — (vjj decay
channel and this is the content of this thesis. The challenge of this analysis is to
extract a small Higgs boson signal from large backgrounds.

The thesis is organized as follows: Chapter 2 discusses the theory of the
Higgs boson, Chapter 3 gives an overview of the Large Hadron Collider and the
ATLAS detector that was used for Higgs boson searches in this thesis, Chapter 4
gives the Higgs boson search strategy in the H — WW* — (vjj decay channel.
Finally Chapter 5 describes the present status of the Higgs searches at the LHC

and its implication to the present analysis.



Chapter 2

The Standard Model and the Higgs Boson

The Standard Model [3, 4, 5, 6, 7, 8] of particle physics is a quantum field
theory which describes all known fundamental constituents of matter and their
interactions. This theory is based on the symmetries of the SU(3). ® SU(2); ®
U(1)y gauge group. The Standard Model is the first successful theory which
unifies three of the four forces: electromagnetic, weak and strong forces at very
small distance scales (=~ 1071 m). Since we are not able to describe gravity by
a renormalizable quantum field theory, it is not included in the Standard Model.
After a brief description of the constituents of matter and fundamental forces,
we discuss how fermions and bosons acquire mass interacting with the Higgs
field. Finally a short review of the status of the present Higgs boson searches
at the Large Hadron Collider (LHC) will be presented. It will also include the
Higgs boson search strategy using H — WW™* — (vjj decay channel which is

the main work of this thesis.

2.1 The elementary constituents of matter

The elementary particles are divided into two categories: fermions and bosons.
Fermions have half-integer spin and obey the Pauli exclusion principle, which
states that two fermions cannot be in the same quantum state. Bosons have

integer spin value. Fermions are divided into two families: leptons and quarks.



Quarks and leptons exist in three generations which have the same quantum
states but have different mass. The mass increases with the increase of genera-

tions.

In Table 2.1 and Figure 2.1, we list the particles of the Standard Model.

The first generation of fermions are the most common in the universe, i.e., u
and d quarks are present in nucleons and form nuclei. Electrons revolve around
the nuclei to form atoms, and the neutrino is produced in large amounts in stars.
The ¢ and s quarks, the p and its associated neutrino form the second generation.
Finally, the third generation is comprised of the t and b quark, the 7 lepton
and its associated neutrino. Particles in higher generations can be produced in
high-energy interactions, through man-made accelerators or when cosmic rays
hit the upper atmosphere. The particles in the higher generations are unstable

and eventually decay into photons or stable first generation of particles.

Experimentally, masses of the neutrinos are very small; the Standard Model
assumes that the neutrino mass is 0. The neutrino interacts very rarely with
matter since it participates only in the weak interaction. This makes the direct
detection of neutrinos very difficult, but their presence can be detected by mea-

suring the imbalance of the total momentum.

Quarks are paired in each generation where one of them has +§ times the



Quarks

(spin = 1/2)

Leptons

(spin=1/2)

Gauge bosons

(spin = 1)

Higgs

symbol name mass ( GeV/c?) | charge (e)

d down ~ 0.008 -1/3
u up ~ 0.004 2/3
s strange ~ 0.015 -1/3
c charm ~ 1.4 2/3
b bottom ~ 4.5 -1/3
t top ~ 175 2/3
e electron 0.000511 -1
U, electron neutrino <3x107° 0
W muon 0.01057 -1
vy muon neutrino < 0.00019 0

T tau 1.777 -1
[ tau neutrino < 0.0182 0
v photon 0 0
w w 80.4 1
Z Z 91.2 0

g gluon 0 0
H Higgs ~ 125 ?

Table 2.1: Particles in the Standard Model.
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magnitude of the electron charge (u, ¢ and t quarks), whereas the other has a
—% times the magnitude of the electron charge (d, s and b quarks). Quarks
can be grouped in ¢¢ pairs to form mesons with baryon number 0 or it can be
grouped with three quarks to form baryons with baryon number! 1. The baryon
number and lepton number? have to be conserved. Fermions are produced in

particle-antiparticle pairs in order to preserve these conservation laws.

The gauge bosons (W=, Z, v, g) are spin-1 particles, and act as mediators of
the electromagnetic, weak and strong forces. The Graviton, a spin-2 particle, is
hypothesized to be the mediator of the gravitational force. However, we have

not observed the graviton yet.

2.2 Fundamental Forces

The Standard Model unifies the electromagnetic, weak and strong forces. Each
of these forces belong to different gauge groups. This dictates their behavior
and interactions with other particles. Each force is mediated by a bosonic
field which is exchanged between particles when interacting with each other.
Though the Standard Model does not include gravity, it will be discussed here for

completeness of the subject. Figure 2.2 shows the relative strengths of the four

la number equal to the difference between the number of baryons and the number of
antibaryons in any subatomic structure.
2the number of leptons minus the number of antileptons



basic forces. At small energies, the forces differ greatly. The weak and EM forces
become identical at energies available at accelerators, or unified. Unfortunately,
the energies at which the strong and electroweak forces become the same are

probably unreachable at any conceivable accelerator.

2.2.1 Electromagnetic Force

The electromagnetic force is responsible for all electromagnetic processes, and its
mediator is the photon. The symmetry group of the electromagnetic interactions
is U(1). The coupling strength of the electromagnetic interaction is o ~ 1/137

and its range is oo.

2.2.2 Weak Force

The weak force is responsible for nuclear processes like nuclear 3 decay. Its
mediators are the massive gauge bosons W= and Z. It belongs to the SU(2)
symmetry group. The weak field strength is about a factor of 107! of that of
the electromagnetic force and 10712 of the typical field g of the weak interaction
is defined by the equation

2
Cr_ ¢ (2.1)

V2 8Mj
where My, is the mass of the W boson and Gr = 1.16637 x 1075 GeV 2

is the Fermi constant. The weak force is the only interaction that can change

flavor. Weak interactions can also violate parity symmetry P as well as charge



conjugation-parity symmetry CP.

2.2.3 Strong Force

The strong force (‘quantum chromodynamics’ or ‘QCD’) is mediated by gluons.
Gluons couple to objects which possess ‘color’ charge, which are the quarks and
the gluons themselves. A color charge has three possible values, conventionally
called ‘red’, ‘green’ and ‘blue’ for quarks; antiquarks come in ‘anti-red’; ‘anti-
green’ and ‘anti-blue’ colors. However, as the energy of interaction increases, the
strength of the strong coupling gets smaller. Therefore at the high energies typical
of modern high-energy experiments, quarks behave nearly like free particles
(‘asymptotic freedom’). However, at lower energies (such as would be typical of
quarks bound in a nucleon) the coupling strength becomes large enough that
perturbation theory breaks down. The fact that the strength of this interaction
increases as the energy of the interaction decreases, ensures that at distance scales
larger than a nucleon, quarks always appear in bound states, a phenomenon
known as quark confinement. These bound states (called hadrons) are always
formed so that the color charges cancel exactly (either a quark and its antiquark
with the opposite color, or a mixture of all three colors).

In order to pull a quark out of a bound state, one must expend sufficient
energy to create a new quark-antiquark pair, one of which will pair with the
removed quark, and the other one will take the place of the removed quark.

This means that if a quark is produced or knocked out of a nucleus in some



Figure 2.2: The relative strengths of the four basic forces and their unification.

interaction, it will rapidly ‘clothe’ itself with other quarks which bind together
to form a collection of composite particles®. Experimentally, what we ‘see’ is
not a single quark or gluon, but a collimated jet of many hadrons moving along

directions close to that of the original quark.

2.2.4 Gravity

General relativity is the fundamental theory of gravity. There is, however, no
fundamental theory of quantum gravity yet and it is in particular not described
by the Standard Model. The range of this force is co and it is weaker than the
other forces. We will add further details in the relevant places in later chapters

as gravity becomes important again at the Planck scale.

3This process is usually called ‘fragmentation and hadronization’.



2.3 Electroweak theory and Spontaneous Symmetry break-
ing

Abdus Salam, Sheldon Glashow and Steven Weinberg received the Nobel Prize
in Physics in 1979 “for their contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles” [9]. They unified the
electromagnetic and weak interactions into one theoretical description called
the electroweak interaction. With the discovery of neutral currents in neutrino
scattering and the discovery of the W and Z bosons at CERN in 1983 [10],
the existence of the electroweak force was established. The new symmetry
group of the combined electroweak interaction is SU(2);, ® U(1)y. The gauge
bosons of this group are the photon, W* and Z bosons. The index L is the
left-handed fermions that interact weakly. Y is the weak hypercharge defined as
Y =2(Q — T3) where Q is the electric charge and T3 is the third component of
the weak isospin.

The Lagrangian of the interactions of the fermions and the bosons can be

written as

1 1 .
Lew = ZGW-GW - ZFWFW + Z wkl'Y“DM/}k (2-2>
k
G is a field tensor given by
G = oW, —0o,W, +ig[W,,W,] (2.3)
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with W, = T?ZW,I/ W}L being an isotriplet of gauge fields and %l being the
generators of the weak symmetry group SU(2), where 7! denotes the Pauli
matrices. The field tensor F,, = 0,8, — 0,58, where B, is the vector field
associated with the U(1) hypercharge Y.

Interactions between fermions and gauge bosons can be described by the

covariant derivatives

7 !
Dby = (@L + ngW,i + ’Lglgyk-BM) ()2 (2.4)

where y, is the hypercharge of v, g is the coupling strength of the weak
isotriplet gauge field Wli and ¢’ is the coupling strength of the vector field B,,.
The following equations identify the terms in the Lagrangian of Eq. 2.2, W[L

and B, with the gauge bosons, W* and Z,, and the photon field A,:

1
+ l 2
Wo = 7 (Wu + WH) (2.5)
Z, = —sinbw B, + cos HWW;’ (2.6)
A, = cosby B, + sin HWWj’ (2.7)

where cos(fw) = g/+/9? + ¢’ is the weak mixing angle.

So far, the electroweak Lagrangian correctly describes the interactions be-

tween the fermions and between fermions and gauge bosons for massless particles.
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But in Nature, we observe particles with masses. Therefore, this is not a perfect

description of the behaviors of the interactions of the elementary particles.

2.4 The Higgs Mechanism

To solve the problem of the interactions of massless bosons and fermions, the
Higgs mechanism was introduced that offers a gauge invariant way of introducing
the concept of mass. Adding a simple mass term like m%ﬁ/WJW“ will violate

gauge invariance, therefore, we need to introduce an additional SU(2) doublet

o=(%.) 2:8)

where ¢ and ¢° are complex fields defined by their real components ¢, @2, P3

and ¢4:

L 1t
o7 = v (2.9)
o __ ¢3 + Z¢4
¢ = v (2.10)
The corresponding Lagrangian can be written as
Ly = (Do) (Dug) =V () (2.11)
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Figure 2.4: The minima of the Higgs potential for p? > 0 (left) and u? < 0

(right) for a scalar field ¢.
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where V(¢) is the potential energy of the field defined as

V(g) = 1260 — A (ol0)”. (2.12)

This potential has a minimum value for u? < 0 and p? > 0 as shown in Figure 2.4.

6o = o*r ot + 67

_ A+ i+l (2.13)
2
,u2 12
T2 2

As shown in Figure 2.3 and Figure 2.4, for u? < 0, the potential V(¢) has
a minimum value at ¢ = 4v (¢ # 0), with v = \/—u2/X. Therefore, the
spontaneous symmetry breaking can occur for u? < 0. For p? > 0, V(¢) has
its minimum value at ¢ = 0 and no spontaneous symmetry breaking can occur.
Therefore, we will not consider y? > 0 anymore as we will end up with where we

started, a theory of massless particles.

According to Eq. 2.13, the choice of the minimum value of ¢ is not unique,
so we have to choose a direction in SU(2) space. The vacuum ground state, ¢y,

can be written as,

1 /0
b= <y> (2.14)
where ¢; = ¢ = ¢, = 0 and ¢3 = v.
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Expanding Eq. 2.4, we get a term, which is proportional to W Wiriv2g?,

which can be identified as a mass term:

v = (2.15)

with 12 = 246 GeV.
The full Lagrangian of the electroweak theory incorporating the Higgs mech-

anism can be written as [11]:

]' 17
TP Fw

+my WIWH (1 + ?)2

14
¢
14

+ Z Uiy Dy + Ly
i

1
Low =—7G".Gy -

+m3Z,Z"(1+ =)

(2.16)

+5(0"9)(9.9)

1
m% % (1 + % + 41+ ;)2)

N — DN —

where my, and my are the masses of the W and Z bosons respectively. ¢
is the scalar Higgs field and v is its vacuum expectation value. F),, is the

electromagnetic field F,, = 0,A, —0,A,,. Ly is the Yukawa term that generates
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the Fermion masses by coupling to the Higgs field:

Ly = —(ge€rer + gufiritr + 9-TRTL
+ gadrdy, + gs5rSL, + gybrbL

(2.17)
+ gulirur, + g.Crer + gitrlL

v ¢
E(“‘;)

+ h.c.)

2.5 Standard Model

The Standard Model is the combination of the previously discussed theories of
electroweak and strong interactions without including the gravitational force.
The Lagrangian of the SM has the symmetry group of SU(3).® SU(2), @ U(1)y
where ¢ denotes the color index of QCD, L implies that only left-handed fermions
participate in the weak interaction and Y is the hypercharge. After spontaneous
symmetry breaking at energies smaller than 100 GeV, SU(2), ® U(1)y becomes
U(1)em which is the usual group of classical QED.

The Standard Model has 19 free parameters and it does not take into account
gravity. Therefore, it is very difficult to accept it as a truly fundamental theory.
The Standard Model introduces the existence of the scalar Higgs Boson without
giving its mass since mass itself is a parameter in the Standard Model! Finding
the Higgs Boson at Large Hadron Collider (LHC) is one of the crucial steps
necessary to validate The Standard Model. If we find the Higgs Boson, it will

be a challenge to identify whether it is the Standard Model Higgs Boson or a
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Supersymmetric Higgs Boson.

The vacuum expectation value of the field can be written as

<P >= % <3> (2.18)

A space-time dependent field fluctuation v arises if we perturb the vacuum

at ¢ = fv.

SEVAS

which can be interpreted as the Higgs boson. The Higgs potential after
symmetry breaking becomes [12]
"

V(o) = B — e o 4 Do (2.20)

The tree level mass of the Higgs boson can be deduced from the potential V

(second term):

my =/ —2u% = V2\v (2.21)

Since A is a free parameter, the SM does not predict exactly the mass of the

Higgs Boson.
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2.6 Experimental overview for Higgs searches

This section will give an introduction into the general framework of making
predictions and possibly exclusions of certain mass regions of the Higgs boson
taking results from different experiments. Finally, we will give different strategies
to hunt for the Higgs boson using the H — WW?* — (vjj channel. However,
the reason for choosing a specific event topology, production and decay mode
for the Higgs boson search in H — WW™* — frjj will be presented in the later

chapters of this thesis work.

2.6.1 Environment during proton-proton collision

As shown in Figure 2.5, LHC collides two beams of protons, which consist of
partons which carry a certain fraction of the proton’s momentum, x, shown
in Figure 2.6. Partons may be either the valence quarks (uud), the gluons
(which are radiated from the quarks) or the sea quarks (¢gq pairs which are
spontaneously produced and annihilated instantaneously within the proton).
Parton Distribution Functions (PDFs), f;(x, Q?), give the probability that parton
i (i.e., u,d...,g) has momentum fraction x of the proton’s momentum at the
energy scale \/@ of the event. It provides how likely it is to find a quark or
gluon carrying a definite fraction = of the proton’s energy inside an energetic
proton. Using £ = /x,25E),, we can find the total energy available to the

two partons that hit each other, where Fj is the center of mass energy of the
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proton-proton collision.

As shown in Figure 2.7, for the production of heavy Higgs boson like particles,
the part of the event of interest is the hard scatter, where two partons interact
with a high centre of mass energy to produce a new massive particle. During
the hard scattering process, partons which approach towards the collision point,
can emit initial state radiation. Final state radiation may occur after the hard
scattering process finishes. This may lead to the presence of a number of high
pr jets in addition to the decay products of whatever is produced in the hard
scatter.

Proton remnants may be present after the hard scatter. These remnants will
primarily travel in the beam direction and mainly escape down the beam pipe,
but some portion of the remnant particles may enter the detectors, particularly
in the more forward regions. This contributes to the underlying event.

At the LHC, since extremely high energetic protons collide in bunches, it
is highly probable that both multiple parton and multiple proton interactions
within the same bunch crossing can occur and may have different properties such
as different z position of the interaction vertices. These additional interactions
lead to multiple hard scattering processes and many collision vertices. This effect
is known as pileup and it is an increasing problem for analysis at the LHC as
the center-of-mass energy of the hadron collider increases. It may be corrected
for during the offline analysis and this will be addressed in Chapter 4.

Cosmic rays always pass through the detector, therefore, there will be some
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pprotonZ £

Figure 2.5: A typical proton-proton collision in a hadron collider.

ambiguity to identify real particles from the hadron collision and particles that
come from cosmic rays. In order to avoid this effect, we require that the events
must occur in time with the bunch crossings as well as selecting only particles
which have originated from the measured primary vertex. Since it is impossible
to create a complete vacuum within the LHC, there will always be backgrounds
from beam halo and cavern backgrounds. There will always be a small amount
of particles present which may interact with the proton beams to falsely produce
a signal in the detector. However, this is a very small effect and it can be

suppressed in the same way cosmic ray backgrounds are reduced.
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Figure 2.6: Parton distribution of proton.

2.6.2 Current limits on Higgs boson production cross-section

There are many possible ways to search for the Higgs boson experimentally at
the LHC depending on the different decay channels of Higgs boson into it’s final
state objects. The expected production cross section for the Higgs boson is
shown in Figure 2.8

For this thesis, a search is performed in H — WW* — fvjj using g9 —
H as shown in Figure 2.10 (gluon-gluon fusion, ggF') production mechanism.
Table 2.2 shows the production cross section for the Standard Model Higgs boson
production and the branching ratio (BR) for H — WW* — (vjj({ =e/u) as a
function of my.

There are also many other ways the Higgs boson may decay. The Higgs

boson couples to all massive particles. It may decay to any massive particle in
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Figure 2.7: A typical hard scattering process in hadron collider.
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mu(GeV] | o(gg — H) [pb] o(qq — H) [pb] | BR(H — £*vjj)
300 2.440.4 0.3070-95 0.202
400 2.0105 0.162+3:919 0.170
500 0.85+0.15 0.09513-90%8 0.160
600 0.33100% 0.05810 055 0.164

Table 2.2: Cross section for Standard Model Higgs boson production and the

branching ratio (BR) for H — WW* — (vjj (¢ = e/u) as a function of mass [13].

accordance to the conservation laws of the SM. For a given Higgs boson mass,
my, its couplings to fermions and gauge bosons are fixed. Therefore, production
cross sections, decay widths and branching ratios of the Higgs boson can be
calculated. Figure 2.8 shows the branching ratios of the Higgs boson to various
final states as a function of my and Figure 2.9 shows the total width of the
Higgs boson.

Figure 2.8 shows that at high Higgs mass my, the Higgs boson decays
dominantly to pairs of W bosons or to pairs of Z bosons. In the mode H —
Z 7 — 4f, the Higgs boson mass may be fully reconstructed. However, the
low branching ratio of H — ZZ — 4/ leads to a low overall cross section so a
significant amount of data must be analysed to obtain a signal.

The cross section for the basic gluon gluon fusion to Higgs process can be

found in Appendix B
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Figure 2.8: The Standard Model Higgs boson cross-section [13].
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Figure 2.10: Gluon-gluon fusion [14].
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2.7 H— WW?* — (vjj Analysis

This thesis work is the extension of the previous work by using 1.04 fb=! of
data (data recorded by the ATLAS detector until July 2011) at /s = 7 TeV
which was presented in “The XXV International Symposium on Lepton Photon
Interactions at High Energies (Lepton Photon 11)” [15], [16], Appendix A. We
subsequently published the result in Nov. 2011 [17]. We collected data for few
more months until Dec 2011 where we received 4.7 fb~! and we published the
result in 2012 [18]. A search for a SM Higgs boson was done in this thesis using
4.7 fo=t at /s =T TeV in the H — WW?* — (vjj decay channel. An ATLAS
internal document related to this thesis and the published result can be found

here [19].
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Chapter 3

Large Hadron Collider and The ATLAS

Detector

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [20] located just outside Geneva, Switzerland,
beneath the French-Swiss border, is the world’s most powerful tool for frontline
research in particle physics. It is designed to collide protons at a centre of mass
energy (1/s) of 14 TeV once it has been fully commissioned. Commissioning
began in September 2008 and the highest energy collisions to date have been at
a centre of mass energy of 8 TeV. For this thesis, data collected at /s = 7 TeV
in 2011 will be considered.

The LHC is installed in a circular tunnel, 26.7 km in circumference, which was
initially constructed for the Large Electron Positron (LEP) collider. Figure 3.1
is a schematic diagram of the LHC. Two general purpose detectors designed
to search for physics beyond the Standard Model, A Toroidal LHC ApparatuS
(ATLAS) [21] and the Compact Muon Solenoid Experiment (CMS) [22] are
located at Point 1 and Point 5, respectively. Two smaller specialised experiments,
A Large Ton Collider Experiment (ALICE) [23], investigates quark-plasma soup in
the lead-lead nuclei collisions, and the Large Hadron Collider Beauty Experiment

(LHCDb) [24], designed to study physics using bottom quarks (b), are located
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at Point 2 and Point 8, respectively. Points 3 and 7 contain equipment used
for beam cleaning, Point 4 contains radio-frequency cavities and Point 6 is the
location of the beam dump.

Two proton beams travel in opposite directions around the ring. Therefore
the two beams need independent magnet systems, because the particles in the
beams have the same charge!. The 3.7 m diameter of curved sections of the
tunnel is not large enough to contain two completely separate rings, therefore a
twin-bore magnet system was designed in which the two rings share the same
cold mass. Particle physics experiments need accelerators that can produce
collisions at the highest possible rate at the highest possible energy in order to
maximise the discovery potential for new physics. The number of events of a

interesting signal process is determined by:

Nevent =Lx Oevent (31)

where L is the luminosity of the accelerator, in number of particles per unit
area per unit time, and o is the cross-section, or interaction probability. So,
the study of rare processes with low cross-sections requires the highest possible

luminosity. The luminosity depends on the parameters of the proton beam and

IThis is in contrast to the Tevatron collider at Fermilab, which used to collide protons and
anti-protons. Since proton and anti-proton have opposite charge and move in the opposite
direction, both beams require a magnetic field in the same orientation. A different choice was
made for the LHC to avoid the technical challenges in producing and storing antiprotons.
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Figure 3.1: The Large Hadron Collider (LHC) [21].
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Figure 3.2: Author is in tunnel of the Large Hadron Collider.
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can be written as:

2
- Nb nbfre'u’)/'r
dro,oy

I (3.2)

where

Ny is the number of particles per bunch

nyp is the number of bunches per beam

frev 18 the frequency at which the beams circulate the ring

v, is the relativistic gamma-factor

® 0,0, represent the width of the beam in the transverse direction where

the shape is assumed to be approximated by a Gaussian distribution

The LHC has been designed for a luminosity of 103* /em?s. Safe commission-
ing of the LHC requires slowly increasing the collision energy and the luminosity.
At present the highest instantaneous luminosity is 5.1 x 1032 /cm?s. The luminos-
ity was increased by increasing the number of particles per bunch by an order of
magnitude, the number of bunches per beam, and by decreasing the transverse
width of the beam at the interaction points.

The cross-sections of many physics processes increase with the proton beam

energy. The energy at which particles in the proton beam collide is determined
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Bp = (3.3)

P
e

where B is the field of the dipole magnets used to bend the proton beam
around the ring, p is the bending radius, p is the proton momentum and e is the
proton charge. For a fixed accelerator size, the maximum energy is limited by
the magnetic field of the dipoles. An energy of 7 TeV per proton in the LHC
requires a high magnetic field in the dipoles of 8.33 T. Such an extreme magnetic
field is obtained by using superconducting dipole magnets, which operate at a
temperature of 1.9 K. For the dipoles, it takes ~six weeks to be cooled from room
temperature to 1.9 K. In addition to the 1232 dipole magnets, 392 quadrupole
magnets are used to focus the beams.

The first proton-proton beam was injected in the LHC on the 10" September
2008. Unfortunately, just over a week later on 19'" September, during powering
tests of the main dipole circuit of Sector 3-4 of the LHC, a fault occurred in
the electrical bus connection between a dipole and a quadrupole magnet. Few
magnets underwent mechanical damage and a significant amount of helium was
released into the LHC tunnel. This incident delayed in the LHC operation of
more than a year while the magnets were repaired and a system was developed

to detect abnormal electrical resistance in bus bars and the interconnections

between magnets.
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Figure 3.3: The ATLAS Coordinate System [14].
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3.2 A Toroidal LHC Apparatus (ATLAS) Detector

ATLAS (A Toroidal LHC ApparatuS) is one of the four multi-purpose high
energy physics detectors at the Large Hadron Collider, designed to measure
the largest possible variety of physics processes [21]. ATLAS is located 92.5 m
below the ground at point 1 of the LHC (CERN site). As shown in Figure 3.4,
it is cylindrical in shape, 25 m in diameter, and 44 m long, and it weighs
approximately 7000 tons. Many high-resolution subsystem detectors within
the ATLAS detector help identification and reconstruction of particles such as
electrons, muons, jets and missing transverse energy.

ATLAS is the largest of the four LHC experiments and has been designed
to measure a wide range of physics processes. Fast, radiation hard-electronics
and sensor elements and high detector granularity are used to cope with the
high particle flux from the LHC. ATLAS has full azimuthal coverage and a
large acceptance in pseudorapidity. The coordinate system used by ATLAS is
discussed in Section 3.2.1. The detector is 44 m long and 25 m high, cylindrical

in shape and symmetric about z with respect to the interaction point.

3.2.1 The ATLAS coordinate system and Nomenclature

The coordinate system used within the ATLAS experiment is shown in Figure 3.3.
The origin of the coordinate system is defined by the nominal interaction point

with the beams traveling in the z-direction as shown in Figure 3.3. The positive
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Detector Component Required resolution 7 coverage

Tracking 0py /P = 0.05%pr £ 1% +2.5

EM calorimetry op/E =10%/VE +0.7% +3.2

Hadronic calorimetry (jets)

barrel and end-cap op/E = 50%/VE + 3% +3.2
forward op/E =100%/vE +10% |3.1<|n| <4.9
Muon spectrometer Opr /P = 10% at pr = 1 TeV +2.7

Table 3.1: Approximate resolution of the different components of the ATLAS

detector.

x-axis is defined as pointing towards the centre of the LHC ring from the center
of the interaction point and the positive y-axis is pointing upwards, away from
the centre of the earth. The azimuthal angle ¢ is measured around the beam
axis in the x-y plane and the polar angle # is the angle from the beam axis, i.e.,
measured between the z-axis and the x-y plane [25].

The partons within two colliding proton beams have wide range of longi-
tudinal momentum determined by parton distribution function (PDF) shown
in Figure 2.6. Since we have 7 TeV center of mass energy of the colliding
proton beams, the center of mass of the parton-parton collision is longitudinally
boosted with respect to the center of mass of the colliding proton. Therefore,
we have to find out variables to describe a collision event which are invariant

under longitudinal boosts. The rapidity y, the transverse momentum pr and
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the azimuthal angle ¢ are some of those variables.

The four-momentum p* of a particle of mass m can be written as

P = (1 [ p2 + m? cosh(y), prsin @, pr cos ¢, \/ pa + m? sinh(y)) (3.4)

where y is the rapidity, defined as

where E' is the energy of the object and p, is its momentum along the direction
of the incoming proton beams. It is evident from Equation 3.5 that if we
have a boost along z-direction, rapidity is going to be additive under Lorentz
transformations. However, rapidity differences are Lorentz invariant.

For massless objects, E = |?], we can further simplify y

|?| — Pz

Pz

vl (3.6)

— 1
n e
- m 1 — cos(0)
1 + cos(0)
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Therefore,

y=—In (m (g)) . (3.7)

where 7 is the pseudo-rapidity which is easier to measure experimentally
because of its relation to the polar angle 6. Rapidity has a more physical meaning
for massive objects. Since pseudo-rapidity is the same for all objects (i.e. objects
of any mass), it can be used to define the coordinate system in a particle detector
instead of using the azimuthal angle 6. Unless otherwise stated, n will is used
through out the thesis.

The transverse momentum pr, the transverse energy Er, missing transverse
energy EXS and other transverse variables, are defined in the x-y plane unless

otherwise stated. The distance AR in the pseudo-rapidity (n)-azimuthal angle

(¢) space is defined as AR = /(An)? + (Ag)2.
Trajectories of charged particles in an ideal uniform magnetic field can be
described by the following helix parameters, measured at the point of closest

approach to the nominal beam axis x = 0,y = 0. Parameters in x-y plane are:
e pr : Transverse momentum with respect to the beam-axis.
e ¢ : Azimuthal angle with tan ¢ = %.

e dy : Transverse impact parameter, defined as the transverse distance to

the beam axis at the point of closest approach.
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e 2, : Longitudinal impact parameter, defined as the z position of the track

at the point of closest approach.

3.2.2 Magnet System

ATLAS features a striking hybrid system of four large superconducting magnets.
The magnet system is 22 m in diameter and 26 m long and has a total stored
energy of 1.6 GJ. A central solenoid provides a 2 T axial magnetic field for the
Inner Detector and a barrel toroid and two end-cap toroids provides a toroidal
magnetic field of 0.5 T in the barrel and 1 T in the end-caps. The solenoid is a
single-layer coil made of a Niobium-Titanium superconductor and is operated at
4.5 K with a current of 7.7 kA. The toroids operate at a temperature of 4.6 K
with a current of 20.5 kA. The finite number of coils in the toroids mean that the
field is not perfectly toroidal but follows a regular eight fold pattern shown in
Figure 3.5 and Figure 3.6. The largest variations in the field strength are in the
region between the barrel and the end-cap. Accurate knowledge of the magnetic
field is vital for precise track measurements, therefore the muon spectrometer is
equipped with approximately 1730 Hall cards to measure the magnetic field to
an accuracy of 0.3%. The design of the ATLAS magnet system is significantly
different to the single 4 T solenoid used by CMS. The choice of design for the
magnet system, once made, was the driving force behind the further choices in

the detector design.
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Figure 3.4: The ATLAS detector [21].
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Figure 3.5: The Barrel Toroid assembled from eight coils and sixteen supporting
rings linking the coils. The length is 25.3 m, the inner diameter is 9.4 m and
the outer diameter is 20.1 m. The scale is indicated by the person standing in

between the two bottom coils [21].
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Figure 3.6: Magnetic field configuration in the (a) transverse cross section in
the center of the magnet system (thus End Cap Toroid field not present) and
(b) longitudinal section. One can clearly recognize the peak magnetic field of
4 T in the windings of the eight Barrel Toroid coils (in a) and both End Cap
Toroids (in b); the 2 T in the Central Solenoid and in the iron shell, part of the

calorimeter, surrounding the solenoid and acting as a return yoke (in a) [26].
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3.2.3 Inner detector

The function of the inner detector (ID) is primarily to provide excellent mo-
mentum resolution and precision pattern recognition, providing the ability to
reconstruct both primary and secondary vertices. Charged particles within the
region |n| < 2.5 leave hits as they traverse the ID. Multiple hits may be joined
up to reconstruct the path of a charged particle through the volume of the 1D,
from which the momentum and origin of the particle may be calculated. In order
to accurately reconstruct these charged particle tracks, fine granularity detectors
are required. Within ATLAS, pixel and silicon microstrip tracking detectors, as
well as the transition radiation tracker (TRT), are used to achieve the required
accuracy. Figure 3.7 shows the three sub-detectors of the Inner Detector: the
silicon pixel detector, semiconductor tracker (SCT) and the Transition Radiation
Tracker (TRT). As the solenoid deflects particles in the transverse plane, each
sub-detector has the highest precision in this plane to obtain the best possible
momentum measurement. Figure 3.8 shows an ATLAS pixel module.

Silicon detector measures the passage of charged particles to very high spatial
precision. Therefore, they should be placed close to the interaction point where
the particle density is the highest. Since the first layer of the silicon detector is
very close to the interaction point, it has better track parameter resolution but
it experiences higher radiation dose. Therefore the optimal detector placement

involves balancing the performance of the detector and the detector lifetime.
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The pixel detector is built directly onto the beryllium beam pipe in order to
provide the best possible primary and secondary vertex resolution. It comprises
three layers in the barrel at radii of 50.5 mm, 88.5 mm, and 122.5 mm, and three
end-cap disks on either side of the center at positions |z| = 495 mm, 580 mm,
and 650 mm. The 250 pm thick silicon sensor modules are divided into 50 pum
wide and 400 pm long pixels, with 47232 pixels on each of the 1744 modules.
With over 80 million pixels, the pixel detector makes up almost 90% of the total
read out channels of the ATLAS detector. A typical track with || < 2.5 will
leave 3-4 hits in the pixel detector.

The pixel sensors are essentially doped semiconductors with a high reverse
bias voltage. When an ionising particle ( i.e., charged pion or a muon) propagates
through a silicon detector, it ionises the silicon atoms and produces pairs of
electrons and holes along its trajectory. The number of electron-hole pairs
produced along its trajectory is proportional to the energy lost by the particle.
Electrons and holes move in opposite directions and reach to the sensor surface
due to the external applied electric field. The charge drifts to the surface and
produces a pulse of current, which is being detected using charge sensitive
electronics. A typical minimum ionizing particle passing through the sensor
module will free 2 x 10* electrons. To reduce the number of hits coming from
electronics noise, this analog signal is compared to a threshold and the time over
threshold is recorded. In some cases several neighboring pixels may register a

signal above threshold. These pixels are grouped into a single ‘cluster’, which
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Figure 3.7: ATLAS inner detector system [21].

is treated as a single hit by the track reconstruction software. Clusters from
noise typically have low time over threshold (~ 125 ns), whereas clusters from
a typical minimum ionizing charged particles are expected to have a time over
threshold of ~ 750 ns. Within the geometric acceptance of the pixel detector,
the hit efficiency was more than 99%, but 2.5% of the modules in the detector
were disabled during data-taking.

Semiconductor tracker (SCT), lying immediately outside the pixel detector,
consists of silicon strips. Conceptually the SCT is similar to the pixel detector,
but it uses 80 um wide, 12 cm long silicon microstrips rather than pixels. The
entire SCT detector comprises 15912 sensor modules in four radial layers in the

barrel, with radii of 299 mm, 371 mm, 443 mm, and 514 mm, and six end-cap
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Figure 3.8: Schematic view of a barrel pixel module (top) illustrating the major
pixel hybrid and sensor elements, including the MCC (module-control chip), the
front-end (FE) chips, the NTC thermistors, the high-voltage (HV) elements and
the Type0 signal connector. Also shown (middle) is a plan view showing the
bump-bonding of the silicon pixel sensors to the polyimide electronics substrate.

The photograph at the bottom shows a barrel pixel module [21].
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disks on either side of the interaction point at |z| = 890 mm, 1091 mm, 1350 mm,
1771 mm, 2115 mm, and 2608 mm. The four barrel layers, as well as the first,
third, and sixth disks are all “double-layers”. For detectors that are strip-like,
this double-layering is a common method to improve the spatial resolution in
the long dimension. The angle between the two layers is optimized for resolving
“ghost” ambiguities when several charged particles traverse one double-layer [21].
The single-hit efficiency for the SCT is quite high and only 0.97% of the modules
were disabled during data-taking.

The final part of the ID is the transition radiation tracker (TRT), also known
as “straw tube tracker”. This is made up of cylindrical polyimide drift tubes
(straws) with a diameter of 4 mm straws filled with a mixture of COy and xenon.
The straws contain a gold wire at their center. The straws act as the cathode
and gold wire acts as anode of a drift tube and passes through the center of the
straw. As charged particles pass through the straws, they ionize some of the gas.
A high voltage is applied across the straw, so that the charge is collected on the
anode after some drift time. The drift time provides precise measurement of
the impact parameter of the track in the tube, but there is no resolution in the
direction parallel to the wire. Charged particles passing through the straw tubes
also emit low-energy transition radiation photons which are absorbed by the gas.
This transition radiation provides discrimination between electrons and hadrons.

Both the pixels and SCT detectors are cooled to ~ —10°C using C3Fy as the

coolant. The cooling is necessary inorder to reduce the radiation damage to the
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silicon. Because the TRT operates at room temperature, a set of insulators and
heaters isolate the silicon detectors from the environment of rest of the ATLAS
detector. In order to prevent condensation, dry nitrogen is blown through the
cooled portion of the inner detector (pixels and SCT). The TRT is operated in
a dry CO2 environment since nitrogen can reduce the transition radiation signal
in the TRT .

Beam conditions monitor (BCM) is attached next to the pixel system to
detect the surge of charge. The BCM consists of eight diamond sensors 184
mm on either side of the interaction point. These sensors have very good time
resolution. Thus it is able to distinguish particles arriving from the collision
point and those arriving along the beam line. In the case of a beam incident,
a dangerously high flux of particles could be sent through ATLAS. The BCM
detects the high flux of particles that are not coming from the collision point
and triggers the dump of the LHC beams. Once a beam dump signal has been
sent, the beam is completely ejected from the main ring of the LHC in about
three turns (~ 250 p s). BCM is the only subdetector in ATLAS that is allowed

to trigger a beam dump automatically.

3.2.4 Calorimeter

The ATLAS calorimeters (shown in Figure 3.9) cover the range |n| < 4.9 and
provide precise measurement of the energy of electrons, photons and hadrons

using an electromagnetic calorimeter for electron and photon reconstruction
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and a hadronic calorimeter to improve the measurement of jets and ERss . A
forward calorimeter (FCal) is used for particles at 3.1 < |n| < 4.9.

All of the ATLAS calorimeters are sampling calorimeters. Sampling calorime-
ters consist of sheets of absorbers alternated with layers of active material to
perform the energy measurement of the incident particles. The incident particle
on the calorimeter produces a shower of particles. At each stage in the shower-
ing, the particles will have less and less energy until the shower is completely
absorbed. Energy of the incident particles is deposited within the calorimeter
components which may be summed to provide a measurement of the energy of
the of the incident particle. The calorimeter is designed to absorb completely
the energy of the incident particles so that no energy is lost by escaping particles.
This helps to reduce the radiation damage to the muon chambers due to high
energy hadrons.

The first part of the calorimeter system is the liquid argon (LAr) electro-
magnetic (EM) calorimeter, which measures the energy of incoming electrons
and photons. It provides coverage up to |n| < 3.2 and is split into a barrel
part within |n| < 1.475 and two endcap parts for the remaining coverage. The
active material within the calorimeter is liquid argon, while lead helps to absorb
electrons and photons. The thickness of lead in the absorber plates is optimised
as a function of || to provide the best energy resolution. By using a presampler
detector consisting of an active LAr layer within the central region of |n| <

1.8, the energy lost by electrons and photons before reaching the calorimeter is
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Figure 3.9: Cut-away view of the ATLAS calorimeter system [21].

corrected.

Directly outside the EM calorimeter are the hadronic calorimeters, which

are designed to determine precisely the energy of hadrons. The hadronic calorime-
ters consist of the tile calorimeter which uses steel as the absorber and scintil-
lating tiles as the active material and it covers |n| < 1.7. Additional coverage
up to |n| < 3.2 is provided by the LAr hadronic endcap calorimeter. The
LAr forward calorimeter, uses the same technology as the EM calorimeter,

gives coverage in the very forward region which extends to |n| < 4.9. Figure 3.9

shows cut-away view of the ATLAS calorimeter system.

Both the LAr and the scintillating tile calorimeter measure the energy of

particle showers. Particles passing through the LAr calorimeter ionize the liquid
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argon. A high voltage is applied across the liquid argon, and the charge deposition
is collected as a current in the cell. Because the LAr flows continuously, there is
no reduction in the signal strength due to the radiation damage over the lifetime
of the LHC. Scintillation light is produced in the tiles as they absorb radiation.
The tiles signal is transferred through optical fibers to photomultiplier tubes
(PMTSs) located behind the active volume of the calorimeter. Due to radiation
damage, the signal from the scintillating tiles is expected to decrease by several
percent over the lifetime of the LHC. For calibration between runs, cesium
sources can scan across the detector to check its response (the ratio of the
reconstructed signal to the “true” signal). Charge can be injected into a single
cell to test and calibrate the read-out electronics. Lasers can provide light to

test the optical connections and PMT response.

3.2.5 Muon system

The muon spectrometer (Figure 3.10) is the outermost component of the ATLAS
detector which surrounds the calorimeters. It is a high precision tracking
detector designed to detect and measure the momentum of charged particles
in the pseudorapidity range of |n| <2.7. Due to the structure of the toroidal
magnet system, the spectrometer follows an eight-fold azimuthal symmetry.
Muon momenta up to ~ 3 TeV can be measured using the muon spectrometer
alone.

The momentum is measured using the magnetic deflection of muons by the
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TGC(M2)

Figure 3.10: Configuration of the muon spectrometer with its four chamber
sub-systems: the precision-measurement tracking chambers (MDTs and CSCs)
and the trigger chambers (RPCs and TGCs). The first letter (B and E) of the
MDT naming scheme refers to barrel and end-cap chambers, respectively. The
second and third letters refer to layer (inner, middle, and outer) and sector

(large and small) types, respectively [21].
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large superconducting toroid magnets. The magnet configuration provides a
field orthogonal to the muon trajectories. The three layers of chambers in the
barrel are arranged concentrically around the beam axis and the three planes of
chambers in the end-caps are perpendicular to the beam axis.

The Monitored Drift Tubes (MDTSs) provide precision tracking for |n| <
2.7. An MDT is a gas filled aluminium tube with a tungsten wire at the centre.
A single aluminium tube has a radial resolution of 80 um, but no longitudinal
measurement. An MDT chamber consists of between three and eight layers of
drift tubes so that an average resolution of ~ 35 um per chamber is obtained. In
the forward regions with 2.0 < |n| < 2.7, the innermost MDT layer was replaced
by Cathode Strip Chambers (CSCs) because they have finer granularity and
a 7 ns timing resolution for the higher track density. The CSCs are muliti-wire
proportional chambers with the cathode planes divided into strips in orthogonal
directions. The resolution of CSC chamber is 40 pum in the plane in which the
tracks are bent by the magnetic field and 5 mm in the plane in the transverse
direction. Both the MDTs and the CSCs use an Ar/CO; gas mixture.

The muon trigger chambers provide a momentum-dependent muon trigger.
Resistive Plate Chambers (RPCs) are used in the barrel for || < 1.05 and
Thin Gap Chambers (TGCs) are used in the end-cap for 1.05 < |n| <
2.4. The RPCs consist of four Bakelite plates filled with a gas mixture of 97%
tetrafluorethane (CoHoFy) and 3% isobutane (CyHjp). The RPCs have a spatial

resolution of 10 mm and a timing resolution of 1.5 ns. The TGCs are similar to
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multi-wire proportional chambers, but with an anode pitch much larger than
the distance between the cathode and the anode. The TGCs are mostly used
in the end-caps because they can handle high rates with better resolution than
the RPCs. TGCs use Carbon dioxide (CO3) and n-pentane (n-CsHis) as gas
mixtures. The spatial resolution of the TGC is 2-6 mm and the timing resolution
is 4 ns. The RPCs were used in the barrel because they were less expensive
compared to TGCs and are sufficient to trigger on the lower muon flux. In total,
there are 339k MDT, 30.7k CSC, 359k RPC and 318k TGC chambers in the

muon spectrometer system.

3.3 Data Acquisition System and Trigger

At even moderate luminosities in the LHC, protons will collide in ATLAS every
25 ns. About 100 million channels in the ATLAS detector must be read out by
the data acquisition (DAQ) software during LHC operation, resulting in ~ 1.5
MB of events. Without any filtering, ATLAS would need to process and record
~ 60 TB of data every second. Because only a small fraction of the events can
be recorded, these events must be quickly searched for interesting signatures.
This presents a significant challenge to the ATLAS trigger and data acquisition
system. A rapid decision must be made for each event making sure that we are
not throwing any interesting events.

The rate at which ATLAS can record events is actually limited by its ability
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to transfer the events away from point 1 at CERN site. A steady transfer can be
maintained at ~700 MB/s from point 1 to the data processing center at CERN
(Tier0), implying an ideal output rate of ~400 Hz. At Tier0, there is sufficient
computing power to process 200 Hz of data with the LHC providing collisions
~T70% of the time. Using on-site buffering capability, ATLAS can write at the
normal rate of 200 Hz for up to 24 hours without any connection to the Tier(.
If ATLAS were to record a float (eight bytes) for every channel in the detector,
each event would require ~800 MB of disk space. To make minimum disk space
use, most detectors apply zero-suppression (only reading out channels with a
signal above some threshold). For pixel detector, the expected number of hits
per event is six orders of magnitude lower than the number of channels in the
detector. This zero-suppression can be disabled for special runs, for example to
understand data acquisition problems or monitor detector noise below threshold.

As shown in Figure 3.11 the ATLAS trigger system consists of three stages:
the hardware-based Level 1 (L1) trigger and the software-based Level 2
(L2) and Event Filter (EF) triggers. L2 and EF triggers collectively known
as the High Level Trigger (HLT).

The L1 trigger is designed to make a decision on each event in under 2.5 us
and provide output at a rate up to 75 kHz. No inner detector information is
used at this stage, and only very simple calorimetric and muon reconstruction
information is available. The L1 trigger selects events containing specific physics

objects in the regions of interest (Rols) of the detector. For events with
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Figure 3.11: The ATLAS Trigger System [27].
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electromagnetic clusters, the Fr is measured at L1 by trigger towers in a region
of 0.1 x 0.1 in Ay x A¢. These towers are shown in Figure 3.16. The L1 muon
trigger utilises a measurement of particle trajectories made by two parts of the
muon detector: the resistive plate chambers (RPCs) in the barrel region and
the thin gap chambers (TGCs) in the endcap region. The L1 muon trigger uses
different detectors systems from the offline muon detectors. This is because the
L1 trigger must make rapid decision about whether an event should be stored or
discarded but the MDTs and CSCs, used for offline muon reconstruction, are
not fast enough for this purpose. However, the MDTs and CSCs are extremely
precise. The RPCs and TGCs used for the L1 muon trigger are less accurate,
but it is fast enough to cope with the high bunch crossing rate and it provides
a precision which is adequate for trigger purposes. The Rols identified by the
L1 trigger are used to seed L2 trigger. The L2 triggers are designed to make
a decision in under 40 ms and provide output at rates up to 3.5 kHz. The
L2 triggers run a simplified version of the event reconstruction software in the
Rols defined by the calorimeter and muon systems. Improved selection criteria
(such as distinguishing electrons from photons by track matching) and improved
calibrations are applied. Some limited identification of b-jets is done and ERss
measurement is also refined. Events passing the L2 trigger are then passed to
the EF trigger, which performs a full offline analysis selecting interesting events.
EF makes an event reconstruction decision in under 4 s and provides output

at 200-400 Hz. At L2 and EF, further requirements on the EX* of the objects
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must be satisfied and electron candidates must pass additional quality criteria
for final physics analysis. After the EF, the events are divided into different
“streams”, depending on different trigger chains. A single stream may include, for
example, all events passing any photon or electron trigger or muon trigger. All
of the events passing the L1 calorimeter triggers (including jet, electron, photon,
and 7-lepton triggers) were put into the L1Calo stream. Triggers used for this
thesis have been discussed in details in chapter 4.

Most sub-detectors have the ability to remove in part or whole without
stopping the data taking, in case a single section becomes problematic for either
the trigger or the data read-out chain. In case of such transitions, a luminosity
block is introduced in order to provide a clear division between data taken prior
to, during, and after the transition. For security reasons, at the beginning of an
LHC fill, the pixel detector operates with both module high voltage and signal
preamplification off, and the SCT operates at a lowered high voltage. These
conditions are changed during the run after the beams have been declared stable.

One of the most important challenges to the data acquisition system (DAQ)
in ATLAS is ensuring that all triggers and detectors are in sync with each other.
Most detectors operate on a 40 MHz clock. Phases of all the systems must be
adjusted to make sure a given clock cycle in all the subsystems corresponds to
the same bunch crossing. Subdetectors may associate a signal to the incorrect

collision, or miss a collisions signal all together without this important timing.
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3.4 Offline Software and Data Processing

Data sets of ATLAS are far too large to be contained and processed entirely at
the Tier0. Instead, the worldwide Large Computing Grid (LCG) [28] is used to
distribute the data around the world for processing. Several copies of the data
sets can be maintained, so that if any single processing site is unavailable, the
data can still be accessed.

In order to understand detector effects in the data, ATLAS has implemented
a detailed detector simulation [29] based on the Geant4 toolkit [30, 31]. The
detector simulation has been tuned to agree with test beam data from both
standalone test beams and a “combined” test beam with a complete wedge of
the detector. Simple validation of the simulation is also performed.

Each of the detector signals produced in the simulation step is reconstructed
via complex algorithms to produce particles (electrons, muons, photons, taus,
etc.) with an established energy, momenta, position in 6 and ¢, vertex, impact
parameter, and more. During this step, MC and data are saved into the following

file formats:

e Event Summary Data (ESD) which has the most complete information
on tracks, hits in the detector, and more. It is also the largest (in file size)

format; accessible by the ATLAS software framework - ATHENA.

e Analysis Object Data (AOD) a slimmer version of the ESD format, has less

information, making it unsuitable for analyses in which standard particles
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are not used. This format is accessible by ATHENA and by the software

analysis package ROOT.

e N-tuples the most commonly used format that is slimmed to only contain
what is needed in particle physics analyses. Users have the option of
creating their own N-tuples from ESDs or AODs or using official N-tuples.
In some cases, extra information is added or recalculations are added to
minimize algorithms needed in the analysis. This is the smallest file format
and can be reduced even more by stripping more information from the file.
In general, file-size reduction is critical because ATLAS produces several

Petabytes of data per year.

3.5 DataQuality and Luminosity determination

In order to provide useful information about the quality of data for each physics
run, ATLAS has implemented a set of data quality flags. These flags take one
of several values: green (good), yellow, red (bad), black (detector off during
the run), and gray (undefined). Generally, it is left to the detector group to
define the precise meaning of the flags. For the calorimetry, in general, a red
flag means that something changed during the luminosity block (e.g. a portion
of the detector was disabled for part of that luminosity block) or that there was
some unrecoverable data acquisition problem. A green flag means that problems

with the detector were understood. A yellow or gray flag means that the quality

60



of the data is uncertain, and a detector expert needs to check the run. A yellow
flag may also indicate that the data needs to be reprocessed, for example to
mask noisy channels.

The number of read-out channels for each subdetector and the fraction of the
detector providing useful data during 2011 is given in Figure 3.13. Figure 3.13
also shows the fraction of the data taken with each detector that was considered
“good” after offline reprocessing. The integrated luminosity as a function of day
of the 2011 run is shown in Figure 3.12, separately for the delivered integrated
luminosity, and recorded integrated luminosity with all subdetectors enabled.
The total recorded luminosity for this data sample is 5.2 fb~1.

Van der Meer scans are used to determine the luminosity at ATLAS [32].
During these scans, the position of one beam is moved in steps with respect to the
other and the hit rates in a detector in the forward region, LUCID (luminosity
measurement using a Cerenkov integrating detector) [33], are measured. LUCID
is located at 17m from the interaction point and counts the average number of
particles per bunch crossing to determine the number of inelastic pp interactions
per bunch crossing providing a measurement of the instantaneous luminosity at
a given time. LUCID consists of sixteen CyFg gas filled aluminium tubes with
reflective walls. When charged particles enter the gas, Cerenkov photons are
created and reflected by the walls until they reach PMTs at the back of the tubes.
If the signal measured by the PMTs is larger than a given threshold, a ‘hit’ is

recorded. Timing signals are received from the LHC clock allowing the number
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Figure 3.12: The integrated luminosity recorded by ATLAS in 2011 that was

used in this analysis. All luminosity estimates have a systematic error of 3.9%.

of hits to be counted for each bunch crossing. In addition to LUCID, there is a
beam conditions monitor (BCM) which is located 2m away from the interaction
point and monitors beam losses and provides feedback to the team operating the
LHC. The BCM makes histograms of the single-sided and coincidence rate per
bunch crossing. It has excellent timing resolution of 0.7 ns, ensuring accurate
determination of the bunch-by-bunch rates.

Figure 3.13 shows Luminosity weighted relative fraction of good quality data
delivery by the various ATLAS subsystems during LHC fills with stable beams

in pp collisions at /s = 7 TeV, and after switching the tracking detectors on.
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Detector Sub-detector | Good quality
data delivery (%)

Inner Tracking Pixel 99.8
SCT 99.6
TRT 99.2
Calorimeters EM Lar 97.5
Had Lar 99.2
FWD Lar 99.5
Tile 99.2
Muon Detector MDT 99.4
RPC 98.8
CSC 99.4
TGC 99.1
Magnets Solenoid 99.8
Toroid 99.3

Figure 3.13: Luminosity weighted relative fraction of good quality data delivery
by the various ATLAS subdetector systems during LHC fills with stable beams
in pp collisions at y/s = 7 TeV. Runs between March 13th and October 30th,
corresponding to a preliminary recorded integrated luminosity of 5.23 fb=! , are

included.
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Runs between March 13th and October 30th, corresponding to a preliminary
recorded integrated luminosity of 5.23 fb~!, are accounted.

When the stable beam flag is raised, the tracking detectors undergo a socalled
"warm start”, which includes a ramp of the high-voltage and, for the pixel system,
turning on the preamplifiers. The inefficiency due to this, as well as the DAQ
inefficiency, are not included in the table above, but accounted for in the ATLAS

data taking efficiency. This table reflects the data quality after the reprocessing.

3.6 Event Reconstruction

The measurements performed by the ATLAS detector as described in the previous
sections produce raw electrical signals which must be processed in order to
reconstruct the objects required for physics analysis, including tracks, particles,
Exiss and vertices. This section describes the methods used to reconstruct these

objects from the raw data obtained by the ATLAS detector.

3.6.1 Particle Identification

Figure 3.14 shows a schematic diagram of how particles interact with the ATLAS
detector. Muons are weakly interacting charged particles that may pass through
the entire ATLAS detector. This leaves tracks in the inner tracking detector and
muon spectrometer and deposits a small amount of energy in the electromagnetic
and hadronic calorimeters. Electrons are electromagnetically charged particles

that will pass through the inner tracking detector and will deposit their energy
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Figure 3.14: The ATLAS Particle Interactions.
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in the electromagnetic calorimeter producing a track in the tracking detector.
Photons are electromagnetically interacting particles that pass through the inner
tracking detector and deposit their energy in the electromagnetic calorimeter,
without leaving any track since it is charge neutral. Protons and neutrons deposit
most of their energy in the hadronic calorimeter. Only protons will leave tracks
in the inner tracking detector and a small amounts of energy deposited in the
electromagnetic calorimeter. Being charge neutral, neutrons leave no tracking
information. Neutrinos are invisible to the detector, but it can be identified
using energy and momentum conservation laws. It is generally represented by

missing energy FMsS,

3.6.2 Track reconstruction

The reconstruction of tracks at ATLAS is performed using data obtained by
the inner detector described in Section 3.2.3. The different stages of the track
reconstruction sequence are illustrated in Figure 3.15. Reconstruction of tracks

occurs in three steps:

e Raw data from the pixel and SCT detectors are converted into clusters
and then converted into space-points. Timing information from the TRT

is converted into calibrated drift circles.

e The next step involves running various track-finding algorithms which can

find tracks arising from the interaction region. Space-points from three
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Figure 3.15: The track pattern recognition is illustrated in a simplified model of
the Inner Detector. The space points are shown in yellow. The seeds (blue) are
reconstructed from combinations of space points. The dashed blue seed shows
two seeds correspond to the trajectory of the same charged particle. Lines show
the track candidates. A track reconstructed using all three inner subdetectors is

shown in black [34].
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pixel layers and the first SCT layer are combined to form track seeds. These
seeds are then extended, outliers are removed and by applying various
quality cuts, fake tracks are rejected. These selected track candidates are
extended into the TRT and using information from the pixels, SCT and
TRT, a final refitting is performed to reconstruct the tracks. The converse
strategy, extending TRT tracks back into the SCT and pixel detectors is
used in addition to search for tracks arising from particles which may not
necessarily have been produced at the primary vertex (those produced by

the decay of long-lived particles).

A vertex finding algorithm is used to reconstruct the primary vertices in

the event, once these tracks have been reconstructed.

3.6.3 Electron reconstruction

Electrons traversing the LAr calorimeter, described in Section 3.2.4, deposit

their energy in calorimeter cells. The summed energy in these various cells must

give the total measurement of the electrons energy. This is done using “sliding

window” algorithm [35].

The first step is to divide the n — ¢ space of the EM calorimeter into a grid

of N, x Ny “tower” elements with size An x A¢ = 0.025 x 0.025 as indicated

in Figure 3.16. The transverse energy of each cell of an element is summed

to give a tower Ep. A window with fixed size Nymdow x Nyindow — 55 5 in

units of tower size is moved across each element of the tower grid in steps of
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Figure 3.16: Diagram showing the structure of a barrel module of the electro-
magnetic calorimeter. An electromagnetic trigger tower is shown as shaded, with

its  and ¢ dimensions indicated [21].
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Particle type Barrel | Endcap

Electron 3 x7 5% 5H

Converted photon 3xT7T | 5x5

Unconverted photon | 3 x5 | 5 x5

Table 3.2: Sizes of sliding windows used in electron and photon reconstruction
in terms of Nwindow s Nwindow = where Anp x A¢ = 0.025 x 0.025 gives the

dimensions of foi"dow X N;;”mdow =1x1.

An and A¢. If the window FEr is larger than the threshold value of 3 GeV
and is a local maximum, a precluster is formed. Seeds are formed from these
preclusters, with electromagnetic clusters centred on these seeds. The clusters
contain the energy deposited within a window size which depends on the incident
particle type and the location of the seed. Table 7?7 shows the window sizes
used for different particle types. The windows are larger in the ¢ direction in
the barrel for electrons and photon conversions than for unconverted photons
due to the curvature of the charged electrons and positrons in the magnetic field
which causes their energy to be deposited in a larger ¢ region. The effect of the
magnetic field is smaller in the endcaps, therefore all the particles have the same
window size in this region.

Finally, corrections are applied to take into account for various effects includ-

ing the ¢-dependence of the amount of absorber material traversed by incident
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particles, the finite granularity of the cells and the possibility that the shower is
not entirely contained within the cluster window. To identify electromagnetic
clusters arising from electrons rather than photons, matching is performed be-
tween the electromagnetic cluster and inner detector tracks. If Anp < 0.5 and
A¢p < 0.1 between a track and cluster, the cluster is considered to be matched
and is, therefore, identified as an electron candidate. This has the effect of
suppressing the incorrect reconstruction of photons as electrons. There may be
cases where converted photons are identified as electron candidates. In these
cases, the application of further identification criteria at the trigger and offline
stages, tailored to select electrons arising from high momentum transfer processes
rather than those originating from photon conversions, help separate converted
photons from original electron candidates.

The electron identification selections are based on criteria using calorimeter
and tracker information and have been optimized in 10 bins in n and 11 bins
in Er. Three reference sets of requirements “loose”, “medium”, and “tight”
provide progressively stronger jet rejection at the expense of some identification
efficiency loss. Each set adds additional constraints to the previous requirements:

“Loose” is a basic selection that uses electromagnetic shower shape informa-
tion from the second layer of the electromagnetic calorimeter within the detector

acceptance |n| < 2.47:

e the ratio of the energy in 3 x 7 cells over the energy in 7 x 7 cells centered
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at the electron cluster position

e lateral width of the shower, and

e energy leakage into the hadronic calorimeters

as discriminant variables. This set of requirements provides high and uniform
identification efficiency but a low background rejection.
The “medium” selection provides additional rejection against hadrons by

evaluating the energy deposit patterns in the first layer of the EM calorimeter:

the difference between the energy associated with the second largest energy
deposit and the energy associated with the minimal value between the first

and second maxima,

e second largest energy deposit normalized to the cluster energy,

e total shower width,

e shower width for three strips around the maximum strip,

e fraction of energy outside the core of three central strips but within seven

strips.

Strip-based cuts are effective in the rejection of 7 — v+ decays, since the

0

energy deposit pattern from 7"’s is often found to have two maxima. Further

cuts on track quality variables are also applied
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e the number of hits in the pixel detector > 1,

e the number of hits in the pixel and the semiconductor tracker > 9,

e transverse impact parameter of the track < 1 mm,

e and a cut on the cluster track matching variable, that is 01 between the
cluster and the track extrapolated to the first layer of the electromagnetic

calorimeter.

The “medium” cuts increase the jet rejection by a factor of three to four
with respect to the loose cuts, while reducing the identification efficiency at a
level of ten percent.

The “tight” selection further rejects charged hadrons and secondary electrons
from conversions by fully exploiting the electron identification potential of the

ATLAS detector. It makes requirements on:

the ratio of cluster energy to track momentum,

e and the number of hits in the transition radiation tracker.

e electrons from conversions are rejected by requiring at least one hit in the
b- layer, the innermost layer of the pixel detector. A conversion-flagging

algorithm is also used to further reduce this contribution.

e the impact-parameter requirement applied in the medium selection is

further tightened at this level, as well as
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e the matching criteria between the track and the cluster.

e the imposed isolation criteria demands a cut on the ratio of transverse
energy in a cone of AR < 0.2, excluding the cluster associated with the

electron, to the total cluster transverse energy.

3.6.4 Muon reconstruction

There are multiple ways in which muons are reconstructed at ATLAS. These

are described below.

e Standalone muons produce tracks in the muon spectrometer, which is
described in Section 3.2.5. These tracks are formed from track segments
in various parts of the muon spectrometer. The tracks are extrapolated
back to the collision point so that the initial momentum and energy of the
muon can be calculated, accounting for multiple scattering and energy loss
as the muon traverses the inner detector and calorimeters in order to give

an accurate measurement.

e Muons in the inner detector produce tracks solely in the inner detector.

These tracks are reconstructed using the method described in Section3.6.2.

e Combined muons are formed using the muons from the combination of inner
detector and muon spectrometer. This combination is performed using a
statistical combination algorithm, Staco [36], which calculates the match

x? to determine if the match between the standalone and inner detector
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muon candidate tracks is significant enough to identify the candidate as a
combined muon. If so, the inner detector and muon spectrometer tracks
are combined to form a combined muon track. Combined muons are used

in this thesis.

3.6.5 Jet reconstruction

The ATLAS jet candidate reconstruction provides several cone and clustering
jet algorithms based on signal towers or topological clusters that are constructed
from the measurements in the calorimeters described in 3.2.4. Jets at ATLAS

may be reconstructed in different ways with the following theoretical constraints:

e Infrared safety: Additional low pr radiation between high pr jets or,
lack of such radiation between jets, should not affect the reconstruction of

the jets.

e Collinear safety: A jet should be reconstructed in the same way regard-

less of whether it remains as one jet or splits into more jets.

In addition to the above constraints, the jet algorithm should not depend on
the exact detector geometry, should be highly efficient and the same underlying
process should be reconstructed at parton level, particle level or detector level.

Bearing these constraints in mind, the jet algorithm used in this thesis is
the anti-kp algorithm [37, 38, 39] where kz is the transverse momentum of

the particles. However, ATLAS uses pr as the transverse momentum. Anti-kp
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algorithm is a sequential recombination algorithm. For all possible pairs of input
objects, we define d;;, d; as follows :

1 1\ ARZ
dij =min | —, - | —=
’ (p%. p%») R?

! (3.8)

where pr, is the transverse momentum of object i, AR, = An?, + A¢; and
R is a fixed cone size of 0.4. d;; and d; are calculated for all objects and d,;,, is
found. Objects i and j are combined into a new object if dpin, = dij. If dpip, = d;;,
object 7 is considered to be a jet and is removed from the list of objects. This
iterative process continues until all objects are combined into jets. Therefore, all
the objects are either combined together to form jets or are already considered
to be a jet. This procedure is entirely infrared and collinear safe.

This algorithm may be understood better by considering certain cases. If an
event has a few well-separated high-pr and low-py particles, the d;; between a
high-py particle 1 and a low-py particle j depends on the pr of particle 1 and
the AR of the particles. For two low-pr particles with a similar AR, the d;; will
be larger than the d;; between a high-py particle and low-pp particle. Therefore,
low-pr particles will try to cluster preferentially with high-pr particles rather
than amongst themselves. If there are no high-pr particles within 2R of particle
1, the algorithm will try to combine particle 1 with all the low-pr particles
surrounding it to form a perfectly conical jet. If there is another high-pr particle

in the event (particle 2), this will be combined with particle 1 to form a single jet
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if d1o < R. Particle 1 and 2 will form separate jets if dio > 2R. If R < di5 < 2R,
there will be two jets which will share a boundary. The calorimeters at ATLAS
contain around 200,000 cells. In order to reconstruct jets, it is necessary to
combine these cells into larger objects with larger momentum. Topological
cell clusters are used as an input to the anti-kr algorithm. These clusters
are reconstructed from seed cells with a signal to noise ratio above a certain
threshold. All neighbouring cells are included and neighbours of neighbours are
also included if they have a signal to noise ratio above a second lower threshold.
If these clusters contain local signal maxima, they are subject to a splitting
algorithm which further splits the clusters. The anti-k7 algorithm is then applied
to these clusters to reconstruct the final jets.

The ATLAS calorimeter has been calibrated using test-beam measurements
with electrons and muons to make sure that the response of the calorimeter
is correct for electromagnetic showers. Hadrons have a lower response than
electrons, so explicit calibration must be applied to jets reconstructed in the
calorimeter to determine the original parton energy.

There are two different schemes to calibrate jets: global calibration (calculates
corrections at the jet level) and local calibration (correct the topological clusters
before the jets are reconstructed). For the results described here, the local

calibration scheme is used, which involves the following three steps:

e Topological cell clusters are identified as either electromagnetic or hadronic.
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Electromagnetic clusters only use calibration from the test-beam data. The
cells within hadronic clusters are weighted to obtain the total calibrated
energy deposit. These weights are dependent on location, energy and

signal.

e Corrections are applied to take into account for energy of the cluster which

may not be included if it lies just below the threshold.

e To take into account for energy deposited outside the calorimeter (i.e., gap
regions), a further correction is applied. After this calibration is applied,

jets are formed from the clusters using the anti-kr algorithm.

Through the use of tracking and vertexing information or the identification,
selection and scale-correction of jets originating in the hard-scatter interaction
can be determined. We define a discriminant, the Jet-Vertex Fraction (or
JVF) shown in Figure 3.17, which measures the probability that a jet originated
from a particular vertex, by combining tracks and their primary vertices with
calorimeter jets.

Jet selection based on JVF is insensitive to the contributions from simul-
taneous uncorrelated soft collisions that occur during pile-up and shows good

performance in a range of instantaneous luminosities.
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JVF[jet2,PV1]=0
JVF[jet2, PV2] =1

/

JVF[jetl, PV1]=1- f
JVF[jet1, PV2] = f

Figure 3.17: Depiction of the jet-vertex fraction (JVF) discriminant.
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3.6.6 EM reconstruction

The partons participating in the collisions at the LHC carry less momentum in the
transverse plane. Energy in the collision should be conserved and in the center of
mass system, the sum of energy should be 0. So the total transverse momentum of
the system is expected to be zero. If the total transverse momentum of the system
is non-zero, a quantity known as EX* is assumed to be equal and opposite to
the measured system pr such that the total pr is zero. Neutrinos do not interact
with the detector; their existence must be inferred by observing large FMiss, Fmiss
is reconstructed using the energy deposited in the electromagnetic and hadronic
calorimeters. There are many other possible sources of extra energy deposition
by particles arising from the high momentum transfer process, detector noise,
the underlying event and pileup interactions. If high-p; objects pass through
gaps in the calorimeters, this could also lead to the mismeasurement of Emiss
For accurate calculation of the ER_ it is essential that the calculation of the
energy deposited in the calorimeter is as precise as possible. The calorimeter
calibrations improve the accuracy of the energy measurements in the calorimeters.
In addition to calibration, noise suppression is also applied to reduce the effect of
noise contributing to the measured EX5. The topological cell clustering method,
which is used to create clusters that may be merged into jets, helps to suppress

noise since only cells with energies above a certain threshold are selected.

80



Chapter 4

Higgs Analysis

4.1 Standard Model Higgs Production

At high Higgs mass my, the Higgs boson decays dominantly to pairs of W
bosons, shown in Figure 2.8. A search for resonances in the WIW* invariant mass
spectrum is one of the major physics goals of the LHC. This thesis uses 4.7 fb!
of \/s =7 TeV pp collision data taken by the ATLAS detector during the LHC
run of 2011 to search for Higgs signals in the mass range 300 GeV< myp+ <
600 GeV [18] in H — WW* — (vjj channel where ¢ is electron or muon. As
shown in Figure 4.1, gluon-gluon fusion process is the dominant Higgs production
channel at the LHC. Gluon-gluon fusion contributes ~ 98% to the total Higgs
boson signal yield in H — WW?* — fvjj decay channel. We have considered
Higgs production using only gluon—gluon fusion process for this analysis. Higgs
boson production in the gluon-gluon fusion mechanism is mediated by triangular
loops of heavy quarks. In the SM, only the top quark and, to a lesser extent,

the bottom quark will contribute to the amplitude, as shown in Figure 2.10.

4.2 'Trigger Selection

In this Section, we detail the selection of physics objects (electrons, muons, jets,

EXiss ) and triggering criteria. The basic signature of a H — WW* — (vjj

81



SM Higgs production

10° ‘ —

LHC

gg - h

gg,qq - tth

gb - gth

TeVALHC Higgs worki ng‘ group |
| | | | | |

100 200 300 400 500
m, [GeV]

Figure 4.1: Higgs boson production at LHC [40].
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Period e channel 1 channel

B-1 EF _e20_medium EF mul8_MG
J EF_e20_medium EF _mul8 MG _medium
K EF _e22_medium EF _mul8_MG_medium

L-M | EF_e22vh_mediuml | EF_mul8 MG _medium

Table 4.1: Period dependent trigger setup used in the analysis.

candidate event is the presence of a high pr electron or muon, two (or more) jets,
and large Es5. The candidate events are recorded with unprescaled single lepton
triggers and reconstructed offline using the official software of the experiment.

Table 4.1 shows the list of triggers used in each period. As the period changes,
the number of pileup [41] collisions in each bunch crossing also increases. This
increasing number of pileup results in rising event rate. To address this rising
event rate, the trigger threshold for primary single lepton triggers has been
gradually tightened.

EF _e20_medium, EF €22 medium and EF_e22vh_medium1 electron triggers
are used in the analysis. The numbers after EF_e in the names represent the
nominal pr threshold values for these triggers in GeV, medium, mediuml indicate
the tightness in the electron identification and vh means that the trigger has
both n dependent pr thresholds and a hadronic leakage cut in Level 1. The

single electron trigger required the transverse momentum (pr threshold of the
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electron varied from 20 GeV to 22 GeV). For signal electrons with pr > 25
GeV, the trigger efficiency in the plateau region ranges between 95% and 97%
depending on 7 of the electron.

The single muon triggers used in the analysis are EF _mul8 MG and
EF mul8 MG _medium. The nominal pt threshold for these triggers are set to
18 GeV. with pr > 20 GeV, the trigger efficiency in the plateau region ranges

from about 70% for |n| < 1.05 to 88% for 1.05 < |n| < 2.4.

4.3 Object Selection

4.3.1 Electrons

Electron candidates are reconstructed from clustered energy deposited in the
electro-magnetic calorimeter with an associated track. Electrons are required to
satisfy a tight set of identification cuts [42] with an efficiency of approximately
80% for electrons from W — ev with transverse energy 20 < Ep < 50 GeV [42].
The energy measurement is taken from the electro-magnetic calorimeter. The
pseudorapidity n and azimuthal angle ¢ are taken from the associated track. The
cluster is required to be in the range |n| < 2.47, excluding the transition region
between barrel and endcap calorimeters, 1.37 < |n| < 1.52. The track associated
with the electron candidate is reconstructed from the primary vertex with a
transverse impact parameter significance |dy/04,| < 10 and an impact parameter

along the beam direction |zp] < 1 mm. Electrons are required to be isolated:
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the sum of the transverse energies (excluding the electron itself) in cells inside a
cone AR = /¢ + 1% < 0.3 around the cluster must satisfy L(E5)/ps < 0.14
and the sum of the transverse momenta of all tracks with pp > 1 GeV from the
primary vertex in the same cone must satisfy X (pie*)/pS < 0.13. The isolation
for electrons is corrected for the impact of pile-up and the isolation cuts were

optimized for the H — WW* — (vjj analysis.

4.3.2 Muons

Muons are reconstructed by combining tracks in the inner detector and muon
spectrometer, with efficiency 92.8 4+ 0.2% for muons from W — uv decays with
transverse momentum pp > 20 GeV [43]. To reduce mis-identifications and
improve on the muon momentum resolution, we apply quality requirements on
the muon track reconstruction. Muon tracks are required to have at least two
hits in the pixel detector, one of them in the first layer, and six or more hits in
the SCT. Tracks are vetoed if they have more than two holes in the SCT and
pixel detectors, as well as tracks with an excessive amount of outlier hits in the
TRT. They must lie within the pseudorapidity range |n| < 2.4. The muons must
satisfy the same zy cut as electrons and transverse impact parameter significance
|do/04,| < 3. They must also be isolated, with the sum of the transverse energies
(excluding those attributed to the muon itself) in calorimeter cells inside a cone
AR < 0.3 around the muon satisfying % (E54°)/ph < 0.14 and the sum of the

transverse momenta of all tracks with pr > 1 GeV from the primary vertex in a
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cone AR < 0.4 around the muon satisfying X (pe*) /pf < 0.15. The isolation
for muons is corrected for the impact of pile-up using the same procedure as

described for electrons.

4.3.3 Jet Selection

Jets are reconstructed from topological clusters using the anti-k; algorithm [37,
38, 39] with radius parameter R = 0.4 and with the requirement on the jet
vertex fraction (JVF, described in Section 3.6.5) (|JV F| > 0.75) which is needed
to reduce contribution from pileup (Section 2.6.1) jets in central region. The
reconstructed jets are calibrated using pr and 1 dependent correction factors
based on MC simulation and validated with data [44]. The selected jets are
required to have pr > 25 GeV and |n| < 4.5. Jets are considered b-tagged if
they are consistent with having originated from the decay of a b-quark. This
is determined by a dedicated b-tagging algorithm which uses a combination of
impact parameter significance and secondary vertexing information and exploits
the topology of weak b- and c-hadron decays. The algorithm is tuned to achieve
an 80% b-jet identification efficiency while yielding a light-jet tagging rate of

approximately 6% [45].

4.4 Event Selection

In this section, we describe the event selection used in the H — WW* — (vjj

analysis which includes the following cuts:

86



e The very first step in the data selection criteria is use of the GoodRunList
(GRL) package. The GRL package uses XML files produced by the com-
bined performance and physics groups to determine which LumiBlocks' in
data runs have good detector performance. By applying separate GRLs to
each of the final states, the integrated luminosity of the H — WW* — fvjj

analysis is maximized per final state.

e As the H - WW* — (vjj analysis heavily relies on the LAr calorimeter,
an additional cut is placed on data to ensure that an event does not
suffer from a noise burst or data corruption after bulk (re)processing, e.g.

software or detector problems occurring during data collection [46].

e There must be at least one reconstructed primary vertex with three as-
sociated tracks in each event. This requirement ensures that collision
candidates are selected. During vertex finding/reconstruction, a beam spot
constraint is applied, ensuring that the size of the beam spot is compatible

with each primary vertex candidate.

e There must be exactly one reconstructed lepton candidate (electron or

muon) with pr > 40 GeV.

e The event must have EM > 40 GeV.

e There must be exactly two or three jets with pr > 25 GeV in |n| < 4.5.

LA luminosity block is a 1 or 2-minute block of data as recorded by ATLAS spanning
several selected events.
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The two jets with invariant mass closest to the mass of the W boson are
required to satisfy 71 < M;; < 91 GeV. These jets are taken as the W

decay jets.

One of these two jets must satisfy pr > 60 GeV and the other must satisfy

pr > 40 GeV.

The two W decay jets are required to lie in the the range |n| < 2.8 where

the jet energy scale uncertainty is ~ 5% or less for pr > 40 GeV [44].

To suppress W+ jets background, the selected two jets must satisfy AR <

1.3 where AR = /(An)? + (Ag)2.

In order to reject backgrounds from top quark production, events are
rejected if any of the jets are b-tagged. b-tagging algorithm uses a combina-
tion of impact parameter significance and secondary vertex information and
exploits the topology of weak decays of b- and c-hadrons. The algorithm
is tuned to achieve a 80% b-jet identification efficiency [47], which results

in a tagging rate for light quark jets of approximately 6% [48].

We define ¢vjj + 0j channel in which one lepton (electron or muon), two
jets and EX* are in the final state. For (vjj + 1j channel in which one

lepton (electron or muon), three jets and E¥ are in the final state.

The gluon-gluon fusion process is expected to contribute ~ 98% for fvjj+07

and ~ 92% for fvjj + 15 to the total signal yield, with the remainder
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primarily due to the weak boson fusion process.

4.5 Higgs Mass Reconstruction

In this Section, we describe the calculation of the Higgs invariant mass which is
used to extract the observed Higgs signal yield.

In order to reconstruct the invariant mass m(fvjj) of the WW* system, the
mass constraint equation M;, = My, for the unmeasured z-momentum of the
neutrino was used, taking the transverse components of the neutrino momentum
to be the o and y components of the measured E. To reconstruct the neutrino
longitudinal momentum (p¥), the mass of the lepton (e or u) + neutrino (v) has

to be exactly equal to the PDG W mass (80.4 GeV). p¥ can be written as

= (M3, — M} + 2perp4) pe- = VD
’ 2(Ef — i)

with

D = BX{(M}, — M? + 2per)” — 4 (E4)* (B} — p)} (4.2)

where ¢ = electron or muon.

For negative values of D, p” has complex solution. In the case of complex p¥
solutions, the event is rejected. This rejects (20 + 1)% of MC signal events with
my = 400 GeV, while for MC W+jets the corresponding value is (30 + 1)%.

Larger fractions of events are rejected in fvjj + 17 than fvjj 4 05 independent
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of lepton flavor. In collision data (30 + 1)% of the events are rejected by
this requirement, consistent with the expectations from W+jets background
simulation. In the case of two real solutions, the solution with smaller neutrino
longitudinal momentum |p%| is taken, based on simulation studies.

The hadronically decaying W candidate is reconstructed by selecting the

pair of jets whose dijet invariant mass is closest to the W mass.

4.6 Background Estimation

In this Section, we describe the background estimation for the analysis.

Although the MC is not used to model the background in the final fit used
to obtain limits, a combination of MC and data-driven methods is used to better
understand the background yields at this intermediate stage. Backgrounds due
to W/Z+jets, tt, and diboson production are modeled using the ALPGEN [49],
MC@NLO [50], and HERWIG [51] generators, respectively. A small contribution
from W/Z + 7 events is generated using MadEvent [52].

The W /Z+jets cross sections as a function of jet multiplicity is not known
precisely. Due to this reason, W/Z+jets events obtained from MC need to be
normalized using a scale factor obtained from data. The scale factor is obtained
from a fit to £ distribution [19], and the resulting scale factors are then used
to normalize W /Z+jets processes in comparisons between data and expectations.

Table 4.2 gives all major background contributions. QCD multi-jet backgrounds
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Process Generator cross-section o (pb) [x BR]
Inclusive W — fv ALPGEN 10.5x103
Inclusive W — 1v PYTHIA 10.5x103

Inclusive Z/~* — ¢ ALPGEN 10.7x102
Inclusive Z/~v* — 17 PYTHIA 9.9x102
Inclusive Z/~* — ¢ ALPGEN 3.9x103
Inclusive Z/~v* — 171 PYTHIA 4.0x103
tt MCQ@NLO 164.6
Single top Wt MC@NLO 13.1
Single top s-channel MCQ@QNLO 3.9
Single top t-channel MCQ@QNLO 58.7
ww HERWIG 45.0
wWZz HERWIG 18.0
zZZ HERWIG 5.96
YW = vl =e,p,T) PYTHIA,MADGRAPH 135.4
Dijet ( 8 < pr < 1120 GeV) PYTHIA 1.1 x 100

Table 4.2: Cross-sections at the centre-of-mass energy of /s = 7 Tev for
background processes. The W — fv and the Z/v* — ¢¢ cross-sections are single

flavour cross-sections.
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have been estimated using the data driven Matrix Method described in section
4.6.1. Gluon-gluon fusion signal MC production processes are simulated using
the POWHEG [53] event generator interfaced to PYTHIA [54], normalizing to

the NNLO cross sections [13] shown in Table 2.2.

4.6.1 QCD Background Estimation using Matrix Method

QCD events can enter the sample when one of the jets fakes a charged lepton
and the Ess is mis-reconstructed. Due to the large cross-section of the multi-jet
events, we need to simulate multi-jet events. We use a data-driven method to
estimate the QCD background that enters our signal region.

The Matrix Method is used to validate the QCD event yields in the nominal
analysis that is presented here. Multi-jet production (“QCD”) is the dominant
process by which events with a mis-reconstructed lepton appear in the selected
sample. We use data-driven methods, as the mis-reconstruction of a lepton
is difficult to simulate accurately. We use the matrix method to measure the
fraction of the sample that comes from fake leptons.

The matrix method (MM) exploits differences in lepton identification-related
properties between prompt isolated leptons from W and Z decays (referred to as
"real leptons” below) and those where the leptons are either non-isolated or result
from misidentification of photons/jets (referred to as ”fake leptons” below). For
this purpose, two samples are defined after requiring the final kinematic selection

criteria, differing only in the lepton identification criteria: a “tight” sample and
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a “loose” sample, the former being a subset of the latter. The tight selection
typically employs the final lepton identification criteria used in the analysis,
whereas the loose selection is adjusted in order to satisfy basic requirements for
the method to work, which are outline below.

The method assumes that the number of selected events in each sample (N
and N') can be expressed as a linear combination of the numbers of events with
real and fake leptons, in such a way that the following system of equations can

be defined:

loose loose loose
N = N, + N fake >

real

tight loose loose
N™e - 6maljv + 6fakej\/vfake ) (43)

real

where €ea1(€make) represents the probability for a real (fake) lepton that satisfies
the loose criteria, to also satisfy the tight ones. Therefore, these efficiencies are

defined as:

tight

_ real
€real = Nloose’ (44)

real

tight
N, fake

e (4.5)
Nflake

€fake =

Assuming €., and €g. can be estimated in control samples, the system of

equations in Eq. 4.3 can be solved yielding the estimated number of events with
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a fake lepton in the tight sample:

tight €fake loose tight
Njht = (N — NV (4.6)
rea ake

The matrix method determines the QCD background from the difference in
efficiency to reconstruct leptons with “loose” and “tight” criteria. The matrix
method provides the weight and error in weight for each event for fake leptons
and QCD background is the sum of all these weights. Using the matrix method,

QCD background can be obtained as a function of any desired variables.

Channel | Real Efficiency (%) FakeRate (%)

! 97.33 £ 0.01 19.02 £ 0.03

e 93.5 = 0.01 45.43 £ 0.01

Table 4.3: Data driven fake and real lepton reconstruction efficiency measurement.

The following definitions were used:

e Loose electrons
No calorimeter isolation requirement

No dj requirement.

e Loose muons

No calorimeter isolation requirement
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No track isolaion requirement

No d0 requirement.

We define a control region:

e Exactly two leptons (electrons or muons, either loose or tight) with oppo-

site sign (OS)

° |mgg — mZ| < 15 GeV

The fake rates are measured in QCD-enriched control regions defined by:

e Exactly 1 loose lepton

o EMisS< 30 GeV

L4 Njetz]-

The determination of fake lepton efficiency and real lepton efficiency is based
on the same triggers and same data streams used for the main analysis. The real
lepton efficiency is measured for both electrons and muons using the Tag and
Probe method. We require the tag lepton to be tight and the probe lepton to
be loose, and then check how often the probe lepton is in addition tight.

Figure 4.2 shows the real efficiency of leptons measured using Tag and Probe
method as a function of lepton 7 and pr. Figure 4.3 shows real efficiency as a

function of lepton 1 only.
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of 7, and pr (top); Measured p fake rate as a function of 7, and py (bottom).
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4.7 Expected and Observed Yields

In this Section, we present comparisons between the background expectations
and data in terms of yields and kinematic distributions.

Table 4.4 and 4.5 show the observed and expected numbers of events for
signal and background for the H + 0/1; analysis for electron and muon channel
respectively. For the W/Z+jets and QCD backgrounds, the uncertainties are
taken from the fit to the EX* distribution used to normalize these backgrounds.
For signal, top and diboson, the quoted uncertainties are JES (+8%), JER
(£7%) cross section (£10% for both top and diboson, and + 19.4% for signal),
and luminosity (£3.9%), added in quadrature. Figure 4.5 and Figure 4.6 show
reconstructed invariant mass distribution of My -+ for H4-0j. Figure 4.7 and
Figure 4.8 show reconstructed invariant mass distribution of My« for H+1j.
Figure 4.9 and Figure 4.10 show the event display of two Higgs like events in

the ATLAS detector.
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H(evjj) + 0 | H(evjj) + 1

W/Z + LF jets 819 + 184 631 + 142

W/Z + HF jets 107 £ 31 131 £ 37

QCD 24+ 7 24+ 7

Top 82 + 22 363 £ 92

Dibosons 88 £+ 27 39 +£ 13

Expected Background 1120 £ 190 1188 £ 174

Data 1004 1156

Expected Signal (mg = 400 GeV) 35+ 7 25 + 6

Table 4.4: The expected and observed numbers of events for an integrated lumi-
nosity of 4.7 fb~! after all selection cuts for the signal and the main backgrounds

in the H - WW* — evjj analysis [19, 55].
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H(uvjj) + 0j | H(uvjj) + 1

W/Z + LF jets 662 + 149 527 £ 119

W/Z + HF jets 104 £ 30 95 £ 27

QCD 13+ 4 79 £ 18

Top 72 £ 20 309 £ 79

Dibosons 73 + 22 36 £ 12

Expected Background 924 + 155 1046 £ 147

Data 851 1013

Expected Signal (mg = 400 GeV) 204+ 7 21+ 6

Table 4.5: The expected and observed numbers of events for an integrated lumi-
nosity of 4.7 fb~! after all selection cuts for the signal and the main backgrounds

in the H - WW* — uvjj analysis [19, 55].
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Figure 4.11: Fits of the signal model to the gluon fusion Monte Carlo in the

H + 07 (top) and H + 1j (bottom) for H — WW* — evjj selection. The true

Higgs boson mass of the Monte Carlo sample was 400 GeV [55].
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Figure 4.12: Fits of the signal model to the gluon fusion Monte Carlo in the
H + 05 (top) and H + 15 (bottom) for H — WW™* — uvjj selection. The true

Higgs boson mass of the Monte Carlo sample was 400 GeV [55].
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4.8 Statistical Interpretation

The Higgs boson signal is expected to appear as a relatively narrow peak in
the m(fvjj) distribution. The present search is restricted to my > 300 GeV in
order to have a smoothly varying non-resonant background and limited to my <
600 GeV. For higher Higgs boson masses, the jets from W — jj decay began
to overlap due to the large boost of the W boson and the natural width of the
Higgs boson which exceeds 100 GeV, so this analysis is further limited to my <
600 GeV. Limits are set using a binned maximum likelihood fit to the shape
of the observed m(¢vjj) distribution in the range 300 < m({rvjj) < 600 GeV.
Its width, before detector effects, varies from about 10 GeV at my = 300
GeV to about 70 GeV at my = 550 GeV. The non-resonant background
for the fvjj 4+ 0/1j channel is modeled by a smooth function of the form
f(x) = [1/(1 + |a(x — m)|")] x exp[—c(z — 200)], where z is the myy~ in
GeV and a, b, ¢ and m are free parameters with the appropriate units. The
parameters of the fit function in each of these models are not subjected to
any external constraint. The functional form for the background is motivated
by studies using Monte Carlo simulation, and is tested by fits to the m(¢vjy)
distributions obtained by selecting events in sidebands, with m;; just below
(45 < mj; < 60 GeV) or just above (100 < m;; < 115 GeV) the W boson peak.
In Figures 4.13 and 4.14, fits of these data to the background model are shown

for H +0j and H + 15 channels. The good x? probability of these fits provides
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support for the background functional form used in this analysis.

Higgs boson signal is modeled using a function of the form 1/(a+ (x —my)*+
b(x — my)*), where T = myyy+ is measured in GeV, a, b, my, my are parameters
determined from a fit to the Monte Carlo simulation of the expected Higgs
boson signal at each Higgs boson mass point. The m(lvjj) fractional resolution
is (8.8 +1.3)% at my = 400 GeV, the uncertainties mostly arising from FEXss
and jet energy scale [44] and jet energy resolution [56], and shows a 1/ /my
dependence over the range of this analysis. Figure 4.11 shows the fits to the
gluon-gluon fusion signal Monte Carlo at Higgs mass point 400 GeV in the
H + 07 and H + 15 channel for H - WW?* — evjj selection. Figure 4.12 shows
similar result for H — WW?* — uvjj selection. Appendix E gives the fits to
the signal Monte Carlo samples at each Higgs mass point used in this analysis.

All parameters which control the shape of the background are free parameters
in the fit. The data are separated into categories based on jet multiplicity and
lepton flavor; the background shape parameters in all the different categories
are allowed to float independently in the fit. The background normalization is
described by a separate normalization parameter for each jet multiplicity bin
(each of which is common to the two lepton flavor categories in that bin) and
separate normalization parameters for the electron and muon efficiencies (each
of which is common to all jet multiplicity bins). The relative normalization of
the signal in the various jet multiplicity bins is taken from Monte Carlo, but

the expected signal yield in the electron and muon categories depends on the
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efficiency parameters in the same way that the background model does. A global
scale factor ;1 multiplies the expected signal yield in all categories, and is defined

so that u = 1 corresponds to the Standard Model prediction.

4.9 Systematic Uncertainties

The systematic uncertainty due to the background modelling is included by
treating the uncertainties on the background model parameters resulting from
fits to the data as nuisance parameters in the statistical interpretation of the data.
Both the background model and the sum of signal and background models are
found to be good fits to the data. For mg = 400 GeV, the x? probabilities are 33%
and 31% for the background-only and background-plus-signal fits, respectively.
Therefore, alternative parameterizations of the background expectation that
are consistent with the data will also be consistent with the background model
within its uncertainties. This is tested by fitting both the signal region and the
sideband regions of the data with two alternative parameterizations that use
polynomials of varying order to describe the decreasing background component
instead of exponential functions. Differences in the fitted background yield
between these parameterizations and the nominal background model are less
than 5%, while the uncertainty from the nuisance parameters and statistical
uncertainty is 10-12%.

The remaining systematic uncertainties are related to the Higgs boson signal.
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The fit includes nuisance parameters which account for the uncertainty in
the reconstruction efficiency. The trigger efficiencies, the electron and muon
reconstruction efficiencies, lepton energy resolution and scale are varied within
their uncertainties, giving an uncertainty in the signal efficiency of less than 1%.
Varying the jet energy scale [44] within its uncertainties yields an uncertainty
of up to 8% in the expected signal in the frjj + 0/1j channel for my >
400 GeV. Smearing the jet energies within the uncertainty on their resolutions
(Appendix D) results in a signal uncertainty of 7% for my = 400 GeV and 5%
for mg = 600 GeV [57]. The reconstructed EMs [58] is also affected by the
uncertainties on the energy scales and resolutions of reconstructed leptons and
jets. The signal uncertainties given above include the propagation of these effects
to the reconstructed E. The propagation to E adds a small contribution to
the overall signal uncertainty. In addition, a 7% uncertainty on the degradation
of the M resolution and scale due to pile-up effects is estimated, which results
in a negligible uncertainty on the signal efficiency. The uncertainty on the
b-tagging efficiency (Appendix C) gives a maximum uncertainty of 8% on the
signal efficiency [45] and shows no strong dependence on my or the selection
criteria.

The uncertainties on jet energy resolution and jet energy scale, which also
have an impact on EX5 lead to systematic uncertainties on the Higgs boson mass
resolution (5%) and on the Higgs boson mass scale (2%). These uncertainties

are not included since their effect on the fitted Higgs boson yield is considerably
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smaller than the systematic uncertainty on the signal acceptance due to jet
energy scale and resolution.

The Higgs boson signal expectation includes a 3.9% systematic uncertainty
due the luminosity determination [59] and a 19.4% uncertainty on the predicted
Higgs boson cross section [60], taken to be independent of the mass. Off-shell
effects and interference between the signal and background processes are discussed
in Refs. [60, 61, 62]. To account for the uncertainties from these effects, an
uncertainty of 150%xm?; (mg in TeV) on the signal cross section is included in
the statistical interpretation of the data, where the m3, form is motivated by
the scaling of the Higgs boson width with my and the normalization factor of

150% is chosen to give ~30% at my = 600 GeV [60].

4.10 Results

The fit, described in section 4.8, includes nuisance parameters which account for
the uncertainty in the efficiency of the electron, muon, and jet reconstruction
as described in section 4.9. Since no Higgs boson was found, limits on the
production cross-section of the Higgs boson production have been presented

below.

4.10.1 Limits on Higgs boson production

Limits are extracted using the Profile Likelihood [63] and following the C'L,

procedure described in Ref. [64]. This method uses the likelihood function,
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defined in Equation 4.7, as a test statistic. The limit setting procedure performs
a hypothesis test between the null hypothesis, Hy, which is the background-only
model and the alternative hypothesis, Hy, which is the signal plus background
model. The parameter of interest (the signal cross section) in the model being
considered can be determined by maximising this likelihood ratio. To determine
the expected limit, this may be performed for a number of pseudo-experiments
with the number of signal and background events Poisson fluctuated and for a
range of different hypothesized values of the parameter of interest. From this
the expected 95% C.L. limit may be extracted.

The H + 0j and H + 1j channels are treated as separate analyses and are
then combined by multiplying their likelihood functions to give a combined

likelihood:

L(p) = Lgiobat X Lir+o; (1) X Ly, () (4.7)

In this equation, Lgpe constrains the nuisance parameters which model
the global systematic uncertainties (described in section 4.9) which affect all
channels. p parameterises the signal strength, which is assumed to be the same
in each of the jet channels. It is this parameter which the limit setting procedure
alms to extract and in this case it is expressed as a ratio of the observed cross
section to the expected SM Higgs boson production cross section.

The likelihood function is maximised twice to calculate the likelihood ratio
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P
—
=
S~—

L(Mé(ll)) ifa>0
- —> =
0
Mp) =4 0 (4.8)

Lwdw) i
£(0,6(0)) it <0

Here 5(0) and é(u) refer to the conditional maximum-likelihood estimators of
6 for strength parameters 0 or pu, respectively. 0 represents the preferred set of
nuisance parameters extracted from the fit where é represents the same quantity
from the second fit.

The parameters are allowed to wander freely within their uncertainties after
the likelihood function is maximised and a best fit value of signal strength, /i is
extracted. The second time, the signal strength p is constrained by i to give an

estimator ¢(u):

(
L(p,0(n)) (M)) if 1 <0
. —2In A(p) if fp<p LO4©))
q(p) = =93 —2In (( (0))) ito<pg<u
0 if > p
0 if >0

(4.9)

The probability density function (PDF) f(q,|u, é(u)) is constructed using top
Monte Carlo for signal strength p. The p-value, which expresses the probability
that a given test statistic is at least as extreme as the observed test statistic
under the assumption that the null hypothesis is true (and the Higgs boson does

not exist), is calculated. If the Higgs boson did exist, a small p-value would
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Figure 4.15: 95% C.L. limits for the H 4+ 0/1;j channel in units of the Standard

Model prediction for an integrated luminosity of 4.7 fb~* [18].

indicate that it was extremely unlikely that the observed number of events was
consistent with the SM. To quantify the level of disagreement between the data
and the null hypothesis (4 = 0) using the observed value of gy, we compute the

po-value

po = / f(q0|0)dgo (4.10)

qo,0bs

The p-value for signal strength p is given by:

P = / F(@ulins 62))dq () (4.11)

G(p),0bs

To obtain a 95% C.L., iterations are performed with an assumed signal
strength of y to obtain p,, < 5% to give a value of p,,. The expected median,

Imed, 1S extracted in a similar fashion using background-only toy MC. The +1o
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Figure 4.16: Local py for the H + 0/15 search [18].

and +20 bands can also be obtained this way. There is a chance that the null
hypothesis may be wrongly excluded in cases where the expected and observed
number of events is very small and statistical fluctuations could have a large
effect. To avoid this, if the observed limit fluctuates beneath the pi,,.q — 1o band,
the quoted limit is given as fi,,.q — lo instead of the observed smaller value.
This is known as a Power Constrained Limit (PCL) [65, 66].

Figure 4.16 shows the expected and observed local py values, i.e. the proba-
bility to observe an excess at least as significant as the observed excess (or the
expected excess in the Standard Model) if there is only background. There is no
indication of any significant excess. The largest deviation from the background-

only expectation occurs in the H 4+ 0/1j channel at my = 600 GeV, with a local
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significance of about 1.8¢.

Figure 4.15 shows the 95% CL upper bound on the cross-section times branch-
ing ratio for Higgs production with respect to the Standard Model prediction,
o X BRy sww~+/(0 X BRy_.ww+)sm, as a function of myg. In the combined
H + 07 and H + 15 channels, the observed limit on H — WW?* production by

gluon fusion for my = 400 GeV is 2.2 pb, or 1.9 times the SM prediction.
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Chapter 5

Summary and Conclusions

A search for the SM Higgs boson has been performed in the H — WW* —
(vjj channel using 4.7 fb~! of pp collisions data at /s = 7 TeV recorded by
the ATLAS detector. No significant excess of events over the expected SM
background has been observed [18]. Search of Higgs boson using H — WW* —
(vjj channel is sensitive to high mass Higgs boson. In the low mass range (my <

240 GeV), it is difficult to search for Higgs boson in this channel due to large

W+Jets and QCD backgrounds.

> L e e
©
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Figure 5.1: The distributions of the invariant mass of diphoton candidates

for the combined 7 TeV and 8 TeV data sample [1].
However, after combining /s = 7 TeV and /s = 8 TeV data samples, Both
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Figure 5.2: The observed local pg as a function of the hypothesized Higgs boson
mass for the (a) H — ZZ* — 0, (b) H — vy and (¢) H - WW* — (vly
channels. The dashed curves show the expected local p, under the hypothesis
of a SM Higgs boson signal at that mass. Results are shown separately for the
Vs =7 TeV data (dark, blue), the /s = 8 TeV data (light, red), and their

combination (black) [1].
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Figure 5.3: The observed (solid) local py as a function of my in the low mass
range. The dashed curve shows the expected local py under the hypothesis of a
SM Higgs boson signal at that mass with its =10 band. The horizontal dashed

lines indicate the p-values corresponding to significances of 1 to 6 o [1].
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ATLAS and CMS collaboration have observed excess of events near my = 126
GeV in the H — vy and H — ZZ* — (00l channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass [1, 2]. Figure 5.1
shows the reconstructed Higgs boson mass in H — ~~ channel using the ATLAS
detector.

Figures 5.2a and 5.2b. These excesses are confirmed by the highly sensitive
but low-resolution H — WW* — (vlv channel, as shown in Figure 5.2c.

The largest local significance py for the combination of the 7 and 8 TeV data
is found for a SM Higgs boson mass my = 126.5GeV, where it reaches 6.0 o,
with an expected value in the presence of a SM Higgs boson signal at that mass
of 4.9 o (figure 5.3). For the 2012 data alone, the maximum local significance
for the H — ZZ* — ¢0¢l, H — vy and H — WW* — (vlv channels combined
is 4.9 0, and occurs at my = 126.5 GeV (compared to expected 3.8 o). The
observed significance of the excess is mildly sensitive to uncertainties in the
energy resolutions and energy scale systematic uncertainties for photons and
electrons; the effect of the muon energy scale systematic uncertainties is negligible.
After taking into consideration these uncertainties, the local significance reduces
t0 5.9 o.

So far, the observed Higgs boson is consistent with the SM predicted Higgs
boson. However, we do not know what is the hidden in the nature. There is
compelling demand for the physics beyond the SM. If there is any Higgs in the

high mass range, H — WW?* — fvjj channel may be able to detect it.
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Appendix A

Poster presented in the Lepton Photon
conference in Mumbai, India (2011)

Lepton Photon 2011 TIFR, Mumbai, India  ATL-COM-PHYS-2011-1048 Aug 22 - 28, 2011
| Search for Standard Model Higgs Boson in H>WW—0vjj
decay using 1.04 fb! of data recorded by the ATLAS
Detector in pp Collision at /g = 7 TeV

Dilip Jana®, on behalf of the ATLAS Collaboration

Abstract
We report the recent results for the Standard Model Higgs Boson searches using 1.04 fb! data during
the 2011 run of the LHC. The analysis considers decay channels H>WW—Qvjj where £ = (e or p) with
final states containing a single charged lepton, exactly two or three jets, and missing transverse energy.
No significant excess is observed over the expected background. For a Higgs boson mass of 400 GeV,
a 95% confidence level upper b d on the cr tion for the Higgs boson production by the gluon
fusion times the branching ratio for H-WW is 5.8 pb or approximately 2.9 times the Standard
Model prediction.

1. Motivation

+ H>WW is the dominant decay mode of the
Higgs above 135 GeV AFFCOM FTEA011 854

1

+ Exactly one charged lepton (e or p) with p;>
G 30 GeV, |n,|< 2.4, |n.|< 2.47
* Missing transverse energy > 30 GeV
» Exactly two or three jets with p,> 30 GeV
and |n| <4.5 -
o T *M; > 20 GeV where J, = 2p1Tp;"’”x(1—cosA¢)
IS * 71 GeV < M;; < 91 GeV
M, (Gov) i [ ~+ Two jets from W must have |n]| < 2.8
| 5 };ane'of these jets are b-jets (for b-jet, SVO
~ weight > 5.85)
(10.6%) ~* Require real solution of the |p,’|. For two
‘real solutions of |p,’|, smaller |p,’| is taken
» ~40% of events fail to pass final selection due
to imaginary solution

Branching ratios
alppH) [pb]

(@38 %)
i)

™ -

3. Data/MC yields
H (evij) H (wvij) ji H (wvij) ’ -
+0j +0j +1j | Detector :‘ Non-detector % of
. W/Z jets 10782291 13375:869 6513:247 7412:674 | related ) related error
QCD 890 £ 24 256 + 17 669 + 25 212 + 19 . Jet Energy Scale F Higgs Signal cross- 16

[ N A

section
170 + 34 164 + 33 489 + 98 508 101 Jet Energy
Top Resolution “ Luminosity
d

Di boson 397%79 414 £ 83 161+ 32 204 + 41 Eff SF

e —— . ———— S — hota ol L g
Expected 12239 + 304 14209 * 874 7832 + 269 8331 +683
bkg
Signal (m, = 14 3.6 12 +3.1 18 +4.7 14 3.6
400 GeV)
Observed 11988 13906 7543 8250
—] - — —~
6. Future Prospects , \ .
o ARy . i

66 200 300 400 500 600 700
MOy i) (GeV]
™

A

» No excess of events observed
 Calculated 95% CLs exclusion|
limit for H > WW — Qvjj
with ¢ = (e or p)
o Expacted « Upper limit on the Higgs
\a<7 ToV Wi - boson production cross-
e ] section has been set in the
——Obsenved range of
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Appendix B

Gluon-Gluon Fusion

The cross section for the basic gluon to Higgs process is

- (27T>4/ 1 dpy . - 2
H) = Py — P

d dBp 4, .
= —_ 129 / F54(pgl + Pg2 — D) (B.1)

N gzm I
2
= —87;\7?:2;99 (8 —m%)
N, = 8 the number of different gluons and 5§ = ;295 is the squared energy
of the gluon pair.
We can calculate partial Higgs width 'y, by applying Feynman rule at
HWW vertex shown in Figure B.1. The matrix element is

k[ kU

. . Mmwy
My _ww = 19— Guu €\ € B.2
— %p: COSQW BVEIAS2p ( )

where €1, €5 are the polarization vectors of the two W bosons with polarization

w+
p
Ho

"torg """ "2, ig(my [ cosey)g,,

w.

Figure B.1: H — WW vertex.
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indices A, p.

The differential decay rate for two body decay to two equal mass is given by

ar VM, my,, m2,)

— = M|*S
ds2 64m2m3; M
where
2 .2 2 2 2mw
VA mi miy) = mi [1— ()2
my
and

S=]]m'=1"=1
k

where n is the number of identical particles of type k.

The squared matrix element can be written as

gmywy

M|* =
|M] (COSHW

2 YT, a B
) E Gur€1x€2p9a8€12€2)
Ap

Usin eel =51 efet can be written as
A SR ) A AT

JTPNY

wosv o PP
EGAGA_ g+
A My

Using Figure B.1
my = (P'+q)°
="+ +2p.q

= 2m3y + 2p.q
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Hence,

p.q = B.9
P.q 5 (B.9)
|M|* can be simplified as
M2 = (220, (g 4+ P2 g, (g7 + —quﬁ)
cos By~ M m#, " mi,
gmw o, o DD v, €
- -9, + — Y +
(COSQW) ( mé, ) m%,v>
gmw PP "¢ | PP
:(COSHW (4= TZQ Com2 + md )
qWQ W W (B.10)
_ (9w e, (P4
~ ‘cosf + m )
w w
oy (=2
cos Oy 4ms,
B gm? 21 4m?, 12m§1,[,)
© 2myy cos Oy m3 miy
The H — WW decay rate can be written as
dl’
r = [ dQ)—
H—-WW / d0
Ry (QmW 2 4m?, 12771%[,)/61Q
25672 m3, my m2 mi B.11)
g mi <2mW L Amdy 12m%v> '
647 mi, my m? miy
= g—zm—%(l —aw + o)Vl — 2
64w m?, W w W

. 4m?2
with zy = =%
My

So for high mass Higgs boson, the Higgs coupling to vector bosons is totally

dominated by longitudinal vector boson states.

(2m)*
2m?,

1 M2, . R
/( | | (54(]?91 +pgg—}5> (B.12)
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The decay width in gluon gluon fusion can be written as below where the

top quark has an insignificant contribution to the total decay width.

CY g m
FH—>gg 512%37';1/{/ ZF | 2 (B'l?’)
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Appendix C

Measuring b-tag efficiency

The b-tag efficiency is defined as the fraction of reconstructed jets originating

from b-quarks that are tagged by the b-tagging algorithm. It has been measured

in data using p5¢’ method [47]. pi is defined as the momentum of the muon

transverse to the combined muon plus jet axis. Muons originating from b-

hadron decays have a harder pi¢ spectrum than muons in c- and light-flavour

jets (jets from up, down, strange quarks). p4¢! templates are constructed for

rel

b-, c- and light-flavour jets separately, and these are fit to the p/* spectrum

in data to obtain the fraction of b-jets before and after requiring a b-tag.
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< FONC Nl e IP3D4+SV1 o 1025 N\ e IP3D+SVA -
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| 103§ sVo 3 .. svo ]
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Figure C.1: Left: Light-jet rejection as a function of the b-tag efficiency, Right: c-
jet rejection as a function of the b-tag efficiency for different b-tagging algorithms

using simulated ¢t events [47].
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The b-tag efficiency is defined as

tag tag
data fb N
== (C C.1
b fo- N (C-1)

where f;, and flf“g are fractions of b-jets in the pre-tagged and tagged samples
while N and N9 are the total number of jets in those two samples. The factor
C corrects the efficiency for the biases introduced through differences between

data and simulation in the modelling of the b-hadron direction.
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Figure C.2: The b-tag efficiency in data and simulation for the p%¢ method for the

JetFitterCombNN tagging algorithm (used in the analysis) at 80% efficiency [47].

Figure C.1 shows the expected performance of the various b-tagging algo-

rithms in a simulated ¢ sample for jets with pz > 15 GeV and || < 2.5.
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Appendix D

Jet Energy Resolution (JER)

The transverse momenta asymmetry between two leading jets A(pr1, pra) is

defined as

Pri1 — Pr2 (D.l)

Apra,pr2) =
(pr.1, Pr2) pra+ P2

The fitted Gaussian o is used to characterize the asymmetry distribution and
determine the jet pr resolutions o4. Assuming transverse momentum balance
({(pr1) = (pr2) = pr ) and requiring the jets to be in the same rapidity y region
(Opr, = Opp, = Opy), the relation between o4 and the relative jet resolution is

given by

2 2
\/(JpT,l + UPT,Q)

Opr
o4 = = D.2
4 (pr1 +pra) V2pr (D-2)
V20, =2 (D.3)
pr

140



The asymmetry distributions for two pr = (pr1 + pr2)/2 bins (20-30, 30-40

GeV) are shown in Figure D.1.
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Figure D.1: Asymmetry distributions for different pr bins and |y| < 2.8 [56].
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Appendix E

Fits to the signal Monte Carlo for H + 0j

channel

El H—-WW*"—evjj

300

250

20

o

15

o

10

o

50

ol | |
200 400 600 800 1000 1200 1400 1600 1800 2000

My [GeV/c?]

OO

Figure E.1: myw~ = 300 GeV.
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Figure E.3: myw- = 340 GeV.
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Figure E.2: myw+- = 320 GeV.
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Figure E.4: myw~ = 360 GeV.
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Figure E.5: myw~ = 380 GeV.
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Figure E.7: myw- = 420 GeV.
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Figure E.9: myw~ = 460 GeV.
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Figure E.6: myw+- = 400 GeV.

250

200

150

100

50

OO

200 400

600

800 1000 1200 1400 1600 1800 2000

My [GeV/c?]

Figure E.8: myw- = 440 GeV.
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Figure E.11: myw+ = 500 GeV.
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Figure E.13: myw+ = 560 GeV.
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Figure E.15: myw+ = 600 GeV.
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Figure E.12: myw~ = 520 GeV.
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Figure E.14: myw- = 580 GeV.
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Figure E.16: my -y« = 300 GeV.
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Figure E.18: mypu~ = 340 GeV.
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Figure E.20: myy+ = 380 GeV.
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Figure E.17: myw- = 320 GeV.
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Figure E.19: myw+ = 360 GeV.
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Figure E.21: myw~ = 400 GeV.
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Figure E.22: myy~ = 420 GeV.
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Figure E.24: myy+ = 460 GeV.
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Figure E.26: myw+ = 500 GeV.
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Figure E.23: myw- = 440 GeV.
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Figure E.27: myw- = 520 GeV.
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