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Abstract

The channel H — ~7 is the most promising in which to discover a light Higgs boson
with ATLAS at LHC. The ATLAS detector is one of the four experiments at the Large
Hadron Collider at CERN and will, according to current planning, become operational
in 2007. This thesis describes an analysis of the channel done with fast simulation of
the signal and background processes in the mass range 120 - 150 GeV. The significance
of the signal is calculated with the standard counting experiment technique and also
with a more advanced statistical procedure. The concept of splitting the events into
two channels where the signal resolution is different is also introduced.
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Chapter 1

Introduction

The existence of the Higgs particle was first brought up by a Scottish physicist in the
1960s [1]. The motivation was an open question in particle physics; how the particles
get their masses. There is a clever solution to this problem, a solution first proposed
by Peter Higgs. He proposed that the whole of space is permeated by a field, the Higgs
field. As particles move through space they travel through this field, and if they interact
with it, they acquire what appears to be mass. The larger the interaction of the particles
with the field, the more massive they are. We know from quantum theory that fields
have particles associated with them, like for instance the photon and the electromagnetic
field. So we would assume that there is a particle associated with the Higgs field, and
that is the Higgs boson. Finding the Higgs boson is thus the key of discovering whether
the Higgs field does exist, and whether our best hypothesis for the origin of mass is
indeed correct. Unfortunately, the electroweak theory does not predict the mass of the
Higgs boson itself.

The first step toward finding the Higgs boson was the designing of LEP, an electron-
positron collider at CERN. It was operational from 1989 to November 2000, but did not
give evidence for the existence of the Higgs boson. During the last month of running,
scientists at LEP announced that they had observed several unusual events which could
have been the signature of the Higgs boson. CERN decided they would have another
month of running. After that period, with conclusive evidence still lacking, dismantling
started and the building of the next CERN collider, the LHC, proceeded. Before the
Large Hadron Collider will be operational, Fermilab just outside Chicago will have a
chance to observe the Higgs boson.

My project for this master thesis is to investigate a promising channel for observing a
light Higgs boson, H — 7. It is based on the analysis done for the ATLAS Technical
Design Report (TDR) [2]. The first phase of the project is trying to reproduce the
signal and background, however, to be able to finish in the prescribed time of a master
project, I will only use fast simulation. That means I am not able to simulate the
QCD background and not deal with generated converted photons, since that requires
full simulation. In the other part of my thesis, I will calculate significances both by
counting and by a more refined statistical method involving histogram chi-squares. I
will also investigate a new technique; splitting the data into two channels. The idea is
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CHAPTER 1. INTRODUCTION

that this would increase the significance when the two signal resolutions are different.

The thesis is divided into eight chapters. Chapters 2 and 3 are the theoretical foundation,
where the highlights are the ATLAS detector and the Higgs mechanism. The tools and
methods are described in the next two chapters, while chapter 6 presents the important
aspects in the analysis. Then there is a chapter presenting the results and at the
end, conclusion and outlook. There are two appendixes, the first one describes some
parameters used for the simulation and the second lists the significances for three sets
of data.



Chapter 2

The ATLAS detector

2.1 CERN

CERN |3] is the European Organisation for Nuclear Research and is situ-
ated on the border between France and Switzerland, just outside Geneva.
(Originally an abbreviation for Conseil Européen pour la Recherche Nuc-
leaire.) It is one of the world’s largest particle physics centres and has
become a shining example of international collaboration. It was founded
in 1954, and from the original 12 signatories of the CERN convention, membership has
grown to the present 20 Member States. CERN employs almost 3000 people and in
addition, some 6500 scientists come to CERN for their research, representing 500 uni-
versities and over 80 nationalities. Besides being a research laboratory, CERN also plays
an important role in advanced technical education.

The biggest and most expensive project at CERN these days is the preparation of the
Large Hadron Collider, the LHC.

2.2 The Large Hadron Collider

The Large Hadron Collider is presently under construction and will hopefully start the
first run in 2007. The previous large accelerator at CERN, LEP, was shut down in
November 2000, and dismantling started. LHC will use the old LEP tunnel which has a
diameter of 8.6 km, measures 27 km in circumference and is contained in a tunnel 100
metres underground. In figure 2.1 you can see the whereabouts of the tunnel situated
at the border between France and Switzerland. The smaller ring on the picture is the
proton injector (SPS) while the triangular area in front of the small ring is the main
CERN area. While LEP was an electron-positron collider, LHC will be colliding protons,
and the energy available will reach the TeV range (1/s = 14 TeV), about ten times higher
than at LEP.

The luminosity in the LHC will reach L = 103 cm 2s! after three years of running
(this is the high luminosity phase, while the first three years will have low luminosity,
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Figure 2.1: The location of the LHC tunnel.

1033 cm~2s~!). This will be achieved by filling each of the two rings' with 2835 bunches
of 10! particles each. The resulting large beam current is a particular challenge in a
machine made of super-conducting magnets operating at cryogenic temperatures. The
beams will be stored at high energy for about ten hours. During this time the particles

make four hundred million revolutions. More details about the machine can be found
in [5].

When designing the machine, it is very important to make it as flexible as possible while
minimising the cost (money is always an issue). It may come in handy to be able to
adapt to other situations, who knows what the next generation of colliders will need. As
an example, the CERN SPS accelerator was first upgraded from a fixed target proton
machine into a proton-antiproton collider, then a heavy ion accelerator, later into a
lepton injector for LEP and now a high density proton injector for LHC.

The most important challenge for LHC is to discover, or exclude in a certain mass range,
the Higgs particle and to search for supersymmetric particles. LHC may also discover
new particles to manifest theories beyond the Standard Model.

There are four LHC experiments; CMS and ATLAS suited for general purpose exper-
iments, LHCb devoted especially for b-physics and ALICE for heavy ion experiments.
Their abbreviations are:

ATLAS A Toroidal Lhe ApparatuS [6].

CMS the Compact Muon Solenoid [7].

ALICE A Large Ion Collider Experiment [8].

LHCb (Study of CP violation in B-meson decays at LHC) [9].

!LHC has two separate rings; bunches are accelerated in both directions and they collide at the
locations of the four detectors.

6



2.3. THE ATLAS DETECTOR

2.3 The ATLAS detector

The ATLAS detector, shown in figure 2.2, is the largest of the four LHC detectors. The
cylindric shape measures 40 metres in length, has a radius of 10 metres and weighs 7000
tons. It is a general purpose experiment meant to look for many different signatures. A
major role is to observe (or exclude) the Higgs boson and to look for supersymmetry.

The basic design criteria of the detector include the following [10]:

e Very good electromagnetic calorimetry for electron and photon identification and
measurements, complemented by full-coverage hadronic calorimetry for accurate
jet and missing transverse energy (E7*®) measurements;

e High-precision muon momentum measurements, with the capability to guarantee
accurate measurements at the highest luminosity using the external muon spec-
trometer alone;

e Efficient tracking at high luminosity for high-pr measurements, electron and photon
identification, 7-lepton and heavy-flavor identification, and full event reconstruc-
tion capability at lower luminosity;

e Large acceptance in pseudorapidity (1) with almost full azimuthal angle (¢) cover-
age everywhere. The azimuthal angle is measured around the beam axis, whereas
pseudorapidity relates to the polar angle (6) where 6 is the angle from the z dir-
ection;

e Triggering and measurements of particles at low-pr thresholds providing high ef-
ficiencies for most physics processes of interest at LHC.

The ATLAS detector consists of four major components, the colours matching those in
figure 2.2:

Inner Detector (yellow) - measures the momentum of each charged particle.

Calorimeters (electromagnetic; green, hadronic; orange) - measures the energies car-
ried by the particles.

Muon spectrometer (blue) - identifies and measures muons.

Magnet system (grey) - bends charged particles for momentum measurement.

The following four sections describing the various parts of the ATLAS detector is based
on the descriptions in the ATLAS Technical Design Report [10]. As for the different
types of detector technologies (drift chambers, multi-wire proportional chambers etc.),
consult [11] for further explanations and descriptions.
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Figure 2.2: The ATLAS detector.
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2.3. THE ATLAS DETECTOR

2.3.1 Inner Detector

The Inner Detector is the first part outside the beam-pipe and is contained within
a cylinder of length 7 metres and a radius of 1.15 metres. We find high resolution
semiconductor pixel and strip detectors in the inner part, and continuous straw-tube
tracking detectors in its outer part as seen in figure 2.3. In the barrel region the detector
layers are arranged on concentric cylinders around the beam axis, while the end-cap
detectors are mounted on disks perpendicular to the beam axis.

Barrel SCT

Pixel Detectors

Figure 2.3: The ATLAS inner detector.

The pixel detector is designed to provide a high-granularity, high-precision set of meas-
urements as close to the interaction point as possible. The total number of precision
layers must be limited because of the material they introduce, and because of their high
cost. In ATLAS, there are three pixel layers in the barrel region and five layers on
the end-caps. The innermost pixel layer (the B-layer) is very important to maintain
the highest possible performance during the experiment’s lifetime, and the mechanical
design allows for this to be replaced. The pixel system contains a total of 140 million
detector elements contained in about 1500 barrel modules and 700 disk modules. Each
element has individual circuits for each pixel element and the readout chips need to be
radiation hardened to withstand over 300 kGy of ionising radiation and over 5 * 104

neutrons per cm?.

The semiconductor tracking system (SCT) is designed to provide eight precision meas-
urements per track in the intermediate range, contributing to the measurement of mo-
mentum, impact parameter and vertex position, as well as providing good pattern re-
cognition by the use of high granularity. The barrel SCT uses four layers of silicon
microstrip detectors while the end-caps have nine on each side. Each silicon detector is
40.7 cm? and has 768 readout strips. Altogether, the detector contains 61 m? of silicon
detectors with a total of 6.2 million readout channels. Tracks can be distinguished if
separated by more than about 200 ym.

The transition radiation detector (TRT) provides continuous track-following with much
less material per point and a lower cost. This high density of track hits at the outer

9
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radius contribute significantly to the momentum measurement, and is also valuable for
the detection of photon conversions. The TRT is based on the use of straw detectors
which can operate at the very high rate expected at the LHC. Each straw is 4 mm
in diameter. The barrel contains about 50000 straws and the end-caps contain 320000
straws giving a total number of electronic channels of 420000. Each channel provides a
drift-time measurement, giving a spatial resolution of 170 ym per straw. The TRT is
operated with a non-flammable gas mixture of 70% Xe, 20% COs and 10% CFy, with
a total volume of 3 m3. The large amount of straws per track guarantees a combined
measurement accuracy of better than 50 ym at the LHC design luminosity.

2.3.2 Calorimeters

The calorimeter system in figure 2.4 consists of an electromagnetic (EM) calorimeter
outside the Inner Detector and out to a radius of 2.25 metres, and a hadronic calorimeter
covering the area to a radius of 4.25 metres. The EM calorimeter is based on a highly-
granular lead/liquid-argon (LAr) technology while the hadron calorimeter is based on a
sampling technique with plastic scintillator plates (tiles) embedded in an iron absorber.
The total weight of the calorimeter system is about 4000 tons.

EM Accordion
Calorimeters

Hadronic Tile
Calorimeters

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters

Figure 2.4: The ATLAS calorimeters.

The EM calorimeter is divided into a barrel part and two end-caps. The total thickness
is >24 radiation lengths? (Xj) in the barrel and >26 Xj in the end-caps. The lead LAr
detector has accordion-shaped Kapton electrodes and lead absorber plates, the accordion
geometry [12| provides complete ¢ symmetry. The region devoted to precision physics

2Radiation length is defined as the distance over which the electron energy is reduced by a factor
1/e due to radiation loss only.
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(In| < 2.5) is segmented into three longitudinal sections. The inner one, the strip section,
acts as a 'preshower’ detector, enhancing particle identification (v/7°, e/ separation,
etc.) and providing a precise position measurement in 7. For |n| > 2.5, the end-cap
inner wheel, the calorimeter is segmented into two longitudinal sections and has a coarser
lateral granularity. This is sufficient to satisfy the physics requirements (reconstruction
of jets and measurement of ET***). The region 1.37 < |n| < 1.52 (the transition region
between barrel and end-cap) is not used for precision physics measurements involving
photons because of the large amount of material situated in front of the EM calorimeter.

The hadronic calorimeters cover the range || < 4.9 using different techniques best
suited for the widely varying requirements and radiation environment over the large
n-range. Over the range |n| < 1.7, the iron scintillation-tile technique is used. The
scintillating tiles are 3 mm thick where two of the sides are read out into two separ-
ate photomultipliers. The total number of channels is about 10000. Over the range
1.5 < |n| < 4.9, LAr calorimeters were chosen: the hadronic end-cap calorimeter (HEC)
extends to |n| < 3.2, while the range 3.1 < |n| < 4.9 is covered by the high-density for-
ward calorimeter (FCAL). The HEC consists of two independent wheels built of 25 mm
and 50 mm copper plates, each split into four drift spaces using three parallel electrodes.
The FCAL is a particularly challenging detector owing to the high level of radiation it
has to cope with. It consists of three sections, one made of copper and two of tungsten
and LAr in the gaps in-between.

An important parameter in the design of the hadronic calorimeter is its thickness; it has
to provide good containment for hadronic showers, and reduce punch-through into the
muon system to a minimum. The total thickness is 11 interaction lengths® (\). This is
adequate to provide good resolution for high energy jets and good EF* measurement.

2.3.3 Muon spectrometer

The calorimeter is surrounded by the muon spectrometer. Excellent muon momentum
resolution is achieved with three stations of high-precision tracking chambers, and mul-
tiple scattering is reduced due to a light and open structure. In the barrel region, tracks
are measured in chambers arranged in three cylindrical layers (stations); in the end-cap
region, the chambers are installed vertically, also in three stations. Over most of the
n-range, a precision measurement of the track coordinates in the principal bending dir-
ection of the magnetic field is provided by Monitored Drift Tubes (MDTs). At large ns
and close to the interaction point, Cathode Strip Chambers (CSCs) with higher granu-
larity are used. The trigger system covers the pseudorapidity range |n| < 2.4; Resistive
Plate Chambers (RPCs) are used in the barrel and Thin Gap Chambers (TGCs) in the
end-cap regions. The overall layout of the muon chambers is shown in figure 2.5, which
indicates the regions of the four different chamber technologies.

The basic detection elements of the MDT chambers are aluminium tubes with a cent-
ral W-Re wire. Once a chamber is installed in its final location in the spectrometer,
mechanical deformations are monitored by an in-plane optical system.

3Interaction length, also known as the 'mean free path’, the mean distance travelled by the particle
without suffering a collision.
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- Cathode strip
Resistive plate chambers

chambers

Thin gap
chambers

Monitored drift tube
chambers

Figure 2.5: The ATLAS muon spectrometer.

The CSCs are multi-wire proportional chambers with cathode strip readout. The preci-
sion coordinate is obtained by measuring the charge induced on the segmented cathode
by the avalanche formed on the anode wire. Good spatial resolution is achieved by
segmentation of the readout cathode and by charge interpolation between neighbouring
strips.

The basic RPS unit is a narrow gas gap formed by two parallel resistive Bakelite plates,
separated by insulating spacers. Each chamber is made from two detector layers and
four readout strips. The primary ionisation electrons are multiplied into avalanches by
a high, uniform electric field.

The TGCs are similar in design to multi-wire proportional chambers. Signals from
the anode wires provide the trigger information together with readout strips arranged
orthogonal to the wires. These readout strips are also used to measure the second
coordinate.

2.3.4 Magnet system

The ATLAS superconducting magnet system is an arrangement of a central solenoid
(CS) providing the Inner Detector with magnetic field of 2 T, surrounded by a system
of three large air-core toroids generating the magnetic field for the muon spectrometer.
Each of the three toroids consists of eight coils assembled radially and symmetrically
around the beam axis. Services are brought to the coils through a cryogenic ring linking
the eight cryostats to a separate service cryostat, which provides connections to the
power supply, the helium refrigerator, the vacuum systems and the control system.

12
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2.3.5 'Trigger and data-acquisition system

The interactions in the ATLAS detector will create an enormous data-flow. To digest
this data we need:

The trigger system - selecting 100 interesting events per second out of 1000 million
others. [13]

The data acquisition system - channeling the data from the detectors to the stor-
age. [13]

The computing system - analysing 1000 million events recorded per year. [14]

13
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Chapter 3

Theory

3.1 The Standard Model

The history of Particle Physics started with Democritus, a Greek philosopher (460-
370 BC). He assumed that matter consisted of a few elementary particles; the atoms.
This concept was developed further by Mendeleev, who in 1869 systematised the known
elements into a Periodic Table. Today we believe in the Standard Model [15] where
the fermions' are the building blocks of matter and the interactions are due to four
fundamental forces; the electromagnetic, the strong, the weak and the gravitational
force, mediated by the exchange of bosons.

The fundamental particles are the quarks, leptons and the gauge bosons. The quarks
and the leptons (both fermions with spin 1/2) are divided into three families due to their
characteristics. We call them the three generations of matter. The quarks are called:
down, up, strange, charm, bottom and top,

(3)-(2)-(3)

where the u, ¢ and ¢ have a charge of 2/3 e and the others -1/3 e. They exists in three
different colours?: Red, Green and Blue. Bound systems consisting of three quarks
(or three antiquarks), like the proton, the neutron or the lambda particle, are called
baryons;

p(uud), n(udd), A(uds)

b b

while quark-antiquark systems, for instance pions or kaons, are called mesons;
7t (ud), 7 (du), K" (u3), K°(d3).

The leptons can be split into three doublets:

()00 ) (%)

!Fermions are particles with half integer spin, bosons have integer spin.
2Colour having no analogy with true colours, they are simply another set of quantum numbers
representing the charges of the strong force.

15



CHAPTER 3. THEORY

Here, the electron, muon and tau are very similar particles, however their masses are
different. Their partners are the neutrinos which come in three different flavors: electron-
neutrino, muon-neutrino and tau-neutrino. The neutrinos were for a long time believed
to be massless. Only quite recent experiments [16] seem to show that they have a very
small, but non-zero, mass. Both the three doublets of quarks and leptons have their
anti-particles with the same properties but with opposite charge?.

The force carriers for three of the fundamental forces (all except gravitation) are gauge
bosons with spin one. The electromagnetic force carrier is the photon, a massless boson
with no charge. The strong force, or QCD force, is mediated by gluons which come in
eight different colour-anticolour combinations. The three heavy vector bosons W+, W~
and Z° are the force carriers of the weak force. One has managed to unify the weak
and the electromagnetic force into the electro-weak theory. An effort is also being put
into uniting the weak, electromagnetic and the strong force into a theory called GUT,
Grand Unified Theory. As for the gravitational force, the least understood force, a force
carrier is still not observed but assumed to be the Graviton.

An important aspect of the Standard Model is symmetries and the breaking of symmet-
ries. It is a quantum field theory based on gauge, Lorentz and CPT* -invariance. The
breaking of symmetries occur in connection with the Higgs boson, a still open question
in the Standard Model of particle physics. In the Minimal Standard Model (MSM) there
is only one Higgs boson while in other models there can be several. The next section is
devoted to the theoretical foundation of the (MSM) Higgs boson.

Today there are some new theories which are beyond the Standard Model, for example
supersymmetry®, string theory and extra dimensions. The most common sypersymmet-
ric model is the minimal supersymmetric model, MSSM, with five Higgs bosons, H™,
H-, A, H° and h.

3.2 The Higgs mechanism

This section is based on a book of Halzen and Martin [17].

The Higgs mechanism [18] is best described in the framework of Lagrangian field theory.
In classical mechanics, the equations of motion can be obtained from Lagrange’s equa-
tions where the Lagrangian is L =T — V where T and V are the kinetic and potential
energies of the system. This formalism can be extended from this discrete system to a
continuous system:

L(g;, g, t) —» L (qﬁ, 0¢ ) : (3.1)

—, T
y
8,%”

where L is the Lagrangian density

L= /ﬁd%, (3.2)

3Electrical charge as well as Lepton number, isospin, etc.
4Charge conjugation, parity and time inversion.
5All bosons have a identical fermion-twin and visa versa.
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3.2. THE HIGGS MECHANISM

from now on simply referred to as the Lagrangian. The Euler-Lagrange equation replaces
the Lagrange’s equation from classical mechanics:

0 oL oL
o, <8(8¢/8wu)) N 0 (3.3)

An example of a Lagrangian describing a free particle is:

1 " 1 55
L= S(0,0)(0"0) — S, (3.4)

We would now proceed to describe quantum field theory, and in order to do this the Lag-
rangian is quantised. Fields such as ¢ and A, become operators describing the creation
and annihilation of particles, and the terms in the Lagrangian can be associated with
propagators and vertex factors. It is then easy to translate the equations to Feynman
diagrams.

Let us now turn our interest to U(1) phase transformations® of the Lagrangian. A
Lagrangian should be invariant under translations and transformations and especially
under this internal symmetry transformation;

U(z) = eY(a), (3.5)

we call phase transformation where a is a real constant. Indeed the Lagrangian is
invariant under this transformation, we speak of global gauge invariance. Global because
a does not differ from space-time point to point. A more general invariance would
then be a local gauge invariance, hence when a = a(z). Equation (3.5) will then be
generalised to

(x) = () (3.6)
where a(x) now depends on space and time in a completely arbitrary way. However the

Lagrangian is not (yet) invariant and we will have to modify the derivative to what we
call the covariant derivative

8, — D, = 8, —icA (3.7)

i
where A, transforms as
1
A, — A+ -0,0. (3.8)
e

By demanding local gauge invariance we are forced to introduce this gauge field A,. We
can regard this as the physical photon field, but in that case we have to add a kinetic
energy term to the Lagrangian. This term involves the gauge invariant field strength
tensor

F.,=0,A —0A,. (3.9)
The Lagrangian of QED will then be

- - 1
L =0, — m)Y + epy* Ay — ZFWFW' (3.10)

6The family of phase transformations forms a unitary Abelian group known as the U(1) group.
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In this equation there is no photon mass term %mQAHA“ and the gauge particle must
be massless. In QED and for the photon this is as it should be, but when we turn to
weak interactions we get a similar result which gives us problems. Since the presence
of mass terms for gauge fields destroy the gauge invariance of the Lagrangian; the W
and Z bosons also have to be massless! But this is not the case. Experimentally these
bosons have masses of the order of 100 GeV. Is it possible to introduce mass without
breaking gauge invariance?

The answer is yes, and it leads us to the Higgs mechanism and the spontaneously broken
symmetry. Let us first approach this by a populistic explanation by Tom Kibble [19]:

(...) The fundamental theory ezhibits a beautiful symmetry between W, Z
and photon. But this is a spontaneously broken symmetry. Spontaneous
symmetry breaking is a ubiquitous phenomenon. For example, a pencil bal-
anced on its tip shows complete rotational symmetry - it looks the same from
every side. - but when it falls it must do in some particular direction, break-
ing the symmetry. We think the masses of the W and Z (and of the electron)
arise through a similar mechanism. It is thought there are "pencils” through-
out space, even in vacuum. (of course, these are not real physical pencils -
they represent the "Higgs field” - nor is their direction a direction in real
physical space, but the analogy is fairly close.) The pencils are all coupled
together, so that they all tend to fall in the same direction. Their presence in
the vacuum influences waves travelling through it. The waves have of course
a direction in space, but they also have a "direction” in this conceptual space.
In some "directions”, waves have to move the pencils too, so they are more
sluggish; those waves are the W and Z quanta. The theory can be tested,
because it suggests that there should be another kind of wave, a wave in the
pencils alone, where they are bouncing up and down. That wave s the Higgs
particle.

For a more formalistic approach we will here take the simplest example of the Higgs
mechanism; regarding only U(1) gauge symmetry. First we must make our Lagrangian
invariant as we did in the previous example:

P(z) = @ p(x) (3.11)
requiring
D, =0, —1eA, (3.12)
and .
A, — A, + gaua. (3.13)

Now A, represents a vector boson in general. The gauge invariant Lagrangian is thus
1
L= (0"+ieA")p* (9, —ieA,)p — u*¢*d — N(¢*9)* — ZF,WFW, (3.14)

where ¢ is a complex scalar field ¢ = %(qﬁ +ig). If u? > 0 we will get the QED
Lagrangian for a charged scalar particle of mass u. Since we want to generate masses
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3.2. THE HIGGS MECHANISM

by spontaneous symmetry breaking we take p? < 0 and A > 0. We are now interested
to find the minimum of the potential. To do this we must take the derivate with respect
to ¢:

VA o+ A(9°9)Y)

— = 1
36 96 0 (3.15)
which satisfies )
o+ 93 = - =2 (3.16)

i.e. the potential has a circle of minima with radius v in the ¢;-¢, plane. Now we choose
the point ¢y = v , ¢ = 0 as the ground state and we are spontaneously breaking the
symmetry (in the same way the pencil balanced on its tip have to fall in one direction).
We write

¢ = —=(v+n(z) +if(z)) (3.17)

\/_

where n(z) and £(z) represent the quantum fluctuations in the ¢; and ¢ plane respect-
ively. Substituting (3.17) into the Lagrangian (3.14) we obtain

L
= ( 9,8)° + ( 0,m)? — v*An® + = 5 0P A AP — evAO0ME — —F,F™ + ... (3.18)

The particles in £’ seems to be a Goldstone boson &, a scalar 7, and a vector A,, with
masses

me = 0,m, = V2Xv?, my = ev.

We have achieved generating a mass to A, (remember, this is now a general vector boson)
but are left with a massless Goldstone boson and a massive scalar () in addition. The
solution for removing the Goldstone boson is to note that (3.17) can be reduced to

1

¢~ ﬁ(v + n)eié/ (3.19)

in lowest order in &.

Let us now substitute a different set of real fields h, 6, A, where

6= %(v + h(z))e?@/v, (3.20)

and .
A, — A, + aa,ﬂ. (3.21)

In this choice of gauge, §(z) is chosen so that h is real and we would expect that the
theory will be independent of §. We obtain this Lagrangian:

1 1 1 1
L' = 5((‘3”11) IR IVE N 3¢ 0P AL — v)\h3—ZAh4+562Aih2+ve2Aih—ZFWF‘“’. (3.22)

Now the Goldstone boson is gone, we still have a massive A, and we have a Higgs boson
in our theory.
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CHAPTER 3. THEORY

If we repeat this procedure for a SU(2) gauge symmetry, A, will be the vector field
W, which represents the three vector bosons W+, W~ and Z. These bosons become
massive, and that is the achievement we wanted. Here, ¢ is a doublet of complex scalar
fields and after choosing the minimum and spontaneously breaking the symmetry we

can substitute
1 0
¢= \[5 ( v + h(z) > (3.23)

With the Higgs mechanism we have achieved to avoid massless particles. We have given
mass to the heavy vector bosons and the fermions while still maintaining a massless
photon. But why could we not have brutally broken the gauge invariance by inserting
mass terms in the Lagrangian? Well, in that case we would not have had a renormalisable
theory as we do with this spontaneously broken gauge theory.

where h(z) is the Higgs field.
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Chapter 4

Software

4.1 Simulation software; PYTHIA and ATLFAST

PYTHIA [20] is a program which is frequently used for event generation in high-energy
physics. The program is intended to generate complete events, in as much detail as
experimentally observable ones, within the bounds of our current understanding of the
underlaying physics.

In the analysis, ATLFAST [21] is invoked after PYTHIA and it is a program for fast
detector simulation and physics analysis. It can be used for fast event-simulation in-
cluding the most crucial detector aspects: jet reconstruction in the calorimeters, mo-
mentum /energy smearing for leptons and photons, magnetic field effects and missing
transverse energy. Fast simulation is only an approximation of the real detector per-
formance, for more accurate results one should run the full simulation. However, for
this thesis I will only run the fast simulation, and it has the advantage of being less time
and CPU consuming than the full simulation.

Both PYTHIA and ATLFAST are written in Fortran77. Within the ATLAS project
there is a process going on of rewriting all the software into the object oriented language
C—++. This new software is still a little unpredictable, so for this analysis I have chosen
to use the old and reliable software. But soon (hopefully) this transition phase will be
over and the new software will be put to use.

Have a look at appendix A for detailed information of the parameters used in PYTHIA
and ATLFAST for this analysis.

4.2 Parallel computing

Event simulation can be a time consuming and tiresome work, especially if one needs a
large number of events. To cope with this situation I learnt to use MPI (Message Passing
Interface) [22] and parallel computing. With this technique I could do jobs which usually
took several days, over one night, using 15 computers in parallel. In order to use MPI
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one must have software installed (MPI compiler); the computers themselves are easily
adapted for this use.

The simulation software, in my case PYTHIA, required only a few extra lines with code
to adjust for the use of parallel computing. With this kind of event generation, the easiest
is to let every computer take care of a fraction of the events. If one wants ten million
events to run on ten machines, simply let each machine carry out one million events.
The output will now be put into ten ntuple-files. An important thing to remember is to
change the seed for the random generator, otherwise one will get ten identical ntuples.

4.3 Data analysis with PAW

CERN launched in 1986 the Physics Analysis Workstation project, PAW [23], an analysis
software developed mainly for high energy physics applications. It is based on Fortran77
code, and in addition there exists a C++ version, PAW++.

The output from the simulations is a ntuple file. This file can be read by PAW and used
further to plot and calculate various quantities (such as energy, transverse momentum,
invariant two-photon mass, etc.). This can be done interactively by typing command
line commands, by using a kumac-file (a file which contains PAW commands) or by
Fortran or C programs. The plots are shown in an own window and can be stored as
eps figures.
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Chapter 5

Statistical methods

This chapter describes the statistical methods which I will use in the thesis. The main
part is about calculating the significance in several ways, but also some aspects of mass
reconstruction will be explained. At the end, an alternative approach with the ALRMC
program is mentioned.

5.1 The significance

The significance of the signal is an important quantity. It tells whether there is a signal
present in the histogram, or if it is only background. We typically say we have conclusive
evidence for a signal if it is five sigmas or more.

The starting point of the significance calculation is to have a histogram which contains
both signal and background in correct absolute and relative scaling. This histogram
can be obtained from simulation or from data in a real experiment. In this thesis I will
use two different methods to calculate the significance, the counting method and the
chi-square method.

5.1.1 The counting method

The easiest and most straight forward approach of finding the significance of the signal
is with a counting experiment. First, fit the S+B histogram with a Gaussian plus a poly-
nomial, where the polynomial can be extracted as an approximation of the background.
The significance is S/v/B, and calculated using this formula:

S:NS+B_B
VB

where Ng g is the total number of events in the histogram and B the background events
under the fitted background function, both in a given mass interval. The mass interval
should be chosen in such a way that the significance is maximised.

(5.1)
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The uncertainty in the calculation of the counting significance can be evaluated by
taking the differential of s = S/v/B. It is given by this formula:

(As)? = <§;AS>2 + <§;AB>2 (5.2)

After some calculations and formula manipulations one ends up with

_(ASY? S*AB)? AS
so= (B SaEr 25 59

The approximation is valid in cases where S < B, as for this channel. The error AS
can be calculated with respect of the errors ANg, g and AB. However for the analysis
it is very convenient to use the output from PAW, where the fitted number of signal
events with uncertainties comes directly from the fitting procedure.

5.1.2 The chi-square method

The chi-square method for calculating the significance gives a better approximation to
the real signal. The contribution from the signal is not cut using sharp borders like in
the counting method, but corresponds to the fit of the whole signal range.

Begin with applying the best fit to the signal plus background histogram, using a com-
bination of a Gaussian and a polynomial (or exponential). This is easily done with
PAW or other analysing software. The output from the fitting is a X%, 5, a quantity
dependent on the difference of the histogram and the function in each bin (see equation
(5.4)). Now, take the fitted function and extract the background part, that is only the
polynomial (without the Gaussian). Calculate a x% using the histogram and the back-
ground function. Note that you are not trying to minimise the y? this time, but simply
to calculate it by the standard formula:

nbin i

Z Yhist yfzt (5.4)

=1 Z

where o; is the standard error in each bin (poisson distribution), , /y}it.

Another useful quantity is the number of degrees of freedom, d.o.f., which is defined as
d.o.f. = #bins — #parameters — 1 (5.5)

where #parameters is the number of parameters in the fitted function.

One should now make a test of whether to accept the S+B hypothesis (the hypothesis
saying there is actually a signal present and not only background) or not. The require-
ment is that

Xesp/d-o.f. (5.6)
should be roughly one, and
x%/d.o.f. (5.7)
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should be somewhat larger. How much larger depends on the amount of events in the
histogram. What you actually do in this test is to ask: Which of the functions can best
fit my histogram? Is it the one with a signal, or the one without?

Finally, calculate a Ax? by subtracting the two y?’s:
Ax* = xb — Xéyp (5.8)

This variable is the basis of the significance calculation, and one can look at statistical
tables or use programs which transforms the Ax? to probability and to number of
sigmas. The number of degrees of freedom is in this case one, which is the Higgs mass
(the Standard Model cross-section is again dependent on the mass). However, in this
case with only one d.o.f. one can get the significance by simply taking the square root
of Ax2. This is because the p.d.f. of the x? distribution for d.o.f. = 1 is the normal
distribution.

5.2 The significance with two channels

The idea is that splitting the events into two independent channels will increase the
significance of the signal. This concept can be used if the resolutions of the two channels
are different, otherwise one would not gain from it. Assuming the same number of signal
events, a narrow and high top (good resolution) will have a greater contribution for the
significance than a wide and low top (bad resolution). This is because the relative
uncertainty is less the more events in a bin. The signal resolution for one channel is
necessarily worse than the best of the two with two channels. So by using two channels,
the information obtained from the simulation is better utilised, and the method is more
optimal.

A possibility is to split the data into events with unconverted photons (1) and events
with one or more converted photon(s) (2). As shall be investigated later, the resolutions
for converted photons and unconverted are different, so the method is valid. To use
this approach, one has to make two histograms with signal plus background, and do the
significance calculation on both.

One could also think of splitting it into three channels; unconverted photons, one con-
verted photon and two converted photons. These three channels will also have different
resolutions, but the problem is that there would be too few events in the histogram
containing two converted photons (the probability of two converted photons is about
15%). However this is a good idea when the statistics are high enough.

5.2.1 The counting method

The significance from the two channels in a counting experiment is combined using;:

S1+ 5,

S _—= 7’ 59
2= /B, + B, (5.9)
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where S; = N — B, for i = 1,2, and the uncertainty with:

(A812)2 = (A81)2 + (A82)2. (510)

5.2.2 The chi-square method

After following the procedure of finding the chi-squares on the two histograms (as de-
scribed earlier), one will end up with four quantities; two values for x% +p and two for
X%. Since having two channels would be equivalent to increasing the number of bins to
twice as many, the x?’s for case 1 and 2 should be added. This gives:

AX%2 = (X2B,1 + X2B,2) - (X§’+B,1 + X?‘}+B,2)' (5.11)

Again, take the square root of this number to get the significance of the signal.
5.3 The Higgs mass and its uncertainty with two chan-
nels

From the two histograms (1 and 2) with signal and background, one can make a combined
calculation of the Higgs mass:

M T:_%l i 7:_%2 (5.12)
i |
1 2
with an uncertainty given by
1 1 1
- =5t (5.13)

Om oy 03

Here, 1 and 2 denotes the histograms of the two channels, m; and my the mean value
of the fitted signal (the Gaussian), and o2 the uncertainty in the mean.

5.4 ALRMC

ALRMC! is a statistical program which is used for Higgs search on LEP [24] data. Like
the chi-square method, ALRMC is using a technique which takes into account all the
events under the signal p.d.f. and in addition, the bins are weighted after the amount of
signal events. That means, the weight from the bin in the middle of the signal is larger
than from the tail, and the weight from where there is no signal, is zero.

When I started on this thesis I thought I could use the program for statistical treatment
of my data. However, it turned out that the program was not well suited for analysis of
data with statistics as high as in this channel®. So the conclusion was that I would make

! Abbreviation for A Likelihood Ratio Monte Carlo.
2ALRMC calculates each candidate for signal and background separately, and this would not be
efficient since there are over 1000 signal events and ten thousands of background events.
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another algorithm for finding the significance, as explained in the previous sections.
These days, there is an ongoing process of translating ALRMC from Fortran77 into
C++, and of improving it. After this transition phase, it is expected to perform better
with the high statistics cases. So when the new version is up and running it would
(probably) be possible to use in this type of experiment.

Since I am not using the program for this analysis, [ will not try to explain the methods
used in the program. The readers that are interested will find information in refer-
ence [25, (available after August 2002)]. In addition, a master thesis [26] has been
devoted to the process of translating the program, and this thesis is perhaps a more
pedagogically approach to understand the program. It contains both the theoretical
foundation, and explanation of how this is used numerically.
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Chapter 6

The analysis

This chapter is devoted to some essential background information about the analysis. I
will present some of the knowledge LHC inherited from the LEP experiments, some gen-
eral LHC Higgs search facts and detailed information about the signal and background
processes in this particular channel. Finally I will make a few comments about photon
conversions and radions.

6.1 The heritage from LEP

LEP completed data-taking in November 2000 after 11 years of running. In 2000 the
centre-of-mass energy was pushed to 209 GeV and in the last three years a luminosity
of about 687 pb~! was delivered to each of the four experiments. One of the goals of
the project was to search for a Standard Model Higgs boson. Their achievement was to
exclude a Higgs boson below a mass of 114.1 GeV' at 95 % Confidence Level [27] (the
shaded area in figure 6.1). Even if the SM Higgs cross-section is reduced by a factor
three, a Higgs boson mass up to 110 GeV is excluded. In addition to the important
exclusion limit, the four LEP experiments also gave a significance of 2.1 sigmas for a
Higgs boson with a mass of 115 GeV. This is not enough for discovery, but can be
interpreted as a hint of a Higgs boson in that mass region.

Figure 6.1 shows the best fit of the Standard Model to the LEP data. Minimum x? is
found for my = 88732 GeV, and my < 196 GeV at 95% C.L.

6.2 Higgs search at LHC

The production of the Standard Model Higgs boson at LHC is expected to proceed
mainly through the diagrams shown in figure 6.2. The cross-sections for these processes
are shown in the same figure (left) as a function of the Higgs mass. The gluon-gluon
fusion process is the dominant production channel for all masses, but for myg ~ 1 TeV

!Natural units, i.e. the convention A=1, c=1 is used throughout this document.

29



CHAPTER 6. THE ANALYSIS

6
Aa:\?d = ]
. = 0.02761+0.00036
% - 0,0273840.00020 1
4 3 -
N ]
= ]
<
2 o —
0 Excluded Y A ‘ Preliminary_
"2
10
my [GeV]

Figure 6.1: The LEP Higgs boson mass exclusion limit.
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Figure 6.3: Higgs production cross-section (left) and Higgs branching ratios (right) both
as a function of the Higgs mass.
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it is similar in magnitude to the vector boson (WW, ZZ) fusion. The associated Higgs
production with a ¢ pair or a W/Z boson has a significantly smaller cross-section, how-
ever, it gives rise to final states which are relatively easy to extract from the background,
thanks to the additional signature (for instance leptons) produced in the decay of the
accompanying particles.

All the decay branching ratios of the Higgs boson are in figure 6.3 (right), where three
main regions can be identified:

e my < 130GeV: H — bb dominates, however, because of its huge QCD back-
ground (Ng/Np < 1075), H — ~v is the most promising channel.

e 130GeV <my <2mgyz: H - WW* = lvlvand H — ZZ* — ll ll, where one of
the vector bosons can be virtual, are the only two channels which can be extracted
from the background in this region.

e my >2myz:. H — ZZ, WW — combinations of [, and jets. The process H —
Z 7 — Il 1l is called the gold plated channel, with almost no background.

The Standard Model does not predict the mass of the Higgs boson, so we have to look in
all the mass ranges. The only prediction it gives us is that we have a theoretical upper
bound of ~ 1 TeV (because of consistency arguments within SM [28§]).

The LHC expects to operate at a centre-of-mass energy of /s = 14 TeV. References on
Higgs searches at LHC are 2] and [29]. Reference [30] is an analysis of the impact of
the sensitivity for different values of the centre-of-mass energy.

6.3 H — vy

The channel of the Higgs particle decaying into a pair of photons will be an important
one at the LHC. It is the most promising channel to observe a light Higgs boson with a
mass of the order 80 — 150 GeV. The channel has a small branching ratio, only about
0.2%, which means that the Higgs rarely decays into two photons. However, when it
does, it is a clean channel with a signal to background ratio of Ng/Np ~ 102

Figure 6.4: H — v Feynman diagram.

The Feynman diagram of the signal is shown in figure 6.4. The Higgs boson decays into
two W’s or a t t pair, which interacts and creates two photons in the final state. In my
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analysis I will look for a Higgs mass between 120 and 150 GeV (the lower limit because
of the LEP exclusion).

For my analysis I have chosen to only look at the direct H — 7~ channel. This means
I will omit the associated Higgs production processes (C1 and C2 in figure 6.2). These
processes have a cross-section which is almost a factor 50 lower than for the direct
production, but is easier to extract because of the additional particle in the final state.

Severe requirements on the performance of the EM Calorimeter are placed by this chan-
nel. Excellent energy and angular resolution are needed to observe the narrow mass
peak and powerful particle identification capability is also required to reject the large

QCD jet background.

6.4 Background

The background of H — 77 is events produced within the Standard Model which
consists of two photons in the final state. We have events which we are able to suppress
(the reducible) and some we are not (the irreducible).

6.4.1 Irreducible; Born and box reactions

The irreducible background consists of reactions with fermions or gluons which interact
and produce two photons as the final state. The dominating processes are the Born and
the box processes, their reactions are:

Born:ff—vy’y

Boz : gg — vy

The Feynman diagrams are shown in figure 6.5.

f v g v

Figure 6.5: Born and box Feynman diagrams, irreducible background.
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6.4.2 Irreducible; Bremsstrahlung reactions

In addition we have some events with only one photon plus one fermion/gluon in the
final state. The fermion/gluon can then emit another photon through bremsstrahlung,
giving a softer photon. The reactions can be as follows;

ff— 97~ 97

fg— fy~ fry

99 — 97 ~> 9y

The second of these processes is drawn in figure 6.6.

f g

Figure 6.6: One of the bremsstrahlung Feynman diagrams, irreducible background.

In the analysis done for the ATLAS TDR [2], this background was not simulated but
calculated with some matrix element calculation in the early 90s [31|. The result from
this calculation is that the Bremsstrahlung background amounts to about 50% of the
combined Born plus box contribution. In the ATLAS analysis, this contribution is
included in the simulations by correspondingly scaling the Born and box background.

6.4.3 Reducible

In addition to the irreducible 7 background, the QCD jet-y and jet-jet background have
to be considered. This is events where one or both jets are misidentified as photons.
Since the production cross-sections for these processes are many orders of magnitude
larger than the signal cross-section, it is possible to suppress this background by obtain-
ing excellent photon/jet and photon/electron discrimination in the detector. The ratios
of the cross-sections for jet-y and jet-jet to the irreducible vy are 2 * 10% and 8 * 102
respectively [2]. After rejection of most of these events in the calorimeter they each
amounts of about 20% of the total irreducible background.

For Higgs masses close to the Z mass (mz = 91 GeV) the resonant background from
Z — ee decays have to be taken into account. However, in this thesis I am looking for
a Higgs mass between 120 and 150 GeV so I can safely ignore this contribution (anyway
it would be negligible even when looking at a Higgs mass of 90 GeV [2]).
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6.5 EM Calorimeter performance - Photon conversions

This subject is thoroughly described in the TDR [10|. Here I will only state some facts
that are important for my analysis.

Because of the significant amount of material in front of the calorimeters, many of the
photons are converted. Since the H — 7+ signal is small, it is essential to ensure high
efficiency, and consequently to recover the conversions. Around 30 % of all photons
convert in the material of the ID cavity. In figure 6.7 the fraction of converted photons
as a function of pseudorapidity is shown. Around 75 % of the conversions occur inside
the volume? R, <80 cm, |z.| <280 cm.
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Figure 6.7: Fraction of converted photons Figure 6.8: Energy resolution for conver-
as a function of pseudorapidity. ted and unconverted photons at n = 1.1,

as a function of the photon energy.

The resolution of the electromagnetic calorimeter at n = 1.1 is given in figure 6.8 as a
function of the photon energy. For a photon in the range up to 200 GeV, the energy
resolution for converted is significantly worse (higher) than for the unconverted photons.
For the higher energies, the difference is smaller.

Photon conversions are found by combining pairs of oppositely charged electron/positron
tracks, and the smallest possible cluster? is needed to reduce the contribution of the pile-
up* and electronic noise to the energy resolution. On the other hand, a relatively large
cluster is needed to fully contain the shower in order to limit the impact of lateral fluc-
tuations on the energy resolution. The cluster size depends on the particle type, energy

2R is a coordinat in the pseudorapidity-azimuthal angle space (R = /12 + ¢2), while z is along the
beam axis.

3Energy depositions in neighbouring elements are grouped into energy clusters. Each cluster is
associated an energy, a radial and azimuthal coordinate and a cluster size.

4Pile-up happens if an event arrives the detector while the detector is still processing the previous
event. The result is a distortion of the signal.
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and pseudorapidity. Electron reconstruction needs larger clusters than photons because
of their larger interaction probability in the upstream material and in the presence of a
magnetic field, and as a result, this gives a worse energy resolution.

The overall photon identification efficiency with the ATLAS detector is found to be
about 80 %.

6.6 Radions

This section is based on talks given by Per Osland [32|. T will not give a thorough
presentation, but simply state some facts and show a few plots.

Radions are particles associated with the ¢ field within string theory. They appear in
the Randall-Sundrum scenario [33] where the universe is (441) dimensional. The radion
and the Higgs are particles which look very much alike, having similar characteristics
and interactions. This is important to have in mind during Higgs search, and if extra
dimensional particles do exist, we should learn to differentiate between the two of them.
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Figure 6.9: Production cross-section for the (SM) Higgs and the radion at LHC and
Tevatron (left) and branching ratio for the radion (right), both as a function of the
radion (¢) mass.

The radions are produced mainly by the gluon-gluon fusion process, and the cross-section
is about 100 times larger than for the Higgs boson (figure 6.9 (left)). They have nearly
the same decay channels, arranged by branching ratio in figure 6.9 (right). Note that in
addition to the Higgs channels, the radions can also decay into two Higgs bosons. That
is if the radion appears to be a good deal heavier than the Higgs boson.

The v decay rate for the radion is almost twice the rate of the Higgs as shown in figure
6.10. This means that in this channel, the frequency of actually observing a radion will
be larger than observing a Higgs (if they exist).

35



CHAPTER 6. THE ANALYSIS
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Figure 6.10: Ratios of the vy decay rates (I'y_y,/T'n4,) as a function of the ra-
dion/Higgs mass.
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Chapter 7

Results

This chapter presents the results from the analysis. First, the signal (the process H —
~7) and background (all other processes with v in the final state) are reconstructed,
then they are applied on the same histogram to illustrate data from a real experiment.
On this S+B histogram, the significance of the signal is calculated. This is a measure
of whether a particle can be observed or not. Finally, the outcome from my analysis is
discussed and put in a larger context.

7.1 Cuts

The cuts applied to both signal and background throughout this analysis are:

e |17| < 2.4, and no photons in the barrel /end-cap transition region
1.37 < |n| < 1.52: This is the region suited for precision physics due to the con-
struction of the electromagnetic calorimeter.

e P1(1) > 40GeV and Pr(2) > 25GeV: This is the lower limits of the transverse
momenta of the two photons.

In addition, another cut has been introduced in section 7.3.2.

7.2 Signal reconstruction

The production cross-section times branching ratio for H — v+ is slightly below 50 fb
(46 fb at 120 GeV). It varies with the Higgs mass and peaks around 120 GeV as in
figure 7.1. The plot is made using 15 runs with ATLFAST, one for every 5 GeV at high
luminosity and 1000 events. The shape of the curve is dictated by the branching ratio
curve in figure 6.3, having the same shape and a maximum at a Higgs mass about 120

GeV.
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Figure 7.1: Cross-section times branching ratio for H — v+ as a function of Higgs mass.

The Higgs production processes are described in section 6.2. The four processes in table
7.1 are the most important (the ISUB number are used in PYTHIA). They corresponds
to the processes A and B in figure 6.2. Process 3 contains contributions from all flavours,
but is completely dominated by the subprocess t¢ — H. The process-ratios in table 7.1
are for a Higgs mass of 120 GeV, and they are stable within the mass range to 150 GeV.

ISUB Process Ratio (%)
3 o H 6.1
102 gg— H 72.0
123 ff — ffH (ZZ fusion) 5.9

124 ff — ffH (WHW- fusion)  16.0

Table 7.1: The ratios of the different Higgs production processes at a Higgs mass of 120
GeV.

The fast simulation, ATLFAST, does not handle converted photons, only full simulation
does. So for my analysis, I have studied the behaviour of the converted photons as
described in the TDR [10], and tried to fake them. The algorithm for doing this has
its origin in figure 6.7, I simply used this probability of converted photons at a given
pseudorapidity. In addition, the energy deposited by the converted photons gives a large
tail on the low energy side, meaning the converted photons will peak at a slightly smaller
two-photon mass than the unconverted ones. After reducing the two-photon invariant
mass with 0.3 GeV on the events containing at least one converted photon, the faked

converted photon events looks very much like the fully simulated ones described in the
TDR.

Figure 7.2 shows the reconstructed signal for a Higgs mass of 120 GeV, consisting of
the unconverted photon events directly from ATLFAST and the faked converted ones
(shaded). The shape of the signal from the reconstruction in ATLFAST is a Gaussian
with a width that reflects the resolution of the electromagnetic calorimeter. For the
Higgs at 120 GeV the resolutions for the converted and unconverted channels are oy, =
1.37 GeV and 0yncony = 1.32 GeV, both with an uncertainty of 0.03 GeV (from the output
of paw). The fact that the two resolutions are observed different, and that the converted
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Figure 7.2: Reconstructed two-photon invariant mass with my = 120 GeV for high
luminosity. The shaded area represents events containing at least one converted photon.
The fitted width of the total signal is 0 = 1.34 GeV.

case is the worse is in agreement with figure 6.8. However, this difference is not large,
and the uncertainties are overlapping each other. The total signal (both unconverted
and converted events) has a fitted width and a resolution of o = 1.34 GeV.

The number of events in the histogram is given by the standard formula

N = oLe, (7.1)

where o is the cross-section and £ the integrated luminosity. € is the efficiency ¢ =
Ephoton€euts WHeTe €pnoton = 0.64 (0.8 for each photon) and €., is the efficiency of the
cuts in the analysis listed in table 7.2. The efficiencies in the table are the values
obtained through the event generation.

Higgs mass (GeV) 120 130 140 150
€cuts 0.59 0.61 0.62 0.63
Mass resolution (GeV) 1.34 1.42 1.49 1.53

Table 7.2: Efficiency of cuts and the mass resolution of the signal at four Higgs masses.
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7.3 Background reconstruction

7.3.1 Born and box

The production cross-section for the Born and box processes are oy, = 0.65 pb for an
invariant two photon mass at 120 GeV, and are distributed for other masses in figure
7.3!. The total (integrated) cross-section for the range 100-150 GeV is 29 pb and for
the range 120-170 GeV, 16 pb. These are the two ranges used in my analysis.

Cross-section (pb)

0 ! ! ! ! ! !
80 90 100 110 120 130 140 150

Higgs mass (GeV)

Figure 7.3: Cross-section for the combined Born and box background processes as a
function of invariant two-photon mass.

The Born plus box background distribution is shown in figure 7.4, the contribution from
Born slightly larger than box. The total distribution can be fitted well with a polynomial
of order 3. Again, the number of events in the histogram is given with equation 7.1 with
an efficiency of cuts €., ~ 0.18 in both ranges (100-150 GeV and 120-170 GeV). If we
apply the (faked) converted photons to the background as well, using the same algorithm
as for the signal, the distributions are as shown in figure 7.5. The converted photons
amounts to about 30 — 40% of the unconverted ones.

7.3.2 Bremsstrahlung

In spite of that the quark bremsstrahlung processes was not simulated for the TDR, 1
wanted to see if ATLFAST could reproduce this 50% of the Born plus boz background
result.

The production cross-section for the bremsstrahlung background (from the output of
ATLFAST) for the range of two-photon mass between 100 and 150 GeV is of the order
10~8 b. That means, while I at low luminosity needed to produce some hundred thousand
events of the Born plus box background I will need some hundred million events of the
bremsstrahlung. After production of the events, less than a thousandth passes through
the selection criteria.

!The plot is done the same way as for the signal, 1000 simulated events for every 5 GeV.

40



7.3. BACKGROUND RECONSTRUCTION

=]

=]

[S]
T

Events /500 GeV / 00fb™'
3
S

4000
3000 B}

2000

1000 —

o Loty Lo
105 110

Ll [
15

Ll [
120

Ll [
125

Ll [
130

135 140 145
Higgs mass (GeV)

Figure 7.4: The unconverted photon con-
tribution from the Born (dotted) and box
(dashed) backgrounds and the sum of
these (line) as a function of invariant two-
photon mass at high luminosity.

s

©

©
T

Events,/500 GeV / £90fb™"
3
[S]

6000

4000

2000

- - -
105 110 15 120 125 130 135 140 145
Higgs mass (GeV)

Figure 7.5: The total Born plus box back-
ground as a function of invariant two-
photon mass at high luminosity. The
areas represent events with at least one
converted photon (shaded) and events

without conversions (the white area).

With only the cuts described in section 7.1, the amount of bremsstrahlung events is 5-6
times larger than that of the Born and box (see figure 7.7). So, I had to introduce other
cut parameters in order to reduce the bremsstrahlung. I ended up using a Pp balance
cut:

Pbalance _ ‘PTvl
g = -
Pri+ Pry

(7.2)
where 1 and 2 are the two photons in the final state, arranged by decreasing Pp. This
parameter is plotted in figure 7.6 for the bremsstrahlung, Born plus box and signal.
From the figure it is quite obvious that the bremsstrahlung can be reduced drastically
when cutting on high P2aance values. In figure 7.7 the impact on the bremsstrahlung
background for the cuts P2ence < 0.95, 0.90, 0.85, 0.80, 0.75 and 0.70 is shown. The
Born plus box background is not reduced noticeably when introducing these cuts. Using
the strongest cut, the bremsstrahlung/Born plus box ratio is around two. Unfortunately
the signal is loosing events because of the cut, and this is important to avoid since the
signal is quite small for this channel.

The number of bremsstrahlung, Born plus box and signal events is reduced due to the
Ppelance cut in a manner described in table 7.3. Note that I have been using different
luminosities for the background processes (7 fb~1) and the signal (100 fb~!). With these
results we would expect the significance (S/v/B) to decrease with a stronger cut.
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Figure 7.6: The Pbance cut parameter for the bremsstrahlung, Born plus box and the
signal. The luminosities are 7 fb~! for the backgrounds, while 100 fb~! for the signal.
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Figure 7.7: Reconstructed bremsstrahlung background for different values of the Pr
balance cut and the Born plus box background (shaded) at 7 fb™!.
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Ppalance | Bremsstrahlung | Born, box Signal
% (events) % (events) | % (events)

No cut (113219) (21804) (2854)
0.95 95.3 (107925) | 100.0 (21801) | 99.9 (2850)
0.90 772 (87357) | 99.9 (21788) | 99.0 (2826)
0.85 59.7 (67610) | 99.9 (21777) | 97.2 (2774)
0.80 49.9 (56515) 99.8 (21769) | 94.0 (2684)
0.75 12.3 (47940) | 99.8 (21755) | 89.2 (2545)
070 34.5 (39063) | 99.4 (21631) | 83.7 (2389)

Table 7.3: The impact of the bremsstrahlung background, Born and box and the signal
from the Piaamce cut. The luminosities are 7 fb~! for the backgrounds, while 100 fb~!
for the signal.

7.3.3 Reducible

The reducible QCD background requires full simulation to reconstruct. In order to
delimit my thesis and to be able to finish in prescribed time I have not looked into this
at all. I have only assumed what the TDR states; that this background amounts to
about 40% of the irreducible background (Born, box and bremsstrahlung). I will use
this in my later results.

7.3.4 Discussion

Apparently, it seems that the fast simulation software is not able to do a proper
simulation of the bremsstrahlung process. With the hardest cut introduced to the
bremsstrahlung, I managed to reduce it to roughly twice the size of Born plus box. But
the achievement is useless, because of the large amount of signal events cut away as
well.

Some ideas of why the fast simulation can not handle this is:

e The QED bremsstrahlung is only modelled with parton shower in PYTHIA and
its rates are very uncertain;

e The photon isolation in PYTHIA/ATLFAST is based on very crude and loose
criteria.

Two traditional approaches exist to model final-state radiation; the matrix element
method and the parton shower method. In principle the matrix element method is the
correct approach, which takes into account exact kinematics. It is in this way Feynman
diagrams are calculated, order by order. The disadvantage is that the method can
be difficult at higher order, and especially in loop diagrams. The second approach,
with parton showers, is more an approximation. By simplifying the kinematics and
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using partons to yield a description of multi-jet events, the method is more flexible and
usually the first choice. However, the shower approach has limited predictive power for
the rate of well-separated jets. So for the bremsstrahlung process, the matrix element
calculation should be used in order to obtain accurate results.

Due to the last point, I tried to introduce a photon isolation criterion in the analysis,
but ended up no better than with the Pr balance cut. With fast simulation, such studies
would be very analysis dependent.

Since both the QCD and the bremsstrahlung backgrounds should be generated by other
means (full simulation), it is hard for me to do a complete study of this channel. In order
to evaluate the impact of a cut, one should have all the important processes to perform
the cut on. That is why I sticked to the cuts used for the TDR, so I could be able to
assume the two limits on the bremsstrahlung and QCD processes (the bremsstrahlung;
~ 50% of Born plus box, and the QCD; ~ 40% of the total irreducible background).

7.4 Statistical treatment of the data

Figure 7.8 shows signal and background for a Higgs mass of 120 GeV at four different
luminosities. The background consists of the contribution from Born and box scaled up
2.1 times. With this scaling, the bremsstrahlung and QCD background are included;

Nbrems = 0.5 % NBorn,bom ) Nreducible =0.4 % NirTeducibl(i;
giving a total background of
Ntotal =1.4%15% NBorn,boz =2.1% NBorn,bom-

The histograms are fitted with a combination of a Gaussian and a polynomial of third
order. In the case of one year at high luminosity (100 fb~') (a), the signal is clearly
visible above the background. The situation is worse for the lower luminosities. At
30 fb~! (b) one might be able to see the signal, while for 10 fb~! (d) the background
fluctuation is so large it is hard (or even impossible) to extract the signal. Some of
the peaks from the background fluctuation looks as much as a signal peak as the “true”
signal.

The number of events generated for the signal and background for the different lumin-
osities are listed in table 7.4. The numbers reflects the course of the cross-sections as
shown in figure 7.1 and 7.3. The numbers are the ones used in PYTHIA for event
generation, which means they only represents the unconverted photon events. For the
analysis, the background is split into two ranges, 100-150 GeV and 120-170 GeV, where
two signals are analysed in each range.

After splitting the events into two channels; (1) events with no photon conversions and
(2) events with one or both photons converted, the signal and background histogram
for 100 fb~! looks like in figure 7.9 (1) and (2). There are much fewer events in the case
with converted photons, and at low luminosity this is a problem, because it is getting
even harder to find the signal.
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| 10fb=" || 20 fb~" || 30 fb~" | 100 fb~*

Background 100-150 GeV || 3.95%10° | 7.90%10° || 1.18+10° || 3.95%10°
Signal at 120 GeV 301 602 902 3008
Signal at 130 GeV 275 550 826 2752

Background 120-170 GeV || 2.17%10° || 4.35%10° || 6.53%10° || 2.17%10°
Signal at 140 GeV 224 447 671 2236
Signal at 150 GeV 150 300 450 1496

Table 7.4: The number of events generated for the analysis at different luminosities.
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Figure 7.9: Signal and background for H — v with a Higgs mass of 120 GeV at high
luminosity. Histogram (1) is events without photon conversions and (2) is events with
one or both photons converted. The histograms are fitted with a combination of a
Gaussian (for the signal) and a polynomial of third order.
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7.4.1 Significance found by using counting experiments

With the counting method, the significance is calculated as S/ VB in a given mass
window. The mass window is a symmetrical interval around the mean value of the
fitted Gaussian:

wE o€ (7.3)

where ¢ is the standard deviation of the fitted Gaussian (the signal). The only parameter
that varies freely here is the window parameter £, and it has to be chosen in such a way
that the significance is maximised. Figure 7.10 shows the variation of significance for
different values of £. (The plot will surely look somewhat different for other masses
and at other luminosities, but this is only to choose a value.) Based on this figure, the
parameter is set to be £ = 2.0 throughout the analysis.

Significance

B al » ~ (o] ©
\ T
1

1 15 2 25 3
Mass window parameter

Figure 7.10: The significance for different mass window parameters for a Higgs mass of
120 GeV and at high luminosity. The dotted line is for events with one or more converted
photon, the dashed for unconverted photon events and the line for all vy events.

In figure 7.11, the counting significance is plotted for various luminosities and Higgs
masses using both one and two channels. These results are achieved by the counting
experiment explained in sections 5.1.1 and 5.2.1 and each point is the mean value of
three independent experiments (runs). The plotted values are also in table 7.5. In
appendix B, all the values from the three runs are listed.

The uncertainty in the significance, given with equation (5.3) is calculated for one meas-
urement (120 GeV, high luminosity). The number of signal events as a result from the
fitting is S £ AS = 2614+ 372 (B ~ 92000). This gives a uncertainty of the significance
of As = 1.20. For other masses and luminosities this uncertainty is more or less the
same. [ tested the procedure on several other cases, and the uncertainty always ended
up being one, or a little larger. This is logical, because when S and AS decreases,
the background decreases as well. With two channels, the uncertainties will have to be
combined, and this gives an uncertainty which is a bit larger than with one channel,
roughly around 1.5.
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7.4.2 Significance found by using the y?> method

A counting experiment is not always the optimum. A more advanced way to calculate
the significance is by the y? method explained in sections 5.1.2 and 5.2.2. It takes into
account a wider range of the histogram and not only the small mass window around
the signal. In figure 7.12 the significance is plotted for four Higgs masses and four
luminosities. Again, the mean value of three experiments is used. The plotted values
can also be seen in table 7.6, and the values from the three runs in appendix B. The
goodness of fit and the values for accepting the S+B hypothesis as explained in section
5.1.2 are added in super- and subscript in the table of run one in appendix B.

7.4.3 Discussion

The significance calculations in the two previous sections are based on exactly the same
sets of data. That way, the obtained values reflects only the difference in the methods,
and not the randomness in the histograms. Moreover, the histograms used are totally
independent of each other.

From the figures 7.11 and 7.12 it is obvious that the significance from the chi-square
method is higher than with the counting method. At high luminosity the difference is
roughly one sigma, while at the lower luminosities the gain is more fluctuating, but less.
In addition, using the chi-squares is a more optimal method than the counting because
it treats the whole S4B histogram range, and not only where the signal is.

It is also obvious that the gain in significance by splitting the data into two data sets
is significant. The gain for the high luminosity cases are in the range 0.1-0.8 sigma,
typically 0.3 or 0.4. However, this is not clear for the lower luminosities. At one year
with low luminosity the significance using one channel is often larger than with two
(consult the tables 7.5 and 7.6). This is because the histograms with one or more
converted photons have fewer events, and the analysis often failed to find the signal
for the lowest luminosity. When this occurred, there were only contributions from one
channel, and hence the significance is smaller.

The uncertainty in the calculation of the significance should only be taken as an indic-
ation of how much the significance can fluctuate. I will not go into a detailed study of
the uncertainties of the significances, but with the calculation in the counting exper-
iment simply express the magnitude which is somewhere between 1.0 and 1.50. The
uncertainty in the mean of three runs can be expected to be less than one sigma.

The significances in the two tables and figures are the mean of three runs, but still they
do fluctuate. This is due to the background fluctuation, and the relative background
fluctuation is inverse proportional to the amount of events in the histogram. That
means this relative fluctuation is largest for low luminosity and also for the highest
Higgs masses. In table 7.4, where the amount of generated events are listed, this can be
seen clearly. Some entries that differ are the small dip at the values for 140 GeV at 30
fb~! for both methods and some other entries. These deviations can be understood by
having the uncertainty of the significance in mind.
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Figure 7.11: The significance from a counting experiment for different Higgs masses and
at four luminosities. The plotted values are the mean from three independent runs.
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Figure 7.12: The significance from a statistical x? method for different Higgs masses
and at four luminosities. The plotted values are the mean from three independent runs.
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mH 120 GeV [ 10fb' |20 b~ || 30 fb~! || 100 fb!

StIN [ 1wo ch. 1.9 3.3 4.5 8.4

S1GNf.one ch. 2.0 3.9 4.2 8.0
mH 130 GeV

StIN [ 1wo ch. 2.4 4.9 4.6 7.3

SLGNf.one ch. 2.3 4.1 4.1 7.2
mH 140 GeV

StIN.f 1wo ch. 1.8 3.3 2.5 7.9

SLGNf.one ch. 3.0 3.1 3.1 6.4
mH 150 GeV

SLGN f . two ch. 2.0 2.8 4.3 5.2

SLGNf.one ch. 2.3 3.0 3.2 5.1

Table 7.5: Significance for the counting experiment, with both one and two channels at
various luminosities. The values are the mean of three runs.

mH 120 GeV [ 10fb' [ 20" || 30 fb~" || 100 fb!

SN[ two ch. 3.2 4.4 5.3 9.3

1IN fone ch. 2.9 4.4 4.8 8.9
mH 130 GeV

SLGN ftwo ch. 3.5 5.5 5.3 8.8

StGNfone ch. 3.0 4.7 4.6 8.3
mH 140 GeV

SN[ two ch. 2.7 4.2 4.0 9.0

1N f.one ch. 3.3 3.4 3.7 8.5
mH 150 GeV

StIN [ 1wo ch. 2.5 3.7 5.1 6.5

S1GNf.one ch. 2.6 3.7 3.7 5.8

Table 7.6: Significance for the chi-square method experiment, with both one and two
channels at various luminosities. The values are the mean of three runs.
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To claim discovery of a particle, the significance should be larger than five sigmas (the
famous five sigma rule). The entries that has a significance larger than five are: all at
100 fb! and some at 30 fb~!. The entries for the masses 120, 130 and 150 GeV at 30
fb~! are barely above the limit, but due to uncertainties they may be just under the
limit when running the LHC (or higher, who knows).

The size of the background in this channel is very uncertain. It should be in this order
of magnitude, but can be expected to differ. Especially the rates of the bremsstrahlung
and the QCD background are uncertain, and they should be looked further up on, using
full simulation. Both the methods have a significance which goes as 1/ V/B. In the
counting method, this is explicit while in the chi-square method the x* goes as 1/0?
where 0% ~ Np (Poisson statistics) and the significance is the square-root of the Ax?.
This means that a doubling in the background results in a ~ 70% lower significance
(1/+/2). Still the Higgs can be observed (the significance is higher than five) for the
masses 120, 130 and 140 GeV at high luminosity.

Let’s try to put a fb !-tag on the performance using two channels and the chi-square
method. Generalising the results, the gain in using two channels and the chi-square
method instead of one channel and counting is roughly 1.50 at 100 fb~! and 1.00 at
30 fb~!. If one manipulates these numbers, and in addition looks at the progress of
the significance in the tables, the gain in fb~! after three years would be something like
10 fb~! and after four years, 30 fb~!. Of course, this is only an estimate, and only of
H — ~v at ATLAS. There is a well known fact that time is money [34], and this means
that the gain in fb~' would correspond to a lot of money (but the analogy to money
is really a bit doubtful, because at the LHC, there are many other projects, not only
regarded Higgs search).

In the analysis done for the TDR [2|, the counting method is used to calculate the
significance of the signal. It ended up with a significance of 6.50 at 100 fb~! (4.00
at 30 fb~!) for the Higgs masses 120 and 130 GeV. In this analysis, the associated
Higgs production (<100 signal candidates) is included, and a mass window of +1.40
around the nominal Higgs mass is chosen. My results, using one channel and counting,
is 1.50 higher than these results. Some of the difference may lie in the choice of mass
window. When I tried to use the same mass interval as the TDR, the significance was
reduced some (but not as much as 1.50). Another thing to notice is that I have done
the calculation for three sets of data, which makes the results more stable than just
doing it once. In addition to this, the algorithms used in the methods may be somewhat
different, and certainly uncertainties in the significance must be considered.

For future study of this channel, it might be possible to use the program ALRMC (C++)
(introduced in section 5.4). With this method, the discovery potential will be thoroughly
examined. Some of my data was fed into a very preliminary version of the new program,
and an output in the form of a counting significance, was in accordance with my results.
It was tested for 120 GeV, high luminosity, one channel, and the significance was about
~ 90 with the worst and best estimate of 7 and 14 o (the significance may lay in this
interval). But again, this is only a test of the program, and should not be taken as an
absolute result.
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7.5 Reconstructed Higgs mass

In the simulations, the signal is generated at a certain mass. The signal is then placed
onto the background, and afterwards fitted with a Gaussian. The question is whether
one ends up with a Higgs mass corresponding to the value inserted in the simulations
at the beginning.

Table 7.7 shows all the reconstructed Higgs masses at the four luminosities, with un-
certainties. The uncertainties are output from PAW regarding the fitting procedure.
There are some small deviations from the nominal Higgs mass, and especially at the
low luminosities. Mainly one value is very off, and that is the reconstructed mass of
133.8940.20 GeV for the 130 GeV Higgs. This is when using two channels at 30 fb~!.
What happened here is that the channel with converted photons found a signal (well,
actually it is background fluctuation) at 134.5040.22 GeV with a significance of only
lo (counting). The channel with unconverted photons fitted the signal at 130.8340.49
GeV, so this is ok.

The reconstructed standard deviations of the fitted Gaussians does also vary from the
values they should have had after the event generation. This is because a fit is performed,
and fluctuation in the background is very interfering since the amount of signal events is
small compared to the background events. A few bins with extra events (or less) on the
wing of the signal in the S+B histogram will mean a larger (smaller) standard deviation
for the fitted Gaussian.
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mH 120 GeV | 10fh' | 20" | 30fb' | 100!
mHyo ch. 120.32 £0.16 || 120.18 +0.55 || 119.25 +£0.26 | 120.18 £0.15
MHone ch. 120.37 £0.44 || 120.06 +0.65 || 119.46 +£0.33 | 120.18 £0.15

mH 130 GeV
mHyo ch. 130.05 £0.17 || 129.18 +0.46 || 133.89 +£0.20 [ 129.66 +0.10
MHone ch. 129.88 +0.25 || 129.01 +0.61 || 131.16 +0.39 | 129.78 £0.19

mH 140 GeV
mHyo ch. 140.81 £0.71 || 139.02 +£0.41 || 138.16 +£0.23 | 139.78 £0.21
MHone ch. 140.24 £2.29 || 139.18 +0.47 || 138.67 +1.19 || 139.93 +£0.17
mH 150 GeV
mHyo ch. 148.95 £0.90 || 149.59 +0.13 || 149.83 +£0.33 || 149.77 £0.22
MmHone ch. 149.12 £1.42 || 149.69 +0.18 || 149.66 +0.41 | 149.74 +0.26

Table 7.7: Reconstructed Higgs mass for run one.



Chapter 8

Conclusion and Outlook

An analysis of the channel H — 77y has been performed using fast simulation tools.
The signal and background are presented, and the background seems to be under full
control. However, the rates of the bremsstrahlung process and the QCD background
could need an update. This is out of the scope for this master thesis, since it requires
full simulation.

The outcome of the significance calculation is very promising, and gives a better result
than the analysis done for the ATLAS Technical Design Report [2|. There is a gain in
the significance both by using the chi-square statistical method instead of the ordinary
counting method, and by splitting the events into two channels (with different signal
resolution).

So, if there exists a Higgs boson in the mass region 120 - 150 GeV, it can (most probable)
be discovered after four years at the LHC using only the H — 77 channel. Using my
methods, it may even be discovered after three years.

For future studies of this and other channels the program ALRMC may be an important
tool in the search for the Higgs boson, and in addition, one should be aware of the radion,
which has similar characteristics.

With the runs of the Tevatron (at Fermilab) and LHC, we should be able to discover or
exclude the Standard Model Higgs boson at any mass. Whether the Higgs boson is the
solution to the mass mystery originating from Peter Higgs in the 60s, only the future
can tell.
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Appendix A

Simulation parameters

This appendix contains comments about some of the most important parameters used
for my analysis with PYTHIA and ATLFAST. To be able to read this information the
reader should be acquainted with the simulation software and its technicalities. For
further information consult the manuals [20] and [21].

PYTHIA and ATLFAST

e I have been using PYTHIA 6.152 and ATLFAST 2.51 and the standard setup with
the file demo.f.

e In demo.f:

— Select the signal processes by choosing MSEL=16 which gives the processes
ISUB=3,102,103",123,124, and the background processes with [SUB=18 (Born),
ISUB=114 (box), ISUB=14,29,115 (bremsstrahlung).

— CKIN(1), CKIN(2) defines a lower and upper limit on the centre of mass
energy. This is very useful when generating the signal and the Born and
box backgrounds, because the events will only be in this two-photon mass
range. However, for the bremsstrahlung process, the CKINs is not a limit on
the two-photon invariant mass alone. This is because the final state consists
of not only two photons, but an extra particle. So for the bremsstrahlung
process, only CKIN(1) should be used to reduce some of the events below
the two-photon mass limit.

e In atlfast.dat:

— n coverage for photons, YPAR(31),TPAR( 9,1)=2.400

— Py triggering for photons, TPAR( 2,1),TPAR( 2,2)=40.0
and TPAR( 3,1),TPAR( 3,2)=25.0

1This process (yy — H) had a vanishing cross-section in PYTHIA and was switched off.
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e In addition, I made some of my cuts directly in the file atlfastntup.F, but it is
a matter of taste of doing them here or directly in PAW. In general it is best to
do as few cuts as possible when generating the events, but it can be important in
order to reduce the size of the ntuple.

e The output comes as a ntuple and a text file demo.out. This latter file contains
the cross-sections for the processes in addition to other information.

Parallel Computing

These are the changes I had to do in order to run with MPI. In addition, the program
have to be compiled with a MPI compiler and also run with a MPI program.

e Add these lines after the declarations in demo. f:

CALL MPI_INIT(IERR)

CALL MPI_COMM_SIZE(MPI_COMM_WORLD,size,IERR)

CALL MPI_COMM_RANK(MPI_COMM_WORLD,my_rank,IERR)

CALL MPI_GET_PROCESSOR_NAME(processor_name,namelen,IERR)
print *,"Process ",my_rank, processor_name}

e To split the events between the machines, type
DO II= 1, NPAR(10)/SIZE
instead of
DO II= 1,NPAR(10)

(in the loop over events which calls PYTHIA and ATLFAST).

e Add
CALL MPI_FINALIZE(IERR)

before END in the main program.

e Also, change the code to write a ntuple- and an outfile for each machine, and
make sure each machine gets an unique seed to the random generator.
I solved this problem by adding the rank of the machine to the seed:
NPAR(12)=NPAR(12)+MY_RANK

All the machines have a different rank and with this method the machines will
get different random numbers.
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Appendix B

Significances for the three runs

In this appendix all the values from the three runs used to find the significances for the
counting and chi-square methods are listed in tables. The experiments are described in
section 7.4 where only the mean values of the three runs are presented.

Notation and comments about the following tables

e The histograms used for the two methods in each run are the same, but the three
runs are independent.

o Ax2 and Ax? are the delta chi-squares for the two separate channels, events
with unconverted photons and events with at least one converted photon.

e The super- and subscript in the chi-square table in (only) run one, are the
quantities x%, g/d.o.f. and x%/d.o.f. which represents the goodness of fit and
the S+B hypothesis testing (consult section 5.1.2).

e The fields containing a % are cases where the method has failed to find the signal.
This is mostly due to too little statistics, and/or background fluctuation, thus, it
happens most often in the converted channels and in the low luminosity /high
mass corner of the tables.

57
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RUN 1
COUNTING

mH 120 GeV [ 10fb ' |20 fb~"' | 30 fb~ ' || 100 fb~!

StIN [ 1wo ch. 1.2 2.8 4.9 8.8

SIGNf.one ch. 2.0 3.5 4.7 8.6
mH 130 GeV

StIN [ 1wo ch. 1.6 4.9 3.1 8.0

S1GNf.one ch. 14 4.8 2.7 7.8
mH 140 GeV

S1gN [ 1wo ch. 1.8 2.8 2.9 7.8

1IN f.one ch. 2.4 2.8 3.1 6.6
mH 150 GeV

SN[ two ch. 2.5 1.0 4.4 6.1

1IN f.one ch. 1.7 0.6 4.3 5.6

CHISQUARE METHOD
mH 120 GeV | 10 fb~' || 20 fb~" | 30 fb~" || 100 fb~!

AXineo 4815 || 3.617 | 23413 || 65.5.9
AxZ, 4313 || 797 | 15213 || 32.9;7
StIN [ 1wo ch. 3.0 3.4 6.2 9.9
Signf-one ch. 25}% 35%(2) 54%% 9753
mH 130 GeV
AXioneo 7.019 | 16679 || 10.21% || 75.759
Axz, 2413 || 8505 || 6515 || 2245
SN[ two ch. 3.1 5.0 4.1 9.9
519N f.one ch. 2475 5.01% 3.01Y 8.759
mH 140 GeV
AXineo 6.505 || 12.615 | 11.275 | 54.098
Ax2, * L7y || 2610 || 19.005
S1GT [ -two oh. 2.6 3.8 3.7 85
8ignf.one cn. | 3198 | 3.0r7 || 3415 | 8.09%
mH 150 GeV
AXineo 9.790 | 10815 || 14.315 | 50.99%
Axz, * * 14.219 || 2.093
SN[ two ch. 3.1 3.3 5.3 7.3
519N f.one ch. 1.89:7 2.013 4547 6.49-%

Table B.1: The significances from run one, using the counting experiment (top table)
and the chi-square method (bottom table) for four Higgs masses and four luminosities.
The notation is explained on page 57.
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RUN 2

COUNTING

mH 120 GeV | 10fb ' || 20fb ' || 30 fb~! || 100 fb!

S1gN [ 4wo ch. 2.2 3.2 3.3 9.0

SIGNf.one ch. 2.6 3.8 2.6 8.1
mH 130 GeV

S1gN [ 4wo ch. 3.2 5.7 5.1 6.0

SLGN f.one ch. 3.5 4.7 4.4 5.8
mH 140 GeV

S19N [ two ch. 2.3 3.4 1.9 6.9

SLGN f.one ch. 3.3 3.2 2.4 5.2
mH 150 GeV

S19N [ two ch. 2.2 5.2 4.5 4.4

SN f.one ch. 2.3 4.7 3.2 4.5

CHISQUARE METHOD

mH 120 GeV | 10 fb~' || 20 fb~" | 30 fb~! || 100 fb~!

N 14.6 12.5 74 72.9
Ax? * 9.2 6.1 20.7
S1gN [ two ch. 3.8 4.7 3.7 9.7
SIGNf.one ch. 3.4 4.6 3.0 9.1
mH 130 GeV
AxE 11.3 14.2 174 29.3
A * 25.7 11.1 19.5
S19N [ 4wo ch. 3.4 6.3 5.3 7.0
SN f-one ch. 3.6 5.3 5.1 7.0
mH 140 GeV
N 8.1 5.1 8.6 126
AX2 ¥ 16.4 15 28.7
S1gN [ 1wo ch. 2.8 4.6 3.2 8.4
SIGNf.one ch. 3.9 4.0 3.0 7.9
mH 150 GeV
Ax2 * 30.4 12.8 28.2
A 7.7 * 17.6 6.5
S19N [ 4wo ch. 2.8 5.5 5.5 5.9
SN f.one ch. 2.5 5.0 3.6 5.6

Table B.2: The significances from run two, using the counting experiment (top table)
and the chi-square method (bottom table) for four Higgs masses and four luminosities.
The notation is explained on page 57.
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Table B.3: The significances from run three, using the counting experiment (top table)
and the chi-square method (bottom table) for four Higgs masses and four luminosities.

RUN 3
COUNTING
mH 120 GeV [ 10fb ' |20 fb~"' | 30 fb~ ' || 100 fb~!

StIN [ 1wo ch. 2.2 4.0 5.4 7.3

SIGNf.one ch. 1.5 4.7 5.2 7.3
mH 130 GeV

StIN [ 1wo ch. 2.5 4.1 5.6 8.0

SLGNf.one ch. 2.1 2.9 5.2 8.1
mH 140 GeV

SIgN f . two ch. 1.2 3.8 2.6 9.1

1IN f.one ch. 3.2 3.3 3.8 7.3
mH 150 GeV

SN[ two ch. 1.3 2.3 3.9 5.0

1IN f.one ch. 2.7 3.6 2.0 5.3

CHISQUARE METHOD

mH 120 GeV | 10 fb~' || 20 fb~" | 30 fb~" || 100 fb~!

A, . 7.2 14.0 241 441
Ax? * 11.4 12.4 24.2
StIN [ 1wo ch. 2.7 5.0 6.0 8.3
S1GNf.one ch. 2.8 5.2 5.9 8.0
mH 130 GeV
A2 12.6 17.1 27.8 43.0
A 4.7 8.8 15.2 46.6
SN[ two ch. 4.1 5.1 6.5 9.5
1IN fone ch. 3.2 3.9 5.8 9.2
mH 140 GeV
N 6.5 16.8 12.4 71.0
N ¥ * 12.4 29.4
StIN [ 1wo ch. 2.6 4.1 5.0 10.0
1N f.one ch. 3.7 3.3 4.6 10.5
mH 150 GeV
Ax2 2.9 5.5 13.7 27.2
A2 * * 7.2 12.3
SN[ two ch. 1.7 2.4 4.6 6.3
1IN f.one ch. 3.2 4.2 3.0 5.5

The notation is explained on page 57.
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