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Abstract

One of the main motivating factors for the construction of the Large Hadron Collider
(LHC) was the search for the Higgs boson, postulated to explain the origin of fundamental
gauge boson masses. This thesis presents the results of the first search for the Higgs boson
at the LHC, using 35 pb~! of proton-proton collision data with a centre of mass energy
of 7 TeV collected by the ATLAS experiment throughout 2010.

The search is performed in the H — WW channel, since the branching ratio for Higgs
boson decays to W bosons is large for a wide range of Higgs boson masses. Two different
search methods are presented: a straightforward cut-based method and a method using
a matrix-element-based discriminant to provide additional separation between signal and
background. The matrix element method is shown to give better expected sensitivity
at all Higgs boson masses. Using these methods, a SM-like Higgs boson with a mass of
160 GeV with a production rate of 1.2 times the SM rate is excluded at 95% Confidence
Level and limits are placed on the production rate of the SM Higgs boson in the range of
masses from 120 < my < 200 GeV.

In addition, a measurement of the SM WW cross section is performed. It is essential
to understand this channel since it is the major background to the H — WW search. SM
WW production is also sensitive to new physics processes, which would enhance its cross
section. The SM WW cross section is measured to be oy = 40770 (stat.)£7(syst.) pb,
which is consistent with the NLO SM expectation of 46 + 3 pb.
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physics results. I have tried to concentrate on the aspects of the measurements presented
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contributed to, and these have been referenced as far as possible.

I helped cross-check the WW and H — W event selection with multiple members
of the SM WW and H — WW analysis teams to ensure that each group member could
completely reproduce all the numbers and distributions consistently, and to check that
all the selections were applied in the same way.

For the SM WW cross section measurement, I determined the electron trigger scale
factor and the event-based trigger scale factor myself. For this measurement, I also
calculated the jet veto efficiency which was used to correct the calculation of the expected
number of events from Monte Carlo.

Within the cut-based H — WW analysis, my focus was primarily on the VBF, H+2j,
channel where I produced the Z+jets and top background estimates as well as all the final
plots and numbers, which were used as inputs to the limit setting procedure. The results
pf the H — WW search using the matrix element discriminant are entirely my own work,
including the calculation of the discriminant, the estimation of systematic uncertainties
and the limits on Higgs boson production.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) is an extremely successful theory. It has
been probed extensively over the past 30 years and describes a whole range of phenomena
with startling accuracy [1]. However, there are some questions to which it provides no
answer. Among these are the abundance of matter with respect to antimatter in the
universe, the origin of dark matter and whether there is an underlying unification of the
fundamental forces of nature.

The origin of massive fundamental gauge bosons is one question the SM attempts to
address. Within the SM, this arises from the interaction of particles with an underlying
Higgs field, whose oscillations correspond to a particle known as the Higgs boson [2-7]. If
it exists, this field causes spontaneous electroweak symmetry breaking, allowing certain
particles to gain mass. Without the Higgs boson, or something similar, all particles
in the SM would be massless, so it is clear that there must be some as-yet undiscovered
mechanism that causes the symmetry breaking necessary for particles to gain mass. Thus,
regardless of the outcome, the search for the Higgs boson will help elucidate the nature
of electroweak symmetry breaking and the origin of massive gauge bosons.

Spontaneous electroweak symmetry breaking via the Higgs mechanism in the SM is
only one hypothesis. Symmetry breaking via the Higgs mechanism would also occur if
supersymmetry [8] is realised in nature and it is possible that it may proceed by other
mechanisms entirely, such as technicolor [9)].

The first step to understanding the true nature of electroweak symmetry breaking is
the search for evidence of new physical particles, in the form of a SM Higgs boson or
otherwise. This will constrain the possible mechanisms of symmetry breaking until one
mechanism is identified as the true origin of massive gauge bosons. Of course, it may
be that none of the current theories accurately describes the true nature of electroweak
symmetry breaking. This would also be an exciting result, suggesting that a completely
new view of the universe and its interactions is required.

The discovery of the Higgs boson was a major motivation for the construction of the
Large Hadron Collider (LHC) and the ATLAS experiment. This thesis reports on the
first data analysis aiming to discover or exclude the Higgs boson using the decay mode
H — WW at ATLAS. In order to gain sensitivity to the Higgs boson and new physics
processes, it is vital to understand the SM processes which may mimic their signatures. In
particular, Higgs boson decays suffer from a range of SM backgrounds, each of which must
be modelled correctly and measured with data where possible to ensure that any observed



Chapter 1. Introduction 2

excess of events is truly a signal of new physics. Therefore it is interesting to study SM
WW production, since it is an irreducible background to H — WW. This thesis includes
a measurement of the cross section of WW production, which is also sensitive to new
physics.

The ATLAS detector collected a dataset of 45 pb™! of integrated luminosity at a
centre of mass energy of 7 TeV during the course of 2010. The entirety of the dataset
collected with the full working detector, corresponding to 35 pb~! of integrated luminosity,
is analysed in this thesis.

The structure is as follows: Chapter 2 describes the LHC and the ATLAS detec-
tor. The theoretical motivation for the Higgs boson is put into context in Chapter 3.
Chapter 4 describes the selection of WW and H — WW events. The measurement of
selection efficiencies and the determination of scale factors to correct the Monte Carlo
(MC) simulated data so that it more accurately models the observed data is discussed in
Chapter 5. The main backgrounds, and the methods used to estimate them, are detailed
in Chapter 6. An in-depth discussion of the matrix element discriminant, which is used to
select Higgs boson events, is provided in Chapter 7. The results of the WW cross section
measurement and the search for the Higgs boson using a cut-based method are presented
in Chapters 8 and 9 respectively. The results of the search for the Higgs boson using a
matrix-element-based discriminant are discussed in Chapter 10. Finally, the conclusions
which may be drawn from these studies, as well as ideas for future work, are discussed in
Chapter 11.



Chapter 2

Experimental setup

The data used in this thesis were collected with the ATLAS experiment, a large general
purpose particle detector based at the LHC, a proton-proton collider, at CERN near
Geneva, Switzerland. This chapter provides an overview of the experimental setup, with
a description of the LHC in Section 2.1 and the ATLAS detector itself in Section 2.2.

2.1 The Large Hadron Collider

The LHC is situated in the 27 km tunnel which the Large Electron Positron (LEP)
collider occupied from 1989 to 2000. This tunnel straddles the French-Swiss border and
lies between 45 m and 170 m underground. The LHC accelerates bunches of protons
to 99.999999% of the speed of light and brings them to collision at the centres of four
particle detectors, which are spaced around the ring. These detectors reconstruct the
collision events and search amongst them for evidence of new physics, as well as using the
data to perform detailed studies of physics processes which are already known.

There are four particle physics detectors based at the LHC: ALICE, ATLAS, CMS and
LHCb, as shown in Figure 2.1. Of these, ATLAS and CMS are general purpose detectors,
while ALICE and LHCb were designed with more specific aims in mind, respectively the
study of the quark-gluon plasma which is postulated to have existed during the early
universe using lead ion collisions and the decays of B hadrons in order to better under-
stand the matter-antimatter asymmetry of the universe. All the experiments collect data
supplied from the same beams within the LHC with the differences in their functionality
arising solely from their different designs.

2.1.1 LHC design

The LHC consists of eight straight sections and eight arcs housing two separate rings of
counter-rotating beams. To reduce costs, the LEP tunnel was used. Since LEP was an
electron-positron machine which suffered from high synchroton radiation losses during the
curved sections of the tunnel, the LEP tunnel required RF cavities in long straight sections
to provide acceleration to compensate for these losses. The LHC, being a proton-proton
collider, does not suffer from the same radiation losses and therefore would have benefitted
from longer arced sections had costs allowed. However, the use of the LEP tunnel also had
the advantage of allowing two of the underground caverns used for previous experiments

3
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ALICE
=iz Point 2

Figure 2.1: The LHC site with the positions of the four particle detectors shown [10],
ATLAS Experiment (¢) 2011 CERN.

to be re-used since the same crossing points are used at the LHC. The ATLAS and CMS
detectors required new caverns due to their enormous size.

The energy of the particles is increased gradually before collisions occur. This is
performed by a series of accelerators on the CERN site, as shown in Figure 2.2. Initially,
50 MeV protons are generated by the linear accelerator LINAC 2, which are then directed
to the Proton Synchroton Booster (PSB) where they are accelerated to 1.4 GeV. At this
stage, they are injected to the Proton Synchroton (PS) which further accelerates them to
26 GeV. The final stage before injection to the main ring of the LHC is the Super Proton
Synchrotron (SPS) which accelerates the protons to 450 GeV. The LHC itself provides
the final boost to the protons’ energy, accelerating them until they reach the required
centre of mass energy. The nominal LHC centre of mass energy is 14 TeV however, due
to the various technical problems discussed in Section 2.1.2, the maximum centre of mass
energy achieved so far is 7 TeV, with each beam having an energy of 3.5 TeV. Full details
of the LHC design are given in Ref. [11].

The LHC was designed to provide sensitivity to processes with small production cross
sections, such as SM Higgs boson production. This may be achieved by producing a large
number of events per second, N, given by:

N=~Lo (2.1)

where o is the cross section for a given process. This equation shows that the number of
events per second of a given type with cross section ¢ may be maximised by maximising
the instantaneous luminosity £. The luminosity depends solely on beam parameters and
is given by:

= Nenifrey
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Figure 2.2: Accelerators used to achieve the 7 TeV centre of mass collision energy [12],

ATLAS Experiment (¢) 2011 CERN.

where N, is the number of particles per bunch, n, is the number of bunches per beam,
frew 18 the revolution frequency, v is the gamma factor for particles in the beam, €, is
the beam emittance which gives a measure of how much the particles depart from the
ideal trajectory, 3* is the beta function at the collision point giving the envelope for the
particles’ motion and F is the luminosity reduction factor due to the crossing angle at the
interaction point. These parameters may all be controlled to maximise the instantaneous
luminosity. At ATLAS, the peak luminosity is expected to reach 103 cm=2s~! for proton
beams although the highest luminosity achieved during the dataset used here is of the
order 10%? ecm 2571,

The protons are bunched together with a bunch spacing which varies with instan-
taneous luminosity. For the dataset used for this thesis, the bunch spacing used was
150 ns.

2.1.2 Timeline

It has taken many years to get from the conception of the LHC to the construction
stage and finally to the current data-taking phase. The building of the LHC was initially
approved in 1994 [13] in two stages: first at a centre of mass energy of 10 TeV with
a planned upgrade to 14 TeV. After the procurement of additional funding from non-
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member states, this plan was changed to involve one single building phase, with the LHC
intended to run at 14 TeV right from the start. Unfortunately this was not to be.

Proton beams were successfully circulated around the main ring of the LHC for the
first time on the 10th of September 2008. However, just 9 days later, there was a large
helium leak into the tunnel believed to be due to a faulty electrical connection between
neighbouring magnets which melted at high current and caused a mechanical failure [14].
Because of this, it was necessary to warm the damaged sector of the LHC up for repairs.
At this time, additional protection systems were also put into place to ensure that this
type of problem could not happen in the future. This process took most of 2009 and it
was not until the 20th of November 2009 that beams were circulated again, with first
collisions at 450 GeV occurring on the 23rd of November 2009.

From this point onwards, the beam energies were ramped up over a period of time
until the 30th of March 2010, at which point the beam energies reached 3.5 TeV, creating
a centre of mass energy of 7 TeV. Data were collected at 7 TeV from this point until
November 2010, and it is this dataset which is analysed here.

Since November 2010, there has been a run with lead ions, which has already shown
glimpses of interesting new phenomena [15] as well as a shutdown over the winter. Running
began again on the 13th of March 2011 and is expected to continue until the end of 2012.
The cumulative data recorded by ATLAS during 2010, which is used in this thesis, is
shown in Figure 2.3.

60—
[ ATLAS Online Luminosity \s=7TeV

50 [ LHC Delivered
r [J ATLAS Recorded

40 Total Delivered: 48.1 pb'
Total Recorded: 45.0 pb'’

30

20

Total Integrated Luminosity [pb]
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Day in 2010

Figure 2.3: Cumulative luminosity delivered by the LHC and recorded by ATLAS during
stable beams and pp collisions at a 7 TeV centre of mass energy during 2010 [16], ATLAS
Experiment (¢) 2011 CERN.

2.2 A Toroidal LHC Apparatus (ATLAS)

The design of the ATLAS detector has been performed with the objective of being able to
undertake a wide range of different physics analyses, from SM measurements to searches
for exotic new particles, the Higgs boson and supersymmetry. In order to be able to
perform all of these measurements, the detector must be able to identify the full range
of particles which may be produced in these interactions. This requires the ability to
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reconstruct electrons, photons, muons, tau leptons, jets, b-jets and missing Fr from un-
detected neutrinos. When considering the components required for the ATLAS detector,
the accurate identification of all these different objects has been the main aim to allow
the full range of physics measurements to be performed with precision.

The detector must be able to identify particles from low energy, from particles pro-
duced in low mass B-hadron processes for example, to the very highest energy, as would
be necessary to reconstruct leptons from heavy new gauge bosons such as W’ and Z’ if
they exist. Hermeticity must be achieved as well, ensuring the maximum possible cov-
erage and minimising the energy loss through crack regions. This not only improves the
acceptance but also allows accurate calculation of any missing F7 which may be present
in the event. To identify the decays of B-hadrons and tau leptons, as required by Higgs
boson searches in multiple channels as well as many other measurements, excellent vertex
detection must be ensured to allow secondary vertices to be identified with high efficiency.

Recognition of events containing interesting physics is performed using the ATLAS
trigger system, which must make a decision very rapidly about whether the event should
be stored. So that the rate at which data are stored is not too high, the trigger must
provide the ability to identify low energy objects quickly, while providing good background
rejection to remove events which are uninteresting.

In addition, the detector itself must be robust in an extremely radiation-heavy en-
vironment. There must also be a certain amount of in-built redundancy to ensure that
data-taking can continue even if some parts of the detector are damaged or fail since
warming the detector up to undertake repairs is extremely costly in terms of time.

2.3 The ATLAS coordinate system

The coordinate system used within the ATLAS experiment is described here and used
throughout this thesis. The origin of the coordinate system is defined by the nominal
interaction point with the beams defined as travelling in the z-direction. The y-axis
points upwards from the beam direction, away from the centre of the earth, while the
r-axis is defined as pointing towards the centre of the LHC ring.

The angular coordinates are defined as follows. The azimuthal angle, ¢, is measured
in the z-y plane and the polar angle, 6, is between the z-axis and the z-y plane. This
gives the following relations:

¢ = tan” ! (z/y)
0 = tan~' (va% + y7/2) (2.3)

A further angular quantity known as pseudorapidity, 7, is defined as:
n = — In[tan (6/2)] (2.4)

The transverse momentum of particles, pr, a quantity which is used throughout to
select energetic objects which are likely to have originated from interactions with high
momentum transfer is defined using:

pr = /P2 + p2 = |p|sind (2.5)
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The transverse energy Er may be similarly defined as Fr = E'sin 6.
In addition, the n-¢ distance between particles, AR, is calculated as:

AR =\ A¢* + An? (2.6)

where A¢ and An are respectively the ¢ and 7 differences between the particles. This
quantity is often used to remove overlap between objects, as sometimes the same object
may be reconstructed as multiple different particle types.

2.4 Structure of the ATLAS detector

A cut-away view of the ATLAS detector is shown in Figure 2.4. The detector is 25 m high
and has a length of 44 m, occupying a cavern the size of a cathedral. The performance
goals of the ATLAS detector are shown in Table 2.1. A detailed description of the ATLAS
detector may be found in Ref. [17].

Tile calorimeters
LAr hadronic end-cap and
P forward calorimeters

LAr electromagnetic calorimeters
Muon d'lrnbers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Toroid magnets

Figure 2.4: The ATLAS detector [17].

The magnetic field structure of the ATLAS detector is an important aspect of its de-
sign. The inner detector is surrounded by a superconducting solenoid which produces a
field of 2 T. Particle tracking is performed by the inner detector, through pattern recogni-
tion to measure py and trajectory. Outside the inner detector lie the electromagnetic and
then the hadronic calorimeters which measure the deposited energy. Further beyond this
lies the muon spectrometer which measures momentum and energy of particles within a
toroidal magnetic field.

2.4.1 Inner detector

The function of the inner detector (ID) is primarily to provide excellent momentum reso-
lution and precision pattern recognition, providing the ability to reconstruct both primary
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Detector component Target resolution |n| coverage
Measurement Trigger

ID tracking opr/pr = 0.05% pr & 1% <25

EM calorimetry og/E = 10%/VE ®0.7% < 3.2 < 2.5

Hadronic calorimetry (jets)

Barrel and endcap or/E =50%/VE © 3% < 3.2 < 3.2

Forward op/E =100%/VE ®10% |31 <y <49 3.1 <]y <4.9

Muon spectrometer opr /P = 10% at pr = 1 TeV < 2.7 <24

Table 2.1: Performance goals of the ATLAS detector [17]. Energy and momentum are
given in GeV unless otherwise stated.

and secondary vertices. Charged particles within the region |n| < 2.5 leave ‘hits’ as they
traverse the ID. Multiple hits may be joined up to reconstruct the path of a charged par-
ticle through the volume of the ID, from which the momentum and origin of the particle
may be calculated. In order to accurately reconstruct these charged particle tracks, fine
granularity detectors are required. Within ATLAS, pixel and silicon microstrip track-
ing detectors, as well as the transition radiation tracker (TRT), are used to achieve the
required accuracy. The structure of the inner detector is shown in Figure 2.5.

The highest precision measurements are performed by the silicon pixel detector
which lies closest to the beam pipe. It consists of three layers parallel to the beam within
the central (barrel) region and three disks perpendicular to the beam lying in the forward
(endcap) region and reads out over 80 million channels. These individual channels (or
‘pixels’) are arranged into 1744 pixel modules, which measure on average three hits per
track within || < 2.5. Each module is around 250 pm thick and consists of 47232 pixels.
When charged particles traverse a pixel, electron-hole pairs proportional to the energy loss
are created. The pixel sensors operate at a bias voltage of 150 V, which causes separation
of the pairs before they have the chance to recombine, inducing a current which may be
amplified and compared to a given threshold. If this signal lies above the threshold, a hit
is recorded along with a time stamp and the location of the pixel.

Lying immediately outside the pixel detector is the semiconductor tracker (SCT)
which consists of silicon strips. As a charged particle crosses the SCT, eight strip layers
corresponding to four space-points are crossed by each track. The eight strip layers are
arranged into four double layers, with one at a stereo angle of 40 mrad with respect to
the other, at a pitch of 80 pum. This allows the determination of the precise position of
the hit within the strip. The SCT has a total of 6.3 million readout channels.

The final part of the ID is the transition radiation tracker (TRT). This is made
up of cylindrical drift tubes (straws) with a diameter of 4 mm interleaved with radiators
and provides coverage up to |n| < 2. It utilises the principles of transition radiation (TR),
whereby radiation is emitted when relativistic charged particles cross a boundary between
media with differing dielectric constants. Since electrons are highly relativistic, they have a
high probability of creating TR. This may be used to improve the identification of electrons
since other more massive particles, for example pions, are generally less relativistic and
hence emit less TR. In addition, as charged particles cross the straws, they ionise the
gas within them, generating an electric signal which may be used for tracking. For track
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Figure 2.5: The ATLAS inner detector [17].

reconstruction, this ionisation is more important than the transition radiation which is
produced. The readout of the TRT comprises two discriminators: one acting at a low
threshold to detect ionisation and one acting at a high threshold to identify transition
radiation. In addition, a measurement of the drift-time is made which may be used to
separate ionising radiation, which has a long drift-time, from transition radiation. Within
the barrel, the straws lie parallel to the beam while in the endcaps the straws are arranged
radially, in wheels. Whereas the pixels and SCT provide measurements in both the R — ¢
and z directions, the TRT measures positions in the R — ¢ plane and is around 10 times
less accurate than the pixels and SCT. However, as the straws are arranged to give up to
36 hits per track, the large number of hits compensates for the lack of intrinsic precision,
ensuring that the TRT contributes significantly to momentum measurement.

2.4.2 Calorimeters

The ATLAS calorimeters cover the range |n| < 4.9 and provide precise measurement of the
energy of electrons, photons and hadrons using an electromagnetic calorimeter for electron
and photon reconstruction and a hadronic calorimeter to improve the measurement of jets
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and missing Fr. A forward calorimeter (FCal) is used for particles at 3.1 < |n| < 4.9.
The structure of the calorimeter system is shown in Figure 2.6.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 2.6: The ATLAS calorimeters [17].

All of the ATLAS calorimeters are sampling calorimeters and work using the same
principle. Sampling calorimeters separate the functions of particle absorption and signal
readout; their structure consists of sheets of absorbers alternated with layers of active ma-
terial to perform the energy measurement. When a particle is incident on the calorimeter,
it produces a shower of particles. At each stage in the showering, the particles have less
and less energy until finally the shower is completely absorbed. As this process occurs, en-
ergy is deposited within the calorimeter which may be summed to provide a measurement
of the initial particle’s energy. The calorimeter is designed to completely absorb incident
particles to ensure that the full particle energy is deposited within the calorimeter so that
no energy is lost by escaping particles. This also helps reduce radiation damage to the
muon chambers which may be caused if it was bombarded by many high energy hadrons.
Only the fraction of shower energy absorbed in the active material is measured so, in or-
der to get back to the correct incident energy, it is vitally important that the calorimeter
system is properly calibrated.

The first part of the calorimeter system is the liquid argon (LAr) electromagnetic
(EM) calorimeter, which is targeted to accurately measure the energy of incoming
electrons and photons. It provides coverage up to |n| < 3.2 and is split into a barrel part
within |n| < 1.475 and two endcap parts for the remaining coverage. The active material
within the calorimeter is liquid argon, while lead provides the absorption. The thickness
of lead in the absorber plates has been optimised as a function of |n| to provide the best
energy resolution. Accordion-shaped geometry is used to provide complete coverage in ¢
with no cracks. Within the central region of |n| < 1.8, the energy lost by electrons and
photons before reaching the calorimeter is corrected for by using a presampler detector
consisting of an active LAr layer.

Directly outside the EM calorimeter are the hadronic calorimeters, which are de-
signed to determine the energy of hadrons. The hadronic calorimeters consist of the tile
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calorimeter which uses steel as the absorber and scintillating tiles as the active material
and covers |n| < 1.7. Additional coverage up to |n| < 3.2 is provided by the LAr hadronic
endcap calorimeter which is constructed from the same materials as the EM calorimeter.
Further coverage in the very forward region is given by the LAr forward calorimeter which
also uses the same technology as the EM calorimeter and extends to |n| < 4.9.

2.4.3 Muon system

The structure of the muon system is shown in Figure 2.7. Within the muon spectrometer,
measurements of muon momentum are performed utilising the deflection of muon tracks
within the magnetic field provided by the large barrel toroid in |n| < 1.4, by two smaller
endcap magnets in 1.6 < |n| < 2.7 and by a combination of both fields in the transition
region of 1.4 < || < 1.6. Particle hit positions are measured in the barrel region by
chambers arranged in three cylindrical layers; in the transition and endcap regions, the
chambers lie perpendicular to the beam and are also in three layers. Pattern recognition
algorithms are applied to these hits to reconstruct tracks. Monitored drift tubes (MDTSs)
are used to precisely measure the hit positions for particles with |n| < 2 in the innermost
layer and |n| < 2.7 in all the other layers. Cathode strip chambers (CSCs) consisting of
multiwire proportional chambers with cathodes split into strips with higher granularity
provide additional coverage for 2 < |n| < 2.7.

Thin-gap chambers (T&C)

Cathode sttip chambers (CSC)

" ”\ Barrel oroid

hesisﬁve—pldfe
chambers (RPC)

End-cap toroid
Monitored drift fubes (MDT)

Figure 2.7: The ATLAS muon system [17].

2.5 The ATLAS trigger system

The bunch crossing rate at ATLAS is higher than at any previous collider at around
40 MHz. Most of these crossings result in uninteresting processes with low momentum
transfer which do not merit further study; it is not sensible or feasible to store these
events. The ATLAS trigger system has been designed to reduce the rate from 40 MHz
to a much more manageable 200 Hz. To do this, the trigger searches for evidence of
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interesting physics processes such as the production of high-pr leptons, jets, tau leptons
or large missing Er. If nothing of interest is found by the trigger, the event is discarded.

The ATLAS trigger system consists of three stages, shown in Figure 2.8: the hardware-
based Level 1 (L1) trigger and the software-based Level 2 (L2) and Event Filter (EF)
triggers, with L2 and EF triggers referred to collectively as the High Level Trigger (HLT).

The L1 trigger selects events containing specific physics objects, with the regions of
the detector containing these interesting objects known as regions of interest (Rols). For
events with electromagnetic clusters, the Er is measured at L1 by trigger towers in a
region of 0.1 x 0.1 in Anp x A¢. These towers are shown in Figure 2.9, which is discussed
in more detail in Section 2.6.2.

The L1 muon trigger utilises a measurement of particle trajectories made by two parts
of the muon detector: the resistive plate chambers (RPCs) in the barrel region and the
thin gap chambers (TGCs) in the endcap region. The L1 muon trigger uses different
detectors from the offline muon detectors. This is because the L1 trigger must rapidly
make a decision about whether an event should be stored or discarded and the MDTs
and CSCs used for offline muon reconstruction are not fast enough for this purpose. They
are, however, extremely precise, which is exactly what is desired for the offline muon
reconstruction. The RPCs and TGCs used for the L.L1 muon trigger are less accurate, but
provide a precision which is adequate for trigger purposes and are, crucially, fast enough
to cope with the high bunch crossing rate.

The Rols identified by the L1 trigger are used to seed the L2 trigger. Events passing
the L2 trigger are passed to the EF trigger, which performs a full offline analysis to
accurately select events containing the physics objects of interest. At L2 and EF, further
requirements on the FEr of the objects must be satisfied and electron candidates must pass
additional quality criteria.

Interaction rate
~1 GHz { CALO MUON TRACKING}
Bunch crossing
rate 40 MHz
Pipeline
LEVELY memaries

< 75 (100) kHz
E Derandomizers

Regions of Interest | | | | | | ?;gggl;t drivers
LEVEL 2 Readout buffers
TRIGGER (ROBs)
~ 1 kHz

[ Event builder |

EVENT FILTER Full-event buffers
and

~ 100 Hz processor sub-farms

Data recording

Figure 2.8: The ATLAS trigger system [18], ATLAS Experiment (¢) 2011 CERN.
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2.6 Event reconstruction

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

2.6.1 Track reconstruction

The reconstruction of tracks at ATLAS is performed using data obtained by the inner
detector described in Section 2.4.1. Reconstruction occurs in three steps:

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

e The next stage involves running various track-finding algorithms with the aim of
finding tracks arising from the interaction region. Space-points from the three pixel
layers and the first SCT layer are combined to form track seeds. These seeds are
then extended, outliers are removed and fake tracks are rejected by applying various
quality cuts. Then, these track candidates are extended into the TRT and a final
refitting using information from the pixels, SCT and TRT is performed to recon-
struct the tracks. The converse strategy, extending TRT tracks back into the SCT
and pixel detectors is used in addition to search for tracks arising from particles
which may not necessarily have been produced at the primary vertex such as those
produced by the decay of long-lived particles.

e Once these tracks have been reconstructed, a vertex finding algorithm is used to
reconstruct the primary vertices in the event.

2.6.2 Electron reconstruction

Electrons traversing the LAr calorimeter, described in Section 2.4.2, deposit their energy
in calorimeter cells. The energy deposited in these various cells must be summed to give
a total measurement of the electron’s energy. This is done using clustering algorithms.
At ATLAS, the ‘sliding window’ algorithm [19] is used.

The first step of this algorithm is to divide the n-¢ space of the EM calorimeter into
a grid of N, x Ny ‘tower’ elements with size An x A¢ = 0.025 x 0.025 as indicated in
Figure 2.9. The transverse energy of each cell within an element is summed to give a
tower Ep. A window with fixed size N,;”mdow x Nyindow — 5 x 5 in units of tower size is
moved across each element of the tower grid in steps of An and A¢. If the window Er,
defined as the vector sum of the Er of the towers within the window is larger than the
threshold value of 3 GeV and is a local maximum, a precluster is formed.

Seeds are formed from these preclusters, with electromagnetic clusters centred on these
seeds. The clusters contain the energy deposited within a window size which depends on
the hypothesized particle type and the location of the seed. The window sizes used for
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Figure 2.9: Diagram showing the structure of a barrel module of the electromagnetic
calorimeter. An electromagnetic trigger tower is shown as shaded, with its n and ¢
dimensions indicated [17].

different particle types are shown in Table 2.2. The windows are larger in the ¢ direction
in the barrel for electrons and photon conversions, which produce electron-positron pairs,
than for unconverted photons due to the curvature of the charged electrons and positrons
in the magnetic field which causes their energy to be deposited in a larger ¢ region. The
effect of the magnetic field is smaller in the endcaps, therefore all the particle types have
the same window size in this region.

Particle type Barrel Endcap
Electron 3xT 5X5H
Converted photon 3xT7 5x5
Unconverted photon | 3 x 5 5%x5

Table 2.2: Sizes of sliding windows used in electron and photon reconstruction in terms
of Nywindow s Nwindow ‘where Anx A¢ = 0.025 x 0.025 gives the dimensions of Ny x
Nyindow — 1 x 1.

Finally, corrections are applied to account for various effects including the ¢-dependence
of the amount of absorber material traversed by incident particles, the finite granularity
of the cells and the possibility that the shower is not entirely contained within the cluster
window.

To identify electromagnetic clusters as arising from electrons rather than photons,
matching is performed between the electromagnetic cluster and inner detector tracks. If
An < 0.5 and A¢p < 0.1 between a track and cluster, the cluster is considered matched
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and is therefore identified as an electron candidate. This has the effect of suppressing
the incorrect reconstruction of photons as electrons although there may be cases where
converted photons are identified as electron candidates. In these cases, the application of
further identification criteria at the trigger and offline stages, tailored to select electrons
arising from high momentum transfer processes rather than those originating from photon
conversions, help separate converted photons from primary electron candidates.

2.6.3 Muon reconstruction

There are multiple ways in which muons may be reconstructed at ATLAS. These are
described below.

e Standalone muons produce tracks solely in the muon spectrometer, which is de-
scribed in Section 2.4.3. These tracks are formed from track segments in various
parts of the muon spectrometer which are linked together. The tracks are extrapo-
lated back to the beam line so that the initial momentum and energy of the muon
may be calculated, accounting for multiple scattering and energy loss as the muon
traverses the inner detector and calorimeters in order to give an accurate measure-
ment.

e Inner detector muons produce tracks solely in the inner detector. These tracks are
reconstructed using the method described in Section 2.6.1.

e Combined muons are formed from the combination of inner detector and muon
spectrometer muons. This combination is performed using a statistical combination
algorithm, Staco [20], which calculates the match x* to determine if the match
between the standalone and inner detector muon candidate tracks is significant
enough to identify the candidate as a combined muon. If so, the inner detector and
muon spectrometer tracks are combined to form a combined muon track. Combined
muons are used in this thesis.

2.6.4 Jet reconstruction

Jets at ATLAS may be reconstructed in different ways as long as the following theoretical
constraints are satisfied:

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

e Collinear safety: A jet should be reconstructed in the same way regardless of
whether it remains as one jet or splits into more jets.

In addition, the jet algorithm should not depend on the exact detector geometry,
should be highly efficient and the same underlying process should be reconstructed equally
well at parton level, particle level or detector level.
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Bearing these considerations in mind, the jet algorithm used here is the anti-kp al-
gorithm [21-23]. This is a type of sequential recombination algorithm. A quantity d;; is
calculated for all possible pairs of input objects:

2 2 2
R Amj + A¢ij

T = min(L/p et ) =

dij = min(1/p1,;, 1/p7 ;) (2.7)
where pr; is the transverse momentum of object ¢ and R is a fixed cone size (chosen to be
0.4 for this thesis). A further d; is calculated as d; = 1/ p%z d;; and d; are calculated for
all objects and the minimum, d,;y, is found. If d,,;,, = d;;, objects ¢ and j are combined
into a new object. However, if d,,;, = d;, object i is considered to be a jet and is removed
from the list of objects. This process continues until all objects are combined into jets.
Therefore, all the objects from the initial list are either combined together to form jets or
are already considered to be a jet. This procedure is entirely infrared and collinear safe,
unlike other jet algorithms.

This algorithm may be understood more intuitively by considering certain cases. If an
event has a few well-separated high-pr particles as well as many low-pr particles, the d,;
between a high-py particle 1 and a low-p7 particle j depends on the pr of particle 1 and
the AR separation of the particles. For two low-pr particles with a similar separation,
the d;; will be larger than the d;; between a high- and low-py particle. Thus, low-pr
particles will tend to cluster preferentially with high-pr particles rather than amongst
themselves. If there are no high-pr particles within 2R of particle 1, the algorithm will
combine particle 1 with all the low-pr particles surrounding it to form a perfectly conical
jet. If there is another high-pr particle in the event, particle 2, this will be combined with
particle 1 if di5 < R to form a single jet. If dy, > 2R, particle 1 and 2 will form separate
jets. If R < dip < 2R, there will also be two jets which will share a boundary. The shape
of the boundary, and hence of the two jets, depends on the ratio of energy of the two
particles.

The calorimeters at ATLAS contain around 200,000 cells with different sizes. In order
to reconstruct jets, it is necessary first to combine these cells into larger objects, with
larger momentum. Topological cell clusters are used in this case as an input to the anti-
kr algorithm. These clusters are reconstructed starting from seed cells with a signal to
noise ratio above a certain threshold. All neighbouring cells are included and neighbours
of neighbours are included if they have a signal to noise ratio above a second (lower)
threshold, with guard cells finally added to the cluster if they have a positive signal to
noise ratio. These clusters are then subject to a splitting algorithm which further splits
the clusters if they contain local signal maxima. The anti-k7 algorithm is then applied to
these clusters to reconstruct the jets.

The ATLAS calorimeter has been calibrated using test-beam measurements with elec-
trons and muons to ensure that the response of the calorimeter is correct for electro-
magnetic showers. Thus, the basic calorimeter scale is known as the electromagnetic
scale. Hadrons have a lower response than electrons therefore explicit calibration must be
applied to jets reconstructed in the calorimeter to determine the original parton energy.

There are two different schemes which may be used to calibrate jets: global calibration,
which calculates corrections at the jet level, and local calibration, which aims to correct
the topological clusters before the jets are reconstructed. For the results described here,
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the local calibration scheme is used, which involves the following steps:

e Topological cell clusters are identified as electromagnetic or hadronic. Electromag-
netic clusters only use calibration from the test-beam and no additional calibration
is applied over and above that determined using test-beam data. The cells within
hadronic clusters are weighted to obtain the calibrated energy deposit. Weights are
location, energy and signal dependent.

e Corrections are applied to account for energy belonging to the cluster which may
not be included if it lies below the threshold used in the clustering procedure.

e A further correction is included to account for energy deposited outside the calorime-
ter, for example in gap regions.

After this calibration is applied, the clusters are formed into jets using the anti-kp
algorithm.

2.6.5 Missing Ep reconstruction

The partons participating in the collisions at the LHC tend to carry very little momentum
in the transverse plane. Thus, the total transverse momentum of the system is expected
to be zero. If the total transverse momentum of the system is summed to be non-zero,
a quantity known as missing Fr is assumed to be equal and opposite to the measured
system pr such that the total pr is zero once this missing Er is included. Certain particles,
such as neutrinos, do not interact with the detector; their existence must be inferred by
observing large missing Er.

Missing Erp is reconstructed using the energy deposited in the electromagnetic and
hadronic calorimeters, with corrections applied for the muons measured in the muon
spectrometer. In addition to the energy deposited by particles arising from the high
momentum transfer process, there are many other possible sources of extra energy depo-
sition including noise as well as the underlying event and pileup interactions, which are
described in Section 3.2.1. If high-py objects pass through dead regions or gaps in the
calorimeters, this could also lead to the mismeasurement of missing Fr.

In order to ensure the accurate calculation of the missing Ep, it is essential that
the calculation of the energy deposited in the calorimeter is as precise is possible. The
application of calibrations, as described in Section 2.6.4, improve the accuracy of the
energy measurements made by the calorimeters. Noise suppression is also applied to
reduce the effect of noise contributing to the measured missing Er. The topological cell
clustering method, which is used to create clusters which may then be merged into jets,
helps suppress noise since only cells with energies above a certain threshold are included,
as described in Section 2.6.4.

2.6.6 Luminosity determination

Van der Meer scans are used to determine the luminosity at ATLAS [24]. During these
scans, the position of one beam is moved in steps with respect to the other and the hit rates
in a detector in the forward region, LUCID (luminosity measurement using a Cerenkov
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integrating detector) [25], are measured. LUCID is located at 17m from the interaction
point and counts the average number of particles per bunch crossing to determine the
number of inelastic pp interactions per bunch crossing providing a measurement of the
instantaneous luminosity at a given time. LUCID consists of sixteen C,F;y gas filled
aluminium tubes with reflective walls. When charged particles enter the gas, Cerenkov
photons are created and reflected by the walls until they reach PMTs at the back of the
tubes. If the signal measured by the PMTs is larger than a given threshold, a ‘hit’ is
recorded. Timing signals are received from the LHC clock allowing the number of hits to
be counted for each bunch crossing.

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



Chapter 3
Higgs and diboson physics at ATLAS

Currently, the Standard Model (SM) of particle physics describes all the known particles
in existence to a remarkable degree of accuracy. However, there is one remaining par-
ticle within the SM which has not yet been experimentally observed: the Higgs boson,
postulated to explain the existence of massive gauge bosons. This chapter is arranged
into two main sections: Section 3.1 provides an overview of the underlying theory and
Section 3.2 discusses the experimental environment and status. Within Section 3.1, Sec-
tion 3.1.1 describes the SM and Section 3.1.2 details the Higgs mechanism, the simplest
way by which mass may be generated within the SM. Within Section 3.2, the hadron
collider environment is discussed in Section 3.2.1, with a description of WW production
in Section 3.2.2. The differences between Higgs boson and SM WW event kinematics
are detailed in Section 3.2.3 and, finally, Section 3.2.4 provides a review of the current
experimental status of Higgs boson searches.

3.1 Theoretical overview

3.1.1 The Standard Model

The SM aims to explain the fundamental forces of nature and all the particles which
interact via these mechanisms. All of the SM particles are assumed to be fundamental,
with no internal substructure. The majority of the SM particles are matter particles,
with spin-1/2, and are shown in Table 3.1. The fermions are organised in families, or
generations. Natural units, with ¢ = 1, are used in Table 3.1 and throughout this thesis.

Antiparticles also exist, which have the opposite charge to their particle partners as
well as inverted internal quantum numbers. The internal quantum numbers which are
inverted include baryon number, which is defined as B = $(n, — ng), where n, and ng are
the number of quarks and antiquarks respectively. Charm, strangeness, beauty and truth,
which represent the difference in the number of quarks and antiquarks of a certain flavour
within a particle for charm, strange, bottom and top quarks respectively, are also inverted.
The quantum number lepton number is also opposite for leptons and antileptons; it is 1
for leptons and -1 for antileptons. The quarks combine together in pairs to form mesons
or in threes to form baryons, with mesons and baryons collectively known as hadrons.
The quarks cannot exist freely and must exist within bound states as hadrons. Their
existence has been inferred experimentally by studying the spectra of hadrons [26-29] as

20
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Particle ‘ Electric charge Generation Mass Interactions
Leptons

Ve 0 I - Weak

e e I 0.511 MeV EM, weak

vy 0 1I - Weak

W e 1I 105.7 MeV EM, weak

vy 0 II1 - Weak

T e 111 1.78 GeV EM, weak
Quarks

U 2/3e I 1.7-3.3 MeV  Strong, EM, weak

d -1/3e I 4.1-5.8 MeV  Strong, EM, weak

s -1/3e 1I 101 MeV Strong, EM, weak

c 2/3e IT 1.27 GeV  Strong, EM, weak

b -1/3e 111 4.19 GeV  Strong, EM, weak

t 2/3e 111 172 GeV Strong, EM, weak

Table 3.1: Particles of the SM. The neutrinos can be taken to be approximately massless
since their mass is much smaller than that of the other particles. The electric charge is
given in terms of e, the electric charge of an electron.

well as performing deep inelastic scattering of leptons on proton targets [30, 31].

Quarks carry colour charge in addition to electric charge, with antiquarks carrying
anticolour charge. Gluons, the gauge bosons which carry the strong force, couple to colour
charge thus quarks may interact via the strong interaction. The coupling between quarks
and gluons is governed by the strong coupling constant a,g. This is a bit of misnomer: ag
is not a constant but rather varies with the energy of the interaction. At high energies and
short distances, for example when quarks are close together within a hadron, ag is small
and the quarks are quasi-free. However, as the distance between neighbouring quarks
increases, ag rapidly increases, acting to bring the quarks back together. At this stage,
it may be energetically more favourable for the quarks to produce a new quark-antiquark
pair. This may happen many times at high energies, forming a ‘jet’ of hadrons. These jets
are a common feature within hadron colliders. This is described formally by the theory
of QCD, which was formulated by Gross, Politzer and Wilczek [32-34].

In addition to the strong force, there is the electromagnetic force which is mediated
by the photon and couples to electric charge. This was the first of the fundamental forces
to be discovered experimentally and all of the matter particles in the SM may interact
via it except the neutrinos which have no electric charge. However, quarks preferentially
decay via the strong force due to the fact that the coupling constant to gluons is much
larger than that to photons. This means that hadrons decaying via the strong interaction
have a lifetime which is significantly shorter than those which decay electromagnetically.

For the neutrinos, there is only one possible way to interact: via the weak interaction,
so-called because it is much weaker than the other forces. This leads to much longer
particle lifetimes for weakly decaying particles than would be observed if they could decay
via the strong or electromagnetic interactions. The weak interaction is mediated by W=
and Z° bosons, where the W+ bosons may mediate flavour-changing interactions such as
the decay of top quark to a bottom quark via the production of a W boson which may
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then decay to quarks or leptons. No flavour changing neutral currents are observed.

These fundamental forces should not be viewed as entirely separate entities. Glashow,
Salam and Weinberg [35, 36] succeeded in unifying the electromagnetic and weak forces
to give a unified theory of electroweak interactions. The subsequent discovery of neutral
currents provided further evidence that their theory was correct. There have since been
proposals that in fact all the fundamental forces may become unified at some high energy
scale [37].

The final fundamental force which is known to exist is gravity. This is not accounted
for at all within the SM at present, although the existence of a graviton to carry the
gravitational force has been postulated. Searches at CDF [38, 39] and DO [40] have
placed the most stringent limits to date on excited graviton production in the context of
extra dimensions and have revealed no evidence for gravitons yet but it is possible that
they exist at energies which are so far inaccessible to human experiment. There have been
many attempts to incorporate gravity into a unified picture, with the electroweak, strong
and gravitational interactions all evolving to a single point in terms of coupling strength
at the grand unified theory (GUT) scale, postulated to be around 10'® TeV [37] although
more observations are necessary to understand whether this unification exists.

Particle Electric charge Mass Width Interactions
g (gluon) 0 0 - Strong

v (photon) 0 0 - EM

W +e 80.4 GeV  2.09 GeV Weak

Z° 0 91.2 GeV 2,50 GeV Weak

Table 3.2: Gauge bosons of the SM. All these particles have spin-1. Masses and widths
are taken from Ref. [1].

The spin-1 gauge bosons within the SM are listed in Table 3.2 along with their charge,
mass, width and the interactions they mediate. The widths of the massive gauge bosons
are related to their production cross section by the relativistic Breit-Wigner resonance
formula [1]:

1
(E? — E2)? + E2I2

o(E?) o (3.1)
where E is the centre of mass energy, Ej is the centre of mass energy at the resonance
and I' is the full width at half maximum of the resonance. The decays of W bosons to
leptons are investigated in this thesis; the branching ratio of the W boson to one lepton
species is ~11% [1], giving a total branching ratio for decays W — [y, of ~33% [1], where
l = e, u, 7. Tau leptons may also decay hadronically or leptonically and have a branching
ratio for decays 7 — lyv, of ~17% [1], where ¢ = e or p.

This thesis focuses on the interactions within the electroweak sector, specifically the
production and decay of pairs of W bosons. While the electroweak theory performs
spectacularly well in terms of describing the observed interactions as well as the relative
rates at which different processes occur, there is one rather dramatic shortcoming: all the
gauge bosons mediating the electroweak interaction are predicted to be massless. The W
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and Z bosons were first observed experimentally at the SppS at CERN [41-43], a proton-
antiproton collider with a centre of mass energy of 540 GeV. Their properties have since
been extensively measured at LEP, the Tevatron and the LHC and they are known to be
massive therefore there is obviously something missing from our current understanding of
particle physics, in which these gauge bosons are predicted to be massless.

One possible way to generate particle masses is the Higgs mechanism, which would
give rise to an observable, massive Higgs boson. This is discussed in the following section.

3.1.2 Spontaneous symmetry breaking

The Higgs mechanism [2-7] postulates the existence of a Higgs matter field which occupies
the entirety of space. This field, which is postulated to be a scalar with spin-0 quanta
known as Higgs bosons, is proposed to couple symmetrically to massive gauge bosons
and break the local gauge symmetry, SU(2), ® U(1)y, of the electroweak interaction.
This spontaneous electroweak symmetry breaking occurs under the assumption that the
ground state of the system, given by its vacuum expectation value, is asymmetric in
field space, causing mass to be generated when particles interact with the Higgs field.
This phenomenon is also seen in other areas of physics, for example in the generation of
ferromagnetism [44].

An analogy to the Higgs field may be made by considering the field as a room full of
people at a glitzy showbusiness party. When a celebrity such as Lady Gaga walks into the
room, she cannot walk from one side of the room to the other without being stopped by
people eager to talk to her: these people are analogous to the spontaneously appearing and
disappearing Higgs bosons constituting the Higgs field. Her progress through the room is
significantly slowed: she has gained mass. Conversely, when an average particle physicist
walks through the room, the people at the party ignore her and she can continue through
the room unimpeded: she is massless. This same mechanism occurs with the particles in
the SM. Those which interact with the Higgs field have their journey through the vacuum
impeded, gain mass and travel at a velocity less than the speed of light. Particles which
do not couple to the Higgs field, such as photons and gluons, travel at the speed of light
and remain massless.

Before considering the Higgs mechanism it is instructive to first consider the Goldstone
theorem [45-47], which describes the spontaneous breaking of a continuous symmetry of
a scalar field. This is covered in the following section.

The Goldstone theorem

The properties of a complex scalar field given by:

1 .
= ﬁ(% + igo) (3.2)

may be described by the following Lagrangian:
L= (0,0)1(0"¢) — 1*dlp — A(o'0)? (3.3)

This possesses U(1) global gauge symmetry and hence is invariant under the transforma-
tion ¢ — ¢’ = "¢ where « is a constant.
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The Lagrangian may be rewritten in terms of ¢; and ¢, as:

L= 5061 + 502 = V(dn.02) (3.4)

where the potential V' (¢1, ¢2) is given by:

V(91.62) = (8% + ) + A6 + 63 (35

This potential has a Mexican hat shape when > < 0 and A > 0, as shown in Figure 3.1.
V(¢1,¢2) has a ring of minima on the circle ¢? + ¢3 = f2, where f? = 77“2 Thus, any
of these minima is a valid solution for the ground state of this system and choosing one
specific solution from among the infinitely many solutions breaks the symmetry of the

system so it is no longer rotationally symmetric in the ¢;-¢o plane.

Figure 3.1: A diagram showing the Mexican hat potential, V' (¢1, ¢2) for a complex scalar
field. Re(¢) corresponds to ¢, and Im(¢) corresponds to ¢, in Equation 3.2.

The symmetry is said to be spontaneously broken since there is no external influence
causing the symmetry breaking; it is a direct consequence of the form of the potential. If
1% were larger than zero, the potential would have a bowl shape with a single minimum
at the origin instead of the Mexican hat shape, giving one possible solution for the ground
state and retaining the rotational symmetry.

Choosing a specific minimum at ¢; = f, ¢ = 0 and introducing new fields, y; and
X2, such that:

Pa(z) = X2(T) (3.6)
gives: ,
¢(r) = ﬁ[f +x1(2) +ixa(2)] (3.7)

This allows x1(z) and y2(x) to be interpreted as fluctuations around the ground state
of o1 = f, ¢o = 0. Substituting ¢; and ¢, back into the original Lagrangian given by
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Equation 3.4 and using the relation u? = —\f? gives:

L = [3(0ux1)* = M
+[%(8#X2)2] (3.8)
—[AFOE + x0x3)] — B + x3 + 2x3x3)] ‘
+2f4

This equation may be understood term by term. The first term is the standard Klein-
Gordon Lagrangian for a scalar field. This is physically interpreted as radial oscillations
around the minimum with a mass term of m,, = v/2Af%. In terms of the Mexican hat
analogy, these oscillations occur from the brim of the hat towards the centre of the hat
via the ring of minima, giving rise to a restorative force towards the minima. The second
term represents oscillations with zero mass, x2, around the ring of minima illustrated in
Figure 3.1. This time, there is no restorative force and the oscillations are considered to
be ‘resistanceless’. This corresponds to a scalar field with a massless field quantum with
the oscillations around the minima known as a Goldstone boson. The last two terms are
less interesting; the third term represents cubic and quartic field interactions while the
fourth term is just a constant.

Thus, the Goldstone theorem may be summarised as such: spontaneous symmetry
breaking always generates one or more massless scalar bosons. This theorem may be
extended further with the addition of extra potentials. In these cases, it is possible to
generate not just massless scalars but also massive scalars. This is the idea of the Higgs
mechanism, which is discussed in the next section.

The Higgs mechanism

The previous section considered the spontaneous breaking of a continuous symmetry of a
scalar field. This section covers the breaking of a local gauge symmetry, specifically U(1),
the symmetry of the electromagnetic sector of the SM. This is just an example; in nature
it is the SU(2), ® U(1)y symmetry of the electroweak sector which is broken.

If the electromagnetic interaction is added in with gauge field A,,, the Lagrangian from
Section 3.1.2 becomes:

L= (9, + ieA,)d] (0" + ieA")d] — iFMVF“” +V(6) (3.9)

where F,, = 0,A, — 0,A,. V(¢) is taken here to be:

V(9) = 512610 — SN(910)" (310)

It is useful to parameterise the complex scalar field ¢, which is defined as in Equa-
tion 3.6, in terms of its modulus and phase as:

1

ﬁ(f + pla))e? @ (3.11)

¢

with real fields p(x) and 6(x).
As previously, the Lagrangian must be invariant under a local U(1) gauge transfor-
mation:

¢ — ¢ =Xy (3.12)
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In order to achieve this invariance, a corresponding transformation of A, must be applied:
A, — A; = A, +0,x (3.13)

Invariance is only achieved under a combined transformation of Equations 3.12 and 3.13.
When the first transformation, described by Equation 3.12, is applied, the p and 6
fields transform as:

p—p
0 —0—efx (3.14)

Thus, if the arbitrary field x is chosen to be x = 0/ef, 0 is zero and ¢ is real. With
this choice and the application of the second transformation, described by Equation 3.13,
the following values are obtained for ¢’ and A} :

¢' = 5(f+0)

A=A, + 0,0 (3.15)

Since the theory is gauge invariant, these lead to the same equations of motion as
the original fields ¢ and A, so it is possible to choose a gauge such that ¢ shows no
dependence on . Using these primed fields in the Lagrangian gives:

‘C((b/’ A;t) = [%aupa“p - %M2p2] (3 16)

+odeparan s g ey -

where the extra terms are interaction terms. As in the Goldstone case, the field p oscillates
in a restoring potential with mass pu. However, the massless mode 6 appears to have
vanished so there is no longer a massless Goldstone boson. While # does not appear
explicitly in the Lagrangian, it is nevertheless present in A}, which gives the field for
a massive spin-1 particle with mass ef. This is the basis of the Higgs mechanism: the
massless gauge field A, is transformed into a massive spin-1 field A) by ‘eating’ the
original massless field 6.

In addition to the appearance of a massive spin-1 boson with mass ef in the La-
grangian, given by the second term, the first term may also be recognised as a massive
scalar, spin-0, boson with mass given by u. In the case of electroweak symmetry breaking,
this is the Higgs boson.

This section has described a simplified version of the Higgs mechanism based only
on the electromagnetic interaction, known as the Abelian Higgs mechanism. In the SM,
the same mechanism must be applied to a local SU(2);, ® U(1)y symmetry instead of a
simpler U(1) gauge symmetry. It is applied to a complex scalar doublet, consisting of
four components, which after spontaneous symmetry breaking gives rise to three massive
particles, the W* and Z° bosons, and one massless particle, the photon, as well as a
massive scalar particle, the Higgs boson. Exactly the same method may be used in this
case and is described fully in various textbooks [48, 49].

3.2 Experimental overview

3.2.1 The hadron collider environment

To develop a strategy to search for a specific signal within a hadron collider environment
like the LHC, it is important to understand the event properties so that any factors which
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may affect the search are identified.

The LHC collides two beams of protons, which consist of partons which carry a certain
fraction of the proton’s momentum, x. Partons may be either the valence quarks (uud)
which make up the proton, the gluons (which are radiated from the quarks) or the sea
quarks (qq pairs which are spontaneously produced and rapidly annihilated within the
proton). The parton distribution functions (PDFs), f;(z,Q?), give the probability that
parton ¢ has momentum fraction = at the energy scale \/Q? of the event. These are
determined experimentally by fits to deep inelastic scattering data at a given Q? and
evolved to all values of Q? using the DGLAP evolution equations [50-52].

For the production of a heavy new particle, such as a Higgs boson, the part of the
event of interest is the hard scatter, where two partons interact with a high enough centre
of mass energy to produce a new massive particle. This is shown in Figure 3.2.

“Hard” Scattering

Outgoing Parton

Proton AntiProton

Underlying Event nderlying Event

...... Initial-State
Radiation

= Final-State
+ Radiation

Outgoing Parton

Figure 3.2: A diagram showing the type of hard scattering process which occurs at a
hadron collider. At the LHC, two protons are collided instead of a proton and antiproton
but the event characteristics are otherwise exactly the same.

There are other characteristics of hadron collider events which are also shown in Fig-
ure 3.2. As the partons which take part in the hard scatter approach the point of collision,
they may emit initial state radiation. Additionally, after scattering has occurred, they
may emit final state radiation. This can lead to a number of high-pr jets being recon-
structed in the detector in addition to the decay products of whatever is produced in the
hard scatter.

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

Since protons are collided in bunches, there is also the possibility of both multiple
parton and multiple proton interactions within the same bunch crossing which may have
different properties, such as different z position of the interaction vertices. These ad-
ditional interations may lead to multiple hard scattering processes and many collision
vertices. This is known as pileup and is an increasing problem for analysis at the LHC as
the instantaneous luminosity increases. It may be corrected for during the offline analysis
and this is covered in Chapter 4.

Cosmic rays may also pass through the detector. The requirement that events must
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occur in time with bunch crossings as well as selecting only particles which have origi-
nated from the measured primary vertex reduces this effect to negligible levels. Further
backgrounds to pp collisions arise from beam halo and cavern backgrounds, since it is
impossible to create a complete vacuum within the LHC. There will always be a small
amount of particles present which may interact with the beam to produce something
which may be falsely identified as a signal in the detector. However, this is expected to
be a small effect and may be suppressed in the same way cosmic ray backgrounds are
reduced.

3.2.2 WIW production at hadron colliders

At hadron colliders such as the LHC, pairs of W bosons are produced primarily via the
mechanisms shown in Figure 3.3, in which two quarks from the colliding protons are in the
initial state. WW pairs may also be produced via gluon-gluon fusion, which is expected
to contribute around 3% to the total rate of W W production at ATLAS and is shown in
Figure 3.4.

Figure 3.3: Feynman diagrams showing ¢g’ production mechanisms for W boson pairs.
The diagram on the right shows a triple gauge coupling (TGC) vertex, which involves
trilinear gauge boson couplings between WW Z or W ~.

g j”jﬂ
E w

TGC vertex

Figure 3.4: Feynman diagrams showing gluon-gluon fusion production mechanisms for W
boson pairs. The diagram on the right shows a triple gauge coupling (TGC) vertex, which
involves trilinear gauge boson couplings between WW Z or WWW~.

The measurement of WW production is particularly interesting because it is not only
a dominant background to H — WW production, it is also a probe of potential new
physics. The SM predicts vector boson self-couplings as a result of the non-Abelian
nature of the SU(2), ® U(1)y gauge symmetry [36], which was verified experimentally
at LEP by precise measurements of WW and ZZ production [1]. Within the SM, only
WW~ and WW Z vertices are allowed. However, extensions to the SM may produce
some relative deviation from the measured vertex couplings, generally at the 1073- 10~*
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level [53], from these allowed couplings at a high energy scale. Deviations such as this
would be observed experimentally as an enhanced cross section for WW production,
particularly at high values of p!¥’. Hence, precision measurements of the W boson pair
production cross section could provide a hint of interesting new physics. To investigate
the deviation of the TGCs from the SM predictions, it is necessary to compare the shape
of the measured pr or mass distributions to MC predictions and determine any deviation
of TGCs from expectation. This is not covered here, however recent results may be found
in Ref. [54].

3.2.3 Differences between H — WW and SM WW kinematics

The Higgs boson is a spin-0 particle so, to conserve spin, the overall spin of the system
must be zero when it decays to two W bosons. W bosons are spin-1 massive particles,
giving them three possible values for the z-component of spin: -1, 0 or 1. Thus, there
are multiple combinations of W-pair spins which give an overall spin-0 system in the z-
direction. These combinations are shown in Figure 3.5 with the helicity of the W bosons
indicated. Helicity, A, is defined as the projection of a particle’s spin along its direction
of motion. This diagram indicates that there are three helicity states allowed by spin
conservation: +1,+1; —1,—1 or 0,0. Both W bosons produced via H — WW must have
the same helicity.

H
W+ W-
O Helicities:
. 3 A=+1, +1
—_— «— A=-1,-1
0 0 A=0,0

Figure 3.5: Diagram showing the decay of a spin-0 Higgs boson to two spin-1 W bosons.
The directions of the z-components of the W bosons’ spins are indicated on the diagram
by small, bold arrows and the directions of motion of the W bosons shown by the longer
arrows.

Investigating the allowed decays of the W bosons from these three allowed WW states
gives the diagrams illustrated in Figure 3.6. Due to the V-A structure of the weak
interaction, only neutrinos with negative helicity exist and no positive helicity neutrinos
are allowed. Similarly, only positive helicity antineutrinos are observed. This constrains
the helicities of the leptons such that each of the three allowed WW states has only one
possible helicity structure.

Looking at the allowed decays of the pairs of W bosons produced in Higgs boson
decays, it can be seen that, due to the electroweak couplings and requirement of spin
conservation, the charged lepton and charged antilepton are preferentially emitted in the
same direction. This leads to a small opening angle between the charged lepton pair and
a small invariant mass of the dilepton pair.
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Figure 3.6: Diagram indicating the three possible WW decays which are allowed by spin
conservation (from top to bottom) where the W bosons have been produced by the decay
of a Higgs boson: both W bosons having negative helicity, both W bosons having positive
helicity and finally both W bosons having helicity zero. As in Figure 3.5, helicity is shown
by short, bold arrows and direction of motion is indicated using longer arrows.

This may be seen by looking at the invariant mass of the dilepton pair, Mj:

My \/(El1 + El2)2 - (p11 + plz)2
= ElZl - pl21 + El22 - pl22 + 2E11E12 - 2pl1plg cos 0 (317>

2E;, By, (1 — cos®) for M, ,, < By,

12

where M, and Ej, are the mass and energy respectively of lepton i. Thus, selecting
events with small values of Mj; is one way to remove backgrounds from non-Higgs boson
processes, which tend to have larger M.

The dominant background to the H — WW process arises from SM ¢7 — WW
production, as illustrated in Figure 3.3. The ¢q system which produces the WW pair
has an overall z-component of the spin of -1, 0 or 1 since quarks are spin-1/2. If the z-
component of the spin of the system is zero, the W bosons have the same relative spin as
those from the decay of a Higgs boson. However, when the z-component of the spin of the
system is +1, different relative spins are allowed, with one W boson in a zero helicity state
and one W boson with helicity + 1. When an average over the spin states observed in ¢g’
pairs is taken, significant differences in A¢; and M can be observed when a comparison
between H — WW and SM WW distributions is performed. These distributions may
be utilised to reduce the continuum WW background to H — WW production. This is
discussed further in Section 4.8.4.

3.2.4 Current limits on Higgs boson production cross section

There are many possible ways to search for the Higgs boson experimentally at the LHC.
The expected production cross section for the Higgs boson via various production mech-
anisms is shown in Figure 3.7.

For this thesis, a search is performed in the zero, one and two jet channels where
the zero and one jet channels arise mainly from the g9 — H (gluon-gluon fusion, ggF)
production mechanism. Events in the two jet channel are primarily produced via vector
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Figure 3.7: Cross section for Higgs boson production at the LHC at 7 TeV centre of mass
energy [55]. The pp — H production mechanism corresponds to gg — H production. The
vector boson fusion (VBF) mechanism is shown here as pp — qqH, ATLAS Experiment
(© 2011 CERN.

Figure 3.8: Gluon-gluon fusion (ggF) Higgs boson production mechanism (a) and vector
boson fusion (VBF) Higgs boson production mechanism (b).

boson fusion (VBF) and are allowed to have two or more jets. The Feynman diagrams
for these processes are shown in Figure 3.8.

There are also many ways in which the Higgs boson may decay. As described in
Section 3.1.2, the Higgs boson couples to all massive particles, as well as to itself. Thus,
it may decay to any massive particles allowed by the conservation laws of the SM. For a
given Higgs boson mass, my, the couplings to fermions and gauge bosons are fixed and
therefore production cross sections, decay widths and branching ratios may be calculated.
The total width is shown in Figure 3.9 and Figure 3.10 shows the branching ratios of the
Higgs boson to various final states as a function of my as calculated by HDECAY [56, 57].
These branching ratios are used in conjunction with the production cross sections in
Figure 3.7 and the branching ratio for W decays to fv, (where £ = epu) to calculate the
expected cross section of Higgs boson production at the LHC. This is covered in more
detail in Chapter 8.
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Figure 3.10: Higgs boson decay branching ratios as a function of my [55], ATLAS Exper-
iment (©) 2011 CERN.

Figure 3.10 shows that at high my the Higgs boson decays dominantly to pairs of
W bosons, suggesting that this search channel provides excellent sensitivity to the Higgs
boson. This sensitivity may be further supplemented by additionally using the ZZ decay
channel. This is an interesting channel since, in the mode H — ZZ — 4/, the Higgs
boson mass may be fully reconstructed. However, the low branching ratio of ZZ — 4/
leads to a low overall cross section so a significant amount of data must be analysed to
obtain a signal.

At low my, bb decays are dominant. This channel is overwhelmed by the QCD back-
ground, although approaches using the VBF H — bb decay mode, with the use of two ‘tag’
jets which are well separated in 7 to separate the signal from the background are being
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studied. Associated production in the ttH, H — bb channel, with the top quarks decaying
via tf — WHbW b and one of the W bosons decaying leptonically, are also under inves-
tigation since this channel has a high-py lepton which may be triggered on and used to
separate signal from the large QCD background. Similarly, searches may be performed in
the associated production channels W/ZH, H — bb, which provide reasonable sensitivity
in the low mass region due to the charged leptons from the W and Z decays, which allow
the QCD background to be reduced. There is also a reasonably large branching ratio
for decays in the H — 77 channel. This be may searched for in different sub-channels:
hh, £h and ¢, where h represents a hadronic 7 decay and ¢ indicates a leptonic 7 decay.
The searches with leptons in the final state suffer from less QCD background although
are subject to the smaller branching ratio of taus to leptons compared to hadrons. QCD
background may be problematic for the hh channel, although studies have indicated that
searches in this channel may be approximately as sensitive as those in the £¢ channel [58].
If the Higgs boson does exist with low mass it is likely that the combination of many
channels will be used to gain sufficient evidence for its discovery. The WW channel may
also give a useful contribution at low myg, although it will be necessary to re-optimise cuts
for a low mass Higgs boson to maximise signal acceptance while still adequately rejecting
background processes.

Figure 3.11 summarises the expected contribution of each search channel to the limits
on Higgs boson production which may be obtained with 1 fb=.
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Figure 3.11: Higgs boson cross sections, as a ratio of the SM, which may be excluded
with 1 fb~! of data at ATLAS [59]. The channels expected to contribute to the search are
shown separately, and a combination of all the channels is also shown, ATLAS Experiment
(© 2011 CERN.

Many searches for the Higgs boson have been performed at previous collider experi-
ments. At LEP-II, an electron-positron collider, searches for the Higgs boson were per-
formed mainly in the ZH production channel. No significant signal was seen, so a limit
was set on the mass of the Higgs boson of my > 114.4 GeV at 95% C.L. using a combi-
nation of all search channels at all the LEP experiments [60].
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More recently, experiments at the Tevatron proton-antiproton collider which runs at a
centre of mass energy of 1.96 TeV, have also set limits on Higgs boson production. Using
a combination of results from the CDF and DO collaborations, the Higgs boson has been
excluded at 95% C.L. in the mass range 158 < mpy < 173 GeV [61].
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Figure 3.12: Examples of top quark (top) and Higgs boson (bottom) loop corrections to
the mass of the W boson.

There are additional indirect constraints on the mass of the Higgs boson since, if it
exists, the Higgs boson is expected to provide a correction to the tree-level masses of SM
particles in loop processes, such as those shown in Figure 3.12. The masses of particles
such as the W boson and the top quark have been measured very precisely at LEP [62]
and the Tevatron [63, 64] and can be combined with other electroweak parameters to
indirectly constrain the Higgs boson mass to lie within 114.4 < my < 144 GeV at 95%
C.L. [65]. The fit to electroweak precision data given in Figure 3.13 shows that these data
actually prefer a very low Higgs boson mass, at less than the LEP constrained minimum
of 114.4 GeV. This highlights the importance of searches covering the full range of Higgs
boson masses, particularly in the low mass region, since electroweak data suggest that if
the SM Higgs boson does exist it is likely to have a low mass.

This is an exciting time for Higgs physics. Projections, shown in Figure 3.14, suggest
that with 1 fb~! of data the ATLAS experiment will be able to exclude the SM Higgs
boson between 125 < mpy < 460 GeV if its mass is outside this range, leaving only a small
range of allowed values of my. If ATLAS is able to collect 3 fb~! of data, the Higgs boson
could be excluded in the full mass range from 114.4 GeV to 500 GeV if its mass is not in
this range. It is expected that ATLAS will collect between 1 and 3 fb~! of data before
the end of 2011 therefore the SM Higgs boson could be completely excluded this year. If
this occurs, an alternative method of electroweak symmetry breaking must be sought.

However, if the SM Higgs boson exists, ATLAS also provides excellent prospects for
its discovery. Figure 3.15 shows that, depending on the mass of the Higgs boson, ATLAS
should be able to gain tantalising 30 evidence for its existence with the 2011 data. It is
clear that the landscape of Higgs physics will be changed incontrovertably by the end of
2011, whether the SM Higgs boson exists or not, which will have far-reaching consequences
for our understanding of the SM and particle physics.
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Figure 3.13: The preferred value of Higgs boson mass as extracted from electroweak
precision measurements [66].

This thesis presents the results of the first publicly released search for the Higgs boson
using LHC data, describing the first step towards the goal of either discovering the Higgs
boson or completely ruling out its existence at the LHC.
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C.L. as a function of mpy. Curves are shown assuming a centre of mass energy of both 7
and 8 TeV [59], ATLAS Experiment © 2011 CERN.

—_

—_

Integrated Luminosity, fb™

2: R ATLAS Preliminary (Simulation) ;| |-
B - 56\s=7TeV —o— 50\s=8TeV . i
0 Vit <l 3o \s=7 TeV e 30 \528:TeV .’
B T { -+h 95% CLNs=7 To-~ %t 95% CLY5-8 ToV j
- n -“ Priae > ',' :L
8- A |3 o’ A
of Y s / .
3N 2N VA
4l | . M
2 e
F e e ‘ W e
| - PO il Siab L LT < S s A
900 120 150 200 300 400 500
m,, [GeV]

Figure 3.15: The integrated luminosity required to exclude, provide evidence for and
discover the SM Higgs boson at 95% C.L. as a function of my. Curves are shown assuming
a centre of mass energy of both 7 and 8 TeV [59], ATLAS Experiment (©) 2011 CERN.



Chapter 4

Event selection

The processes investigated in this thesis are the SM production of WW pairs and the
production of WW pairs via the decay of a Higgs boson. W bosons may decay leptonically
or hadronically. In this thesis, the leptonic decays of W bosons are used to reduce the
background from processes containing jets, which is expected to be significant at the
LHC. The event topology contains two W bosons, each of which is required to decay
leptonically, giving three possible final states: eveev., pv,puv, and ev.puv,, referred to as
ee, pup and e respectively throughout the rest of this thesis. Additionally, there may be
jets in the final state due to the VBF production mechanism or due to gluon radiation.
The SM WW cross section measurement is performed in the zero jet channel to avoid
the increasing contamination from background processes, such as top, with increasing jet
multiplicity. It is important to maximise the signal acceptance for a search for a new, low
cross section physics process therefore the Higgs boson search is performed in three jet
channels: zero, one and at least two jets, giving a total of nine channels overall.

The signal and background processes are modelled primarily with MC, although some
backgrounds are estimated using data-driven methods as covered in Chapter 6. Sec-
tion 4.1 details the MC samples used as well as the cross sections of the signal and main
backgrounds. The same MC samples are used for both WW and H — WW searches.

The requirements on the quality of the data which must be satisfied before applying
any further selection are described in Section 4.2. WW and H — WW events with
leptonically decaying W bosons typically have high-p; leptons so lepton triggers as de-
scribed in Section 4.3 are used to select events in data which may be consistent with this
signature. In order to detect WW and H — WW events, it is necessary to accurately
reconstruct both leptons and jets. The selection of leptons and jets is described in Sec-
tions 4.4 and 4.5 respectively. It is also necessary to determine the missing Fp arising
from undetected neutrinos in these events to a high degree of accuracy in order to select
the signal efficiently. Missing Er selection is discussed in Section 4.6.

Objects are selected using almost identical criteria for the WW and H — WW anal-
yses. Where there are differences, these are explicitly stated. The trigger and data
requirements are also exactly the same for the two different analyses. The event selection
for the SM WW measurement is provided in Section 4.7. The Higgs boson search is
split into a cut-based approach and a matrix-element-based approach. Identical object
selection is used for these two cases, but the global event selection differs and is described
in Section 4.8 for the cut-based analysis and Section 4.9 for the matrix-element-based

37
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Process Generator o (pb) [x BR] Ney

Inclusive W — v ALPGEN 10.5x10% [67, 68] 3.8M

Inclusive W — Tv PYTHIA 10.5x10% [67, 68] 1M
Inclusive Z/~* — €€ (Mg > 40 GeV) ALPGEN 10.7x10% [68, 69] 800K
Inclusive Z/v* — 77 (M. > 60 GeV) PYTHIA 9.9x10% [68, 69] 600K
Inclusive Z/~* — 20 (10 < My < 40 GeV) ALPGEN 3.9x10% [69] 4M
Inclusive Z/~* — 77 (10 < My < 60 GeV) PYTHIA 4.0x103% [69) 200K
tt MCQ@QNLO 164.6 200K

Single top Wt MCQ@QNLO 13.1 13K

Single top s-channel MC@QNLO 3.9 25K

Single top t-channel MCQ@QNLO 58.7 18K
wZzZ MC@NLO 18.0 250K
z7Z MCQ@QNLO 5.6 275K
qq/qg - WW — fl/fl/(é = e, U, T) MCQNLO 4.7 320K

99 = WW — bvlv(l = e, u,T) gg2WW 0.14 90K
Wy — bvy(l = e, pu,T) PYTHIA,MADGRAPH 135.4 200K

Dijet ( 8 < pr < 1120 GeV) PYTHIA 1.1 x 10%° 10M

Table 4.1: Cross sections for signal and background processes for SM WW production
and background processes to H — WW production. All cross sections are given for a
centre of mass energy of 7 TeV. The quoted cross sections for W — (v and Z/v* — 0
are for each lepton flavour. The number of events in each sample, N, is also shown.

analysis.
Unless otherwise stated, contributions to plots labelled as H — W W are a combination
of ggF and VBF Higgs boson samples.

4.1 Monte Carlo modelling

The various MC generators used to model the signal and backgrounds for SM WW pro-
duction and the background processes to H — WW are shown in Table 4.1.

The backgrounds due to Wjets, Z — £l+jets, Whb+jets, and Zbb+jets are modelled
using ALPGEN [70] interfaced to HERWIG [71] for hadronisation. ALPGEN was chosen
for these backgrounds because it appears to model the jet multiplicity distribution more
accurately than other generators, such as PYTHIA. QCD backgrounds, including bb and
dijets, are modelled using PYTHIA [72]. No events remain for these backgrounds after
the selection of two opposite sign leptons, therefore these backgrounds are not shown
in any of the plots or tables henceforth. PYTHIA is also used to model the Z — 77
background, with the use of TAUOLA [73] to decay the taus. ALPGEN is not used for
the Z — 77 background since the 7 polarisation is not correctly included in these samples
due to an incorrect interface between ALPGEN and TAUOLA at the time the samples
were produced.

The SM WW signal is modelled using MC@NTLO [74] for the ¢g production mechanism
and gg2WW [75] for the ggF production mechanism. MC@QNLO is also used to model the
ggF Higgs boson signal production mechanism. VBF Higgs boson production is handled
by Sherpa [76].

All of these processes are generated at a centre of mass energy of 7 TeV. Detector
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simulation, to model the detector response to the incident particles, is performed using
GEANT4 [77, 78], which provides a full simulation of the ATLAS detector. Databases
containing all the information about the physical construction and conditions are used
to build the ATLAS detector geometry in order to accurately represent the detector for
the simulation with GEANT4. Once an event has been propagated through the detector
within GEANT4, the simulated energy deposits may be digitised into voltages and currents
so that they can be compared to the readout of the detector. The output may be stored in
a format indentical to that of the ATLAS data acquisition system and then run through
the trigger and reconstruction software in exactly the same way as real data. Events may
then be stored in a variety of different data formats, containing more or less information
depending on their intended users. For the analyses presented in this thesis, both MC
and data events were selected from ntuples produced by the SM WW group from larger,
more detailed data formats, containing information at the object level as well as global
quantities such as missing Er and trigger decisions.

4.2 Data selection

In order to select data events which are consistent with a collision, the requirement of
a primary vertex with at least three tracks consistent with the beam spot position is
imposed. This reduces the contamination from events arising from cosmic ray muons
traversing the detector or beam-related backgrounds. These effects, as well as noise in
the calorimeters are further reduced by rejecting events containing hadronic jets which
are consistent with these non-collision processes. In addition, quality criteria are applied
to the data to remove events collected when parts of the detector were not functioning.
ATLAS data are divided into periods, with each period containing data obtained with a
coherent detector and trigger configuration.

4.3 'Trigger selection

WW candidate events with dilepton final states are recorded using single muon and single
electron triggers. The trigger pr thresholds are different in different run periods due to
the rapid increase in luminosity during the first year of LHC operation. Initially the HLT
was not enabled, therefore only the L1 trigger could be used at the start of data-taking.

The triggers used in data and MC for events containing electrons in the final state
are:

e Periods A-E3: L1_EM14
e Periods E4-12: EF_el5_medium

where periods A-E3 correspond to 0.78 pb~! and periods E4-12 correspond to 34.4 pb~!
of integrated luminosity. For events with muons in the final state, the following triggers
are used in data and MC:

e Periods A-E3: L1_MUI10
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e Periods E4-G1: EF_mul0_-MG
e Periods G2-11 (up to run 167576): EF_mul3_MG
e Periods I1 (from run 167607)-12: EF_mul3_MG tight

where periods A-E3, E4-G1, G2-11 (up to run 167576), I1-12 (from run 167607) correspond
to 0.78 pb~!, 3.0 pb~!, 15.8 pb~! and 15.6 pb~! respectively. An OR is made between
the electron and muon triggers for the ey channel.

4.4 Lepton selection

To select electrons, liquid argon (LAr) electromagnetic calorimeter clusters matched to
tracks [79] are used. Electron candidates are excluded if they lie in the pseudorapidity
range 1.37 < |n| < 1.52 where there is a crack region in the EM calorimeter. They are also
required to be within the acceptance region of the EM calorimeter, which corresponds
to |n| < 2.47. Electron candidates in regions where the optical transmitters used to
record the events were malfunctioning are removed. Standard ATLAS tight identification
requirements are imposed on the electron candidates [79]. The variables used for these
tight requirements are detailed in Table 4.2.

These variables were optimised using a comparison of the distributions obtained in
MC samples containing true electrons and jets faking electrons to try to maximise the
rejection of hadrons falsely reconstructed as electrons. There are a few ways in which real
electrons may be distinguished from fakes; real electrons will tend to have narrower shower
widths and should deposit most of their energy within the EM calorimeter whereas jets
reconstructed as electrons will have larger showers with more leakage into the hadronic
calorimeter. Some relevant distributions are shown in Ref. [80].

In order to select electrons rather than photons, electron candidates are required to
have an associated track, consistent with originating from the primary vertex. This con-
sistency includes a requirement on the transverse impact parameter significance, defined
as the ratio of the transverse impact parameter to its measured error, to be less than
10. In addition, the position of the track origin on the z-axis must be within 10 mm of
the primary vertex. During further calculations of electron properties, the energy of the
candidate is taken from the calorimeter cluster. Its angular variables, n and ¢ are taken
from the track associated with the electron candidate.

To reduce the chance that jets are falsely reconstructed as electrons, electron can-
didates are required to be isolated. Requirements are placed on the scalar sum of the
transverse momentum calculated using tracks (denoted by p%¢¢*) and calorimeter clusters
(given by p5i°) lying within a cone defined by AR < 0.3. For the SM WW cross section
measurement, the calorimeter isolation is required to satisfy p5#° < 6 GeV. The require-
ments pie* /pr < 0.1 and p§¥°/pr < 0.15 must be satisfied for the electron candidate to
be considered for the H — WW search, where the pr is measured by the EM calorimeter
as described in Section 2.6.2.

It is sometimes possible for two electron candidates arising from the same original
electron to be reconstructed separately. In this case, if two electrons are found to lie
within AR < 0.1, the candidate which is lower in pr is discarded.
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Detector acceptance
In| < 2.47
Hadronic leakage
Ratio of E7 in the first sampling of hadronic calorimeter to the Er of the EM cluster
Second layer of EM calorimeter
Ratio in n of cell energies in 3 x 7 versus 7 x 7 cells
Ratio in ¢ of cell energies in 3 x 7 versus 7 x 7 cells
Lateral width of shower
First layer of EM calorimeter
Difference between second largest energy deposit and minimal energy in between 1st & 2nd maxima
Second largest energy deposit normalised to cluster energy
Total shower width
Shower width for three strips around maximum strip
Fraction of energy outside core of three central strips but within seven strips
Track quality
At least one hit in the pixel detector
At least nine hits in the pixels and SCT
Transverse impact parameter < 1 mm
Isolation
Ratio of transverse energy in AR < 0.2 to the total cluster Ep
Vertexing-layer
At least one hit in the vertexing-layer (first layer of the pixels)
Track matching
An < 0.005 between cluster and track
A¢ < 0.02 between cluster and track
Ratio of the cluster energy to the track momentum
TRT
Total no. of hits in the TRT
Ratio of the no. of high-threshold hits to the total no. of hits in the TRT

Table 4.2: Variables used in the tight selection for electron candidates. For the sake of
brevity, no cut values are shown for those variables which have E; and n dependent cuts.

Muons are reconstructed by combining tracks in the Inner Detector (ID) and Muon
Spectrometer (MS) to produce combined muons. To ensure a good match between ID
and MS tracks in the W analysis, the momentum measured by these detectors, after
accounting for muon energy loss as it traverses the calorimeter, is required to be consistent.
Specifically, the absolute difference between the py measured by the MS and the pr
measured by the ID divided by the pr in the ID is required to be less than 0.5: |[(p¥* —
pIP) /ptP| < 0.5, where the pS is required to be larger than 10 GeV. For the H — WW
search, a good match is ensured by requiring the x? of the spatial match between ID
and MS tracks to be less than 150. A further requirement on the transverse momentum
is applied in the H — WW analysis to remove muons occurring from 7w/K decays-in-
flight: if the py measured by the MS only is less than 50 GeV, p5ir®" — p,, must be
larger than —0.4 x pip. PS5l refers to the transverse momentum as measured by the
muon spectrometer and extrapolated back to the interaction point taking into account
the energy loss due to ionisation inside the calorimeter. An additional requirement of a
sufficiently large number of hits in the SCT and TRT ensures that the muon tracks are
well identified in both analyses. Muons must also be within |n| < 2.4 for both the SM
WW: cross section measurement and the Higgs boson search. The isolation requirement
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for the SM WW analysis is p52°/pr < 0.1 for muons, with a cone size of AR < 0.2 where
the pr in the denominator is the combined muon py. Muons are required to satisfy the
same impact parameter and isolation requirements as electrons for the H — WW search.

Both electrons and muons must have pr larger than 20 GeV for the WW analysis.
For the H — WW search, the requirement on the subleading lepton pr is relaxed to
15 GeV to increase the kinematic acceptance. This is necessary to achieve sensitivity
since the Higgs boson production cross section is small so the expected number of events
with 35 pb~! of data is small.

4.5 Jet selection

Topological clusters in the hadronic calorimeter are used to select jets. The reconstruction
is performed using the anti-kr algorithm [21-23] where the size parameter is set to 0.4.
Jets must lie within || < 4.5 and have py > 25 GeV for the Higgs boson search. For
jets within || < 2.1, the ratio of the sum of the pr of tracks pointing back to the
primary vertex with respect to the pr sum of all the tracks in the jet must be larger
than 0.75 to ensure that the hadronic activity registered in the event has originated
from the primary interaction and is not from pileup or secondary interactions in the
underlying event. b-jets are identified by the presence of a displaced secondary vertex as
reconstructed using the SVO algorithm [81]. This algorithm gives a weight to jets, with
higher weights corresponding to jets with more prominent secondary vertices. In this case,
b-jets are required to have an SV0 weight of more than 5.72, which gives a 50% efficiency
for correctly identifying b-jets in tt events. For the WW cross section measurement, jets
must have calibrated pr > 20 GeV at the hadronic energy scale and |n| < 3.

4.6 Missing E7 selection

To reconstruct missing transverse energy, all calibrated calorimeter cells are used starting
from topological energy clusters [82]. In addition, corrections are applied for particles
which are not fully reconstructed in the calorimeter, for example muons in the muon

spectrometer. This is described in more detail in Section 2.6.5.

For the SM WW cross section measurement, the variable Z2° is used. This is defined

as:

Rl | Zr xsin(A¢)  if A <7/2
T 7\ Er if Agp > 7/2

where A¢ is the phi difference between the missing Er and the closest lepton or jet passing
the selection requirements. This variable allows better rejection of events with missing
Er arising from mismeasured jet or lepton pr, helping to reduce the background due to
Z+jets events. The value of this cut value was optimised for the ee and pp channels, and
separately for the eu channel, to give the best signal significance [83].
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4.7 WW selection

To select WW events, the data are required to satisfy the criteria described in Section 4.2.
Events are collected using the electron or muon triggers listed in Section 4.3 for the ee
or uu channels respectively. ey events may be recorded by either trigger. After passing
the trigger requirement, events are required to have exactly two opposite sign leptons
which both have pr > 20 GeV. This requirement selects events consistent with WW
production and reduces contamination from many background processes including QCD,
W+jets and W Z production. Distributions of variables used to extract the WWW signal
are shown in Figure 4.1. In this figure and all subsequent figures showing a comparison
of distributions in data and MC, the MC predictions are normalised to correspond to the
integrated luminosity of the data sample. The discrepancy at low M;; between data and
MC arises because the background due to low mass B-hadrons in this region has not been
included. This is due to the very large MC samples which require a lot of CPU time to
process; the contribution from this background is also expected to be small at this stage
and negligible at all later stages in the WW selection.
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Figure 4.1: Dilepton invariant mass (a), ZX¢ (b) and jet multiplicity (c) distributions for

events with two opposite sign dileptons passing W W object selection criteria.

Additional selection requirements are then imposed to select a clean sample of WW
events, with contributions from other processes reduced to a small fraction of the sample.
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The invariant mass of same-flavour (ee or pu) dilepton pairs, My, is required to be larger
than 15 GeV to remove any remaining QCD background such as T production, which
has a mass just below 10 GeV. The background due to Z events, which is sizeable at the
stage of requiring two opposite sign leptons, is reduced by vetoing same-flavour dilepton
events in which Mj; is within £10 GeV of the Z boson mass. Remaining Z background
is reduced by requiring ER¢ > 40 GeV for ee and pp events and ER > 20 GeV for
ep events. Finally the number of jets must be zero. This acts to significantly reduce
contamination from the ¢¢ and single top backgrounds, in which two high pr b-jets are
generally produced.

A full discussion of the results of the WW cross section measurement is provided
in Chapter 8, with the number of WW signal and background events at all stages of
the event selection in data and MC shown in Table 8.2. Final event yields are given in
Table 8.3. Event distributions throughout the cutflow and after all selections have been
applied are shown in Figures 8.1 and 8.2 respectively.

4.8 Higgs boson selection using a cut-based approach

Common preselection for the three jet channels is applied to select Higgs boson candidate
events, which is rather similar to the selection applied in the WWW analysis. The same
trigger selection is used as in the WW case and events with two opposite sign leptons
are also selected. However, for the Higgs boson selection, the py requirement on the
subleading lepton is lowered from 20 GeV to 15 GeV to try to gain the maximum possible
acceptance while still keeping the backgrounds at an acceptable level. This is one area
which may be optimised further in future versions of the analysis; for Higgs bosons with
low mass, the leptons produced will have lower average pr so any lowering of lepton pr
leads to a noticeable improvement in signal acceptance. The backgrounds due to W+jets
and QCD processes may become problematic for lower pr leptons, so more study is needed
to understand and reduce these backgrounds. Also, the unprescaled single lepton trigger
thresholds are higher than desired to achieve maximal acceptance, so lower threshold
dilepton triggers are likely to be used in the future.

Reduction of the T background is performed in the same way as in the WW case, by
requiring the invariant mass of the dileptons to be larger than 15 GeV. The lepton pair
must also have an invariant mass outside the Z peak region with |my; — My| > 10 GeV.
The final stage of preselection requires that the missing Er is larger than 30 GeV to
reduce backgrounds arising from QCD or Z+jets.

Events passing the preselection are then divided into jet channels (zero, one or at
least two jets), where specialised cuts are applied to remove backgrounds most prevalent
in that specific jet channel. After passing these jet-specific cuts, events must finally pass
topological cuts, which are designed to remove the WW background as much as possible.
These cuts are discussed in Section 4.8.4.

Variables used to select Higgs boson events are shown in Figure 4.2 at the stage where
two opposite sign dilepton events have been selected. A full description of the variables is
provided in Section 4.8.4. These plots show that, in general, MC describes the data well.
However, it is desirable to have data-driven estimates of background processes to reduce
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the effect of any mis-modelling in MC; this is described in Chapter 6.
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Figure 4.2: Dilepton invariant mass (a), missing Fr (b), transverse mass as defined in
Equation 4.4(c) and A¢ between leptons (d) for events containing two opposite sign
dileptons passing Higgs boson object selection criteria.

These cuts were optimised using a simple algorithm. Cuts on the variables described in
this section, such as My, missing Er, A¢y and my, were varied from no cut to a maximum
and the signal significance was calculated for each possible combination of cuts. The cuts
used for this analysis were chosen to be those which maximised the significance.

Figure 4.3 shows the jet and b-jet multiplicity distribution after requiring exactly
two opposite sign leptons. This figure shows that the relative contribution of different
backgrounds varies with jet multiplicity, with the top background becoming increasingly
prominent as the number of jets in the event increases. The Higgs boson signal, with ggF
and VBF contributions combined, is also shown on this plot and tends to have few jets
per event. This is due to the large cross section of the ggF production mechanism, which
tends to produce mainly zero or one jets, with respect to VBF, which tends to produce
two or more jets per event.
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Figure 4.3: Jet (a) and b-jet (b) multiplicity distributions for events containing two op-
posite sign dileptons passing Higgs boson object selection criteria.

4.8.1 Zero jet channel

To be considered for the zero jet channel, events must pass the preselection described in
Section 4.8 and have no jets with pr > 25 GeV within |n| < 4.5. Further cuts are ad-
ditionally applied to separate the Higgs boson signal from backgrounds. The transverse
momentum of the lepton pair, p, is required to be larger than 30 GeV to reduce contam-
ination from the Z background, which tends to have low values of p%. This distribution
is shown in Figure 4.4 with the requirements of two opposite sign leptons and zero jets

applied. After the p¥ cut, the topological cuts described in Section 4.8.4 are applied.
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Figure 4.4: pY. for dilepton pairs in events with two opposite sign dileptons passing Higgs
boson selection criteria in the zero jet channel.

More details are provided in Chapter 9, with the event yields throughout the event
selection shown in Table 9.3 and the transverse mass distribution in the zero jet channel

given in Figure 9.1.
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4.8.2 One jet channel

Events passing the preselection with one high-pr jet fall into the one jet channel. In
addition to satisfying the common preselection requirements, events containing b-jets are
vetoed to reduce the top background. The total pr of the event, defined as plo =
P + P2 4 PJ 4+ P25, must be less than 30 GeV to remove events with significant
soft gluon radiation recoiling against the dilepton+jet system which does not produce
any jets with pr high enough to pass the cut at 25 GeV. This distribution is shown in

Figure 4.5. If the event was measured perfectly, p~® would be expected to exactly zero.

However, there may be some underlying hadronic energy which may give non-zero pr°
for example due to soft jets which have pr < 25 GeV in addition to the one hard jet
with pr > 25 GeV. These soft jets would be included in the calculation of P%**¢ which is
determined as described in Section 2.6.5 using a sum over all the energy deposited in the
calorimeters, but would not be included in the vector sum over the pr of the hard objects
in the event (the leptons and the high-py jet), giving non-zero p~°t. This cut is designed
primarily to remove events of this sort, which arise from background events which have

jets which fail the pr cut of 25 GeV.
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Figure 4.5: p~° (a) and M, (b) for events with two opposite sign dileptons passing Higgs

boson selection criteria in the one and two jet channels.

This figure also shows the distribution of M, ., the calculated invariant mass of the
lepton pair assuming that the leptons have arisen from the decay of two 7 leptons, as may
happen in Z — 77 events.

The Z — 77 background may be significant in the ep channel, therefore it must
be reduced. To do this, it is necessary to calculate the invariant mass of the 7 pair;
di-7 masses which are consistent with the Z boson should be vetoed to remove this
background. However, since neutrinos are produced during 7 decays, the exact M,
cannot be calculated. Instead, the collinear approximation can be used, which assumes
that the decay products of the 7 are collinear with the 7 itself, since the 7 mass is small
relative to its pr. Using this approximation, the invariant mass of the Z — 77 candidate,
M., may be calculated as:

M‘I‘T = (41)



Chapter 4. Event selection 48

The momentum fractions x; and x5 represent the fraction of 7 momentum carried by
each lepton and are calculated using:
- Pipl — plipls
~ PlEwis — plpmiss - Phpl — Phpl

(4.2)

X1

Pl1 Plg _ Pll Pl2

. z Ty y T x
- pl i l i 11 pl l1 Pl
le E}r]nlss _ Py1 E)r(nlss + le Py2 _ Pyl Px2

To (4.3)
If 1 x x5 < 0, M., is taken to be zero. The actual selection requirement which is enforced
is |M,, — Mz| < 25 GeV.

Finally, the same topological cuts as are applied in the zero jet channel and described
in Section 4.8.4 are applied to reduce the WW background.

Chapter 9 provides more information about the results. Within this chapter, Table 9.4
provides the number of expected events at all stages in the event selection for the one jet
channel and the transverse mass after all cuts is shown in Figure 9.2.

4.8.3 Two jet channel

Higgs bosons produced by VBF have a distinctive topology of two high pr jets which are
well separated in 7, in addition to the Higgs boson decay products, namely the leptons
from the W decays. One of the main backgrounds to this process arises from top (mainly
tt) decays which also have a signature of two leptons, missing Er and two jets. This
background may be significantly reduced by applying topological cuts to the two highest
pr jets in the event, known as the ‘tag’ jets, and applying a veto on events containing
b-tagged jets or additional high pr jets in the central region. These topological cuts also
strongly suppress other backgrounds such as QCD and W +jets.

Events must pass the initial preselection common to all three jet multiplicity channels
as described in Section 4.8. H + 27 events containing two or more jets with py > 25 GeV
are required to satisfy some further cuts to reduce the top and other backgrounds.

The two tag jets are required to lie in opposite rapidity hemispheres, n;; * ;2 < 0,
where 7;; and 7;2 are the pseudo-rapidity of the two tag jets and they must be separated
in pseudorapidity by a distance An;; of at least 3.8 units. These two requirements select
events which are consistent with the VBF topology and reduce the background processes,
which tend to be symmetric in An;; and 7;,7;,. The invariant mass of the tag jets, Mj;,
must be at least 500 GeV since VBF events tend to have high M;;.

There must also be no additional jets with pr > 25 GeV lying in the central region of
In| < 3.2, since there is no colour exchange in the VBF process. Additionally, any events
containing one or more b-jets are removed, since these are likely to come from ¢f events.

As in the one jet case, cuts are also applied on the pL°® of the system and the M.,
where in this case the ph? is defined as prot = [P + P2 + P} + P} + Priss|. plet is
required to be less than 30 GeV and |M,, — Myz| must be greater than 25 GeV, as in the
one jet channel.

The final cuts are topological and are described in Section 4.8.4.

Distributions of the forward jet tagging variables 7,1 * 7;2, An;; and M;; are shown in
Figure 4.6 for events containing at least two high-pr jets in addition to two well identified
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leptons. These distributions show that the jets in data are well-modelled by the MC. This
figure also shows the SVO0 b-tagging weight, which is used to define b-jets.
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Figure 4.6: Distributions relevant to the Higgs boson search in the two jet channel for
events with two opposite sign leptons and two jets: An between the two tag jets (a),
nj, * nj, (b), invariant mass of the tag jets (¢) and SVO b-tagging weight (d).

More discussion is given in Chapter 9, with expected and observed event numbers
throughout the cutflow shown in Table 9.5. Figure 9.3 shows the transverse mass distri-
bution after all selections have been applied.

4.8.4 Topological cuts

Due to the spin-0 nature of the Higgs boson, the two leptons produced from the WW
decays from the H — WW process tend to travel roughly in the same direction. This
phenomenon is described in more detail in Section 3.2.3. Because of this, there are
expected to be differences in some kinematic variables which may be exploited to separate
the Higgs boson signal from the continuum WW background.

The invariant mass of the dilepton pair is required to be less than 50 (65) GeV for
low (high) Higgs boson masses in the zero and one jet channels. The low mass region is
defined as my < 170 GeV, with the high mass region occupying my > 170 GeV, where
these regions were optimised for the best significance. For the two jet channel, M is
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required to be less than 80 GeV. A further requirement is applied on the difference in
¢ between the two leptons, A¢y, which is required to be less than 1.3 (1.8) radians for
low (high) mass Higgs bosons. A final topological requirement is made on the transverse
mass, my, of the system which is defined as [84]:

e =\ (BYf + B2 — (P Py (4.4)

where EY = /(P4)2 + M7, |P7$| = missing Er and P¥ is the transverse momentum
of the dilepton system.

These topological cuts are the final cuts applied in the cut-based H — WW search in
all jet channels.

4.9 Higgs boson selection using a matrix-element-
based approach

Loose preselection is applied to select events consistent with the H — W topology
before calculating the matrix element discriminant associated with each event. The dis-
criminant separates Higgs boson events from SM W events, as described in Chapter 7.
It is not designed explicitly to separate Higgs boson events from other background pro-
cesses, therefore it is necessary to apply some loose preselection to reduce other sources
of background without unnecessarily reducing the signal acceptance.

The preselection consists of selecting events with two opposite sign dileptons passing
the same trigger and lepton selection criteria as is used in the cut-based H — WW
search. The requirement |my; — M| > 15 GeV is imposed. This is slightly tighter than
that used for the cut-based H — WW search, which uses |mz — M| > 10 GeV. This is to
ensure that there is no overlap between the H — WW and H — ZZ signal regions, since
the H — ZZ search uses a Z peak region of |myz — My| < 15 GeV to define the signal
region. It is not desirable to have an overlap in signal regions between two Higgs boson
search channels since this complicates the combination procedure when trying to obtain a
combined limit. Hence, it is likely that future versions of the cut-based H — WW search
will use |myz — My| > 15 GeV.

The final preselection requirement is ER > 25 GeV for all three lepton channels
to further reduce the Z+jets background. The selected sample is then further split up
into three jet channels: zero, one and two or more jets. This allows the matrix element
method to be optimised separately for each channel, with additional cuts to reduce other
backgrounds which the matrix element discriminant does not necessarily remove. This is
described in Chapter 10. This chapter also provides a thorough discussion of the results
of the matrix-element-based Higgs boson search. The number of events in the ee, up and
et channels throughout the event selection as well as the expected signal and background
yields after preselection are given in Tables 10.1—10.4.
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Efficiency and acceptance corrections

There are certain effects measured in data and corrected in MC to match the data.
These include the number of interactions in addition to the hard process, lepton trigger
and identification efficiencies and the efficiency with which jets are reconstructed. This
chapter discusses how these effects are modelled for the WW analysis. For the H — WW
search, a similar approach is used, as outlined in Section 5.5.

5.1 Primary vertex correction

The number of interactions in addition to the primary hard scatter changes with instan-
taneous luminosity: higher luminosity results in more additional pileup interactions. The
number of pileup interactions in an event can be reasonably characterised by the number
of primary vertices in the event. There is a difference in the distribution of number of
primary vertices in MC and data. The pileup conditions in data were constantly changing
throughout the running period as the instantaneous luminosity continuously increased,
leading to increasing numbers of primary vertices per event. The MC was generated with
a constant mean number of primary vertices equal to two in addition to that of the hard
scatter. Therefore, the MC must be corrected so that the primary vertex distribution
matches that in data. This is performed by calculating the ratio of data and MC as
a function of number of primary vertices and then reweighting the MC primary vertex
distribution with this factor, a process known as pileup reweighting. The resulting weight
is carried through the entire analysis procedure.

This process assumes that the primary vertex reconstruction efficiency is the same in
data and MC. This efficiency has been measured in data and shown to be ~100% [85], in
good agreement with MC.

The primary vertex distributions in data and MC with no correction and after pileup
reweighting are shown in Figure 5.1. This figure shows that after reweighting, the MC is
in good agreement with the data.

5.2 'Trigger scale factor calculation

The trigger efficiencies for WIW events, €, are measured using the tag and probe method
described in Section 5.2.1. It is assumed that the ratio of efficiencies measured using the

ol
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Figure 5.1: Primary vertex distributions in data and MC before (a) and after (b) pileup
reweighting.

tag and probe method is equivalent to the true ratio of efficiencies in the data and MC
samples.

From these efficiencies, a per-lepton scale factor, SF, quantifying the difference between
the trigger efficiency measured in data and MC can be defined as:

_ €(Z, Data)

SF = e(Z,MC)"

(5.1)

5.2.1 Tag and probe method for trigger efficiencies

To calculate the trigger efficiencies in data, the tag and probe method is used. This
method selects a pure sample of events with well-identified leptons and uses these leptons
to determine the trigger efficiency. For this analysis, a sample of Z events is selected from
the full dataset using the following cuts:

e Two opposite sign leptons passing selection criteria as described in Section 4.4. For

the muon channel, the pr cut on the probe muon is lowered to py! > 7% = 10 GeV,
where pj/ &Pl i ag defined in Section 4.4.

o |my — M| < 12,20 GeV for electrons and muons respectively

A comparison of the number of Z events seen in data using these cuts and the number
expected from MC is shown in Figure 5.2 for the ee channel and shows reasonable agree-
ment. There is a slight discrepancy in the shapes between data and MC since no electron
smearing or energy scale factor is applied to the MC. However, this is expected to have
only a small effect on the determination of the trigger efficiencies.

Matching is performed between each lepton and the trigger region of interest (Rol) to
determine if it was that particular lepton which fired the trigger. Leptons are considered
matched if the AR between the trigger Rol and the offline lepton object, defined as
AR = \/(An)2 + (Ag)?, satisfies the criteria shown in Table 5.1.
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Figure 5.2: Di-electron invariant mass around the Z boson peak for data and MC with
no electron smearing or energy scale factor applied.

AR cut
Trigger level | Electrons Muons
L1 0.15 0.40
L2 0.05 0.20
EF 0.05 0.20

Table 5.1: Table showing the cut values used for AR matching between leptons and trigger
Rols. Leptons are considered matched to an Rol if the AR between the offline object and
the trigger Rol is less than the cut value indicated above. The use of different AR cuts is
historical; the same cut values could be used for both electrons and muons with no effect
on the final calculated efficiency.
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Figure 5.3: Distributions of AR between trigger Rol and offline electrons (a) and muons
(b) for Rols calculated at L1.

The values for the AR matching were chosen to ensure that all of the leptons which
arise from Z decays and fire the trigger are correctly counted as matched. The AR
distributions for Z data and MC for electrons and muons, as shown in Figure 5.3 for the
L1 trigger, show that the distributions have fallen off well before the AR cut values. A
similar result is seen at all the trigger levels.
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If a lepton matches the trigger Rol and the event satisfies the above criteria, it is
considered a ‘tag’ lepton. The other lepton is then identified as the ‘probe’ and the

trigger efficiency is defined as:
matched

probes
€= ———7—— 5.2
Nprobes ( )

For each event there are two possible tag leptons. This method is applied to both data
and MC and a comparison is performed in the next section.

5.2.2 Electron trigger efficiency

The triggers used in data and MC for events containing electrons in the final state are:
e Periods A-E3: L1_EM14

e Periods E4-12: EF_el5_medium

As described earlier, an OR is made between the electron and muon triggers for the eu
channel.

Comparison of data and MC trigger efficiencies

In order to evaluate the scale factor it is necessary to calculate the trigger efficiency using
the tag and probe method on both data and MC. This is calculated for each trigger
separately and then a luminosity weighted average is taken. The same method is used for
the calculation of the scale factor.

To determine if the scale factor shows any dependence on the electron kinematics, it
is useful to compare the distributions of some kinematic variables for the probe electrons
in data and MC. Figure 5.4 shows good agreement between data and Z — ee MC for
probe pr, n and ¢. The difference between MC and data remains approximately constant
as a function of these kinematic variables, indicating that the scale factor is roughly
independent of py, n and ¢. This allows a constant scale factor to be defined, which
differs from the muon case in which a different scale factor is required for the barrel and
endcap regions.

The trigger efficiencies in data and MC are compared as a function of pr, n and ¢
for the full dataset. All these distributions, shown in Figure 5.5, demonstrate the good
agreement, between the data and MC, as well as the consistently high efficiency of these
triggers.

Scale factor calculation

A comparison between the triggers used in data and MC and the corresponding single
electron scale factor is made in Table 5.2. The luminosity-weighted efficiency of the
triggers in MC is 0.991 £ 0.00008(stat). For data, the efficiency is 0.990 £ 0.001(stat),
giving a scale factor of 0.99940.001(stat). This suggests that the MC models the data very
well. These efficiencies are quoted with statistical errors only; a discussion of systematic
errors is given in the following section.
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Figure 5.4: Distributions of pr (a), n (b) and ¢ (c) for probe electrons in data and Z — ee
MC.

Trigger Data efficiency  Scale factor
L1_EM14 0.99070-00 0.99970-05

EF _el5 medium | 0.990 £0.001  0.999 4+ 0.001

Combined 0.990 £ 0.001  0.999 £ 0.001

Table 5.2: Trigger efficiencies and single electron scale factors with statistical uncertainties
only for electron triggers used in data.

Systematic uncertainties on trigger scale factor

There are several sources of systematic uncertainty which should be considered when
evaluating the scale factor. These sources include the effect of varying the cut on | My — M|
which may result in a sample of Z events with different levels of background and may
affect the trigger efficiencies and hence the scale factor. Similarly, the electrons used are
required to be isolated to reduce the contamination from hadrons misreconstructed as
electrons. The effect of this isolation requirement is included as a source of systematic
uncertainty. The scale factor has been calculated using the ratio of data to Z — ee MC,
however there is expected to be some small contamination from background events in
data. Figure 5.2 shows that this contamination is small but it should still be included
as a source of systematic uncertainty and is done so by calculating the change in the
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Figure 5.5: Trigger efficiency as a function of py (a), n (b) and ¢ (c) for probe electrons
in data and Z — ee MC.

scale factor when all the background samples, correctly weighted, are used instead of
just the Z — ee sample. A further source of systematic uncertainty comes from the
assumption that the scale factor is constant as a function of n. To model this, the
maximum deviation of the measured efficiency as a function of n from the central value
is taken as the systematic uncertainty arising from any 7-dependence of the scale factor.

Uncertainty SF ASF (x107%)
Original 0.9985 -
(M — My| <10 GeV | 0.9989 37

|Mll — Mz| < 15 GeV 0.9985 +0.10
Unisolated electrons 0.9985 +0.27

Background contamination | 0.9985 -0.53
n-dependence (upper) 0.9987 +2.0
n-dependence (lower) 0.9983 -2.0

Table 5.3: Systematic uncertainties on the electron trigger scale factor.

These uncertainties are summarised in Table 5.3. When added in quadrature with the
statistical uncertainty for the full dataset, the resulting scale factor is calculated to be SF
= 0.999 £+ 0.001(stat) £0.0004 (syst) = 0.999 £ 0.001(stat+syst).
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Period \ Barrel efficiency \ Endcap efficiency
A-E3 (78.30 £ 2.69)% | (84.76 +2.48)%
E4-G1 (74.51 £ 1.39)% | (94.85 £ 0.80)%
G2-167576 (78.09 +£0.55)% | (94.84 +0.32)%
167607-12 (76.96 +0.56)% | (92.47 +0.38)%
Luminosity-weighted average | (77.30 £0.37)% | (93.56 & 0.24)%
MC (78.20 £ 0.10)% | (91.98 £ 0.06)%
Ratio 0.9862 £+ 0.0048 | 1.0157 4+ 0.0025

o7

Table 5.4: Trigger efficiencies for muons with pr > 20 GeV for four trigger periods,
together with the average trigger efficiencies and data/MC scale factors. Only statistical
uncertainties are included.

5.2.3 Muon trigger efficiency

For events with muons in the final state, the following triggers are used in data and MC:
e Periods A-E3: L1.MU10
e Periods E4-G1: EF mul0_-MG
e Periods G2-11 (up to run 167576): EF_mul3_MG

e Periods I1 (from run 167607)-12: EF_mul3_-MG_tight

The average muon trigger efficiency is calculated using the same method as is used for
electrons. The integrated luminosity in different trigger periods is taken into account to
correctly weight any differences in efficiency over the course of running.

The efficiency for muon triggers is calculated separately in the barrel and endcap
regions. This is due to the L1 muon coverage, which is lower in the barrel region than
the endcap region. These efficiencies are shown in Table 5.4.

Possible sources of systematic uncertainty on the scale factor include the cone size
used for the matching between the offline muons and the online trigger objects, the con-
tamination due to the QCD background, the size of the mass window used to select Z
events and finally the possible n-dependence of the scale factor. These sources are varied
to give an estimate of the systematic error associated with the measurement to give a
final data/MC scale factor for the muon trigger of 0.986 + 0.007 (1.016 £ 0.006) for the
barrel (endcap).

5.2.4 Event-based scale factor calculation

There are two charged leptons in this analysis, so there are two chances to pass a single-
lepton trigger. Therefore it is necessary to define an event-based scale factor which is
dependent on the lepton-based scale factor given by Equation 5.1. Assuming a constant
scale factor, the event-based scale factor for events with [y and Iy, where [ = e, p, is defined

as: 1—[1—¢,(Z,data)][l — €,(Z,data)]

1—[1—¢,(Z,MO)[1 —€,(Z, MC)]

SF, ., = (5.3)
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This may be rearranged to give:
1—[1—¢e,(Z,MC)x SF,,|[1 — €,(Z, MC) x SF,]
1—[1—¢,(Z, MCO)1—e€,(Z,MC)]
There are 6 possible WWW final states: ee, up (barrel-barrel), up (endcap-endcap),
wp (barrel-endcap), ey (barrel) and ey (endcap), where barrel and endcap denote where

SF 1, = (5.4)

the muon lies in the detector. Using Equation 5.4, the event-based scale factors can be
calculated for each scenario separately. These results are shown in Table 5.5.

Channel SF Error on SF
ee 0.99998 0.00008
pp (barrel-barrel) 0.995 0.001

pie (endcap-endcap) | 1.0021 0.0002
pp (barrel-endcap) | 1.0025 0.0006
ey (barrel) 0.9997 0.0002
ey (endcap) 1.00007 0.00007

Table 5.5: Event-based trigger scale factors with statistical and systematic uncertainties
combined. Scale factors are shown separately for muons lying in the barrel and endcap
regions.

Using the expected proportion of pup events in WW MC with both muons in the
barrel, both in the endcap and one in each region, a weighted upu event-based scale factor
can be calculated for WIW events. This method is also used to determine the average
e event-based scale factor, and Table 5.6 summarises the overall scale factors and their
associated uncertainties for each channel: ee, pp and ep.

Channel SF Error on SF
ee 0.99998 0.00008
L 1.0002 0.0004
el 0.9998 0.0001

Table 5.6: Event-based trigger scale factors averaged over all regions with statistical and
systematic uncertainties combined.

5.3 Lepton identification efficiency

Lepton identification efficiencies are determined in data and MC using the same tag and
probe method as is used to determine the trigger efficiencies. The electron and muon
efficiencies are determined separately and are discussed in the following sections.

5.3.1 Electron identification efficiency

There are multiple factors which affect the overall efficiency with which electrons are
reconstructed and pass the identification criteria described in Section 4.4. These factors
are threefold:
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e The efficiency with which electrons are initially reconstructed.

e The efficiency of reconstructed electrons to pass the identification criteria, which, in
this analysis, are the standard ATLAS tight requirements described in Table 4.2.

e The efficiency of reconstructed electrons which pass the identification criteria to
additionally pass the isolation requirements.

The first factor is common to all ATLAS analyses using electrons. The second factor
is also common to many analyses involving electrons, although some may choose more
relaxed identification criteria (medium criteria instead of tight). Because of this overlap,
these efficiencies are determined centrally by the ATLAS electron and photon working
group and are documented in [79]. The final factor is specific to the W analysis and
was determined using the tag and probe method [83].

Each of these factors can be combined to give an overall electron identification effi-
ciency in data, as well as a data/MC scale factor which is used to correct the MC, both
calculated in 8 7 bins. These are shown in Tables 5.7 and 5.8.

nbin | [247-2.01]  [-2.01,-1.52] [-1.37,-0.8] -0.8,0]
Efficiency | 0.638 £ 0.035 0.665 & 0.032 0.715 + 0.033 0.771 £ 0.031
Scale factor | 0.910 £ 0.039 0.988 4 0.032 0.986 + 0.029 0.975 + 0.027

Table 5.7: Electron identification efficiencies in data, and data/MC scale factors for
—2.47 <n < 0 used in the SM WW cross section measurement.

nbin | [0,0.8] 0.8,1.37] [1.52,2.01] [2.01,2.47]

Efficiency | 0.784 £ 0.031 0.75 & 0.037 0.685 £ 0.053 0.643 £ 0.043
Scale factor | 0.982 £ 0.027 1.024 + 0.033 1.020 £ 0.050 0.916 £ 0.039

Table 5.8: Electron identification efficiencies in data and data/MC scale factors for 0 <
1 < 2.47 used in the SM WW cross section measurement.

Investigations using W — ev events revealed that there is a possible Ep dependence
to the data/MC scale factor. This is included as an additional uncertainty as a function
of Er as shown in Table 5.9. Overall, this corresponds to a total additional uncertainty on
the WW acceptance of 6% in the ee channel and 3.4% in the eu channel. The additional
Er-dependent uncertainty is added in quadrature with the n-dependent uncertainty to
give a total uncertainty which depends on the electron’s E7 and 7).

5.3.2 Muon identification efficiency

The reconstruction and identification efficiency for muons is determined in the same way
as electrons, using the tag and probe method on Z — pupu events. The overall efficiency is
formed from the product of the following three factors:
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E7 bin \[20,25] [25,30] [30,35] [35,40] [40,45] Above 45
Additional relative uncertainty‘ 0.16 0.05 0.01 0.01 0.01 0.03

Table 5.9: Additional relative uncertainty on the electron efficiency scale factor as a
function of Er used in the SM W W cross section measurement.

e The probability for an isolated muon track to be reconstructed by the muon spec-
trometer.

e The probability for a muon reconstructed by the muon spectrometer to match an
inner detector track, e;p. The inner detector track must satisfy the requirements
on hits and [pf? — p¥5]/plP < 0.5 as described in Section 5.3.

e The probability for a combined muon to be isolated, €;,.

These efficiencies are shown in Table 5.10. Overall, reasonable agreement is seen
between data and MC, with a data/MC scale factor of 0.980 4+ 0.008. Further details are
given in [83].

Efficiency type \ Data eff. MC eff. \ Data/MC scale factor
€CB 0.932 4+ 0.0017 0.948 4 0.0003 | 0.983 £ 0.002(stat) 4+ 0.007(syst)
€ID 0.990 £+ 0.0007 0.992 4+ 0.0001 | 0.998 + 0.001(stat) 4+ 0.003(syst)
€150 0.993 £+ 0.0006 0.994 4 0.0001 | 0.999 + 0.0006(stat £+ 0.004(syst)
€Total 0.916 + 0.0019 0.935 + 0.0003 0.980 + 0.008

Table 5.10: Muon reconstruction and identification efficiencies in data and MC and
data/MC scale factors used in the SM WW cross section measurement.

5.4 Jet veto efficiency

For the WV analysis, a jet veto is applied: all events containing one or more jets are
rejected. This is designed to remove the contamination from the top and QCD back-
grounds, which become more significant with increasing jet multiplicity. The ratio of the
number of events passing all the event selection and the jet veto to the total number of
events passing event selection (excluding the jet veto) is defined as the jet veto efficiency:

Nnjets:O (55>

€ =
NnjetsZO
This quantity may be calculated using MC but suffers from significant theoretical and
experimental uncertainties. Therefore, it is preferable to calculate this using a data-driven
method and correct the MC with the derived scale factor.
The jet veto efficiency in WW data may be calculated using:

EMC’

data __ _data -WW

ww =€z _uc (5.6)
Z
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where € is as defined in Equation 5.5.

Z events are selected in data and MC using the same criteria as in Section 5.2.1.
WW events are required to pass the full event selection described in Section 4.7 with the
exception of the jet veto. The same event generator, MCQNLO, [74], is used for both Z
and WW MC to ensure the same theoretical treatment of jets.

The jet multiplicity distributions are shown in Figures 5.6 and 5.7 for the ee and puu
channels respectively. The figures show how the distributions vary with increasing jet pr
threshold, with more events passing the jet veto as the pr threshold is raised.
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Figure 5.6: Jet multiplicity distributions for Z and WW MC and data for the ee channel
in the SM WW cross section measurement. Jet py thresholds are at 15 (a), 18.6 (b), 20
(c), 214 (d) and 25 (e) GeV.
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Figure 5.7: Jet multiplicity distributions for Z and WW MC and data for the ppu channel
in the SM WW cross section measurement. Jet py thresholds are at 15 (a), 18.6 (b), 20
(c), 21.4 (d) and 25 (e) GeV.

There are various sources of systematic uncertainty which must be considered when
undertaking this calculation. There are small statistical uncertainties associated with the
measurements of the efficiencies, with the dominant statistical uncertainty arising from
the measurement of €}/, Clearly, this will be significantly reduced once the dataset in-
creases. €3® also suffers from an uncertainty due to contamination from other background
processes. This is studied in Section 5.2 and is found to be negligible.

There are additional uncertainties arising from the choice of factorisation and renor-

MC
malisation scales which affect the MC prediction of ?}(IVCV This ratio is also sensitive to
zZ
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uncertainties on the PDFs. Studies at the parton level [86] suggest that these factors give
rise to a theoretical uncertainty on this ratio of ~ 0.05.

Another source of uncertainty arises in the choice of Z peak region definition, which
is used to select events for the Z data and MC samples. Any mismodelling of the M
distribution may cause differences in the Z mass distribution between data and MC, which
may result in differences in the jet veto efficiency. This was investigated by changing the
definition of the Z peak region from |myz — M| < 12 GeV to |mz — M| < 10 and 15 GeV
and was found to be a small effect at less than 0.1%.

The final source of uncertainty considered here is that arising from the jet energy
scale (JES). This is investigated by altering the jet pr thresholds up and down by the
1 o uncertainty on the JES. A £10 uncertainty on JES corresponds to a change in the
jet pr threshold of +1.4 GeV. These shifted jet pr thresholds were applied to all the MC
samples and the jet veto efficiency was recalculated to determine how much changes in
JES affect the calculated jet veto efficiency. This is a very simple method of calculating
the effect of the JES, which turns out to slightly overestimate the uncertainty. For a
proper treatment, the transverse momenta of the jets themselves should be recalculated
with the JES shifted by +10. However, this uncertainty is small when compared to the
theoretical uncertainty, therefore any overestimation in uncertainty is not significant.

Table 5.11 shows the results of these measurements, along with the statistical uncer-

M
tainty on edZ“ta and the theoretical and experimental uncertainties on MC The calculated

ratio of the jet veto efficiency in WW data and MC is applied as a correction to the

data

WW acceptance prediction. This ratio is determined to be E%é" = 0.966 £ 0.013(stat)
+0.011(syst) £0.058 (theory) = 0.966 + 0. 060(Stat+syst+theory)

\ Value Stat. error \ Syst. error Theory error \ Combined error

¢l 10732 0.007 - - 0.007
eMC 10759 0.0006 - - 0.0006
MO 10633 0.002 - - 0.002
MC MO | 0834 0.002 0.007 0.050 0.051
edate | 0612 0.008 0.007 0.037 0.038

Table 5.11: The jet veto efficiency for Z data and Z and WW MC with errors. These
quantities are used to calculate the expected jet veto efficiency in WW data used in the
SM WW cross section measurement, which is also shown in the table.

The jet veto efficiency correction factor is only applicable to events produced with
MC@NLO, namely the WW and W Z samples, therefore it is only applied to these samples
whereas the lepton efficiency scale factors are applied to all MC events.

5.5 Corrections for the H — WW search

The same methods as those used for the WW cross section measurement are used to
determine correction factors for the H — WW search to account for any differences
between data and MC.



Chapter 5. Efficiency and acceptance corrections 64

Identical triggers are used for both the WW measurement and the H — W W search,
although the subleading lepton pr cut is lowered from 20 GeV to 15 GeV for the Higgs
boson search. The effect of this on the trigger efficiency was studied and found to have a
negligible effect. Therefore, the trigger scale factors calculated for the W analysis and
shown in Table 5.6 are also used for the H — W W search,

The lepton scale factors are determined separately for the Higgs boson search since the
isolation requirements are slightly different from those used in the WW analysis. These
scale factors are calculated for the additional selection requirements, namely the isolation,
impact parameter and track origin on the z-axis, which are applied on top of the standard
tight electron identification requirements. Tag and probe methods are used to calculate
the scale factors and are discussed in the context of the H — WW search in [87] and
described briefly in Section 5.5.1.

The jet veto efficiency scale factor is not calculated for the H — WW search at this
stage. However, in the future, it would be desirable to calculate a scale factor as in the
WW case to account for differences in the jet multiplicity distributions in data and MC.

5.5.1 Lepton efficiency scale factor calculation

For electrons, an n and Er dependent scale factor is used. This is particularly important
for the Higgs boson search since the subleading lepton Ep cut is at 15 GeV and the scale
factor is significantly smaller in the low-FE7 region than it is in the high- E7 region. The
method used to calculate the efficiency in data and MC, as well as the scale factor, is
described in [88] and the results are shown in Tables 5.12 and 5.13 as a function of 7 and
Er respectively for the electron efficiencies and scale factors corresponding to the isolation,
impact parameter and track origin on the z-axis selections applied to electrons which have
already passed tight identification criteria. This differs from Tables 5.7 and 5.8, which
show the efficiencies and scale factors for isolation, impact parameter, track origin and
tight identification selection criteria applied to electrons which have been reconstructed
but have passed no other identification requirements.

1 bin [—2.47,—2.01] | [-2.01, —1.52] | [-1.37,—0.8] | [-0.8,0]

Data (%) 941+1.1 91.6 £1.0 93.7+0.7 95.6 £0.4
MC (%) 95.1£0.6 93.5£0.6 95.5£04 96.6 £0.2
%‘g(%) 989+1.3 98.0+1.3 98.2+0.8 99.0 £ 0.5
1 bin [0.,0.8] [0.8,1.37] [1.52,2.01] | [2.01,2.47]
Data (%) 95.3+04 94.3+0.6 929+0.9 949+1.0
MC (%) 96.6 £0.2 95.1+04 92.9£0.6 94.7+ 0.7
%(%) 98.7+ 0.5 99.1£0.8 100.0£1.2 | 100.2 4+ 1.3

Data

Table 5.12: Electron identification efficiencies and 575 scale factors as a function of 7
corresponding to the isolation, impact parameter and track origin on the z-axis selections
applied to electrons which have already passed tight identification criteria. Errors shown
are statistical only.

Muon efficiencies are measured using the tag and probe method on Z — uu events as
described in [89]. The scale factor used to correct MC events to data is measured to be
0.9813 +£ 0.0037.
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Er(GeV) bin | [15, 20] [20,25] | [25,30] | [30,35] | [35,40] > 40
Dafa (07 808+ 128 | 865+92 | 92.9+58 | 96.9+55 | 97.8+£55 | 984+5.5

Table 5.13: Electron identification efficiencies and % scale factors as a function of Er
corresponding to the isolation, impact parameter and track origin on the z-axis selections
applied to electrons which have already passed tight identification criteria. Errors shown

are statistical only.

5.6 Summary

The correction factors described in this chapter are applied to MC as follows. Each event
is multiplied by a weight, w, given by:

w = SFPV X Sth'g X SFgl X SF@2 X SFJV (57)

where SFpy is the primary vertex weight, SF,, is the event-based trigger scale factor,
SFy, is the scale factor for lepton ¢ and SFjy is the jet veto scale factor, which is only
applied in the SM WW cross section measurement.

The primary vertex correction is calculated and applied exactly the same way for the
SM WW and H — WW analyses, as described in Section 5.1, as is the trigger scale
factor, which is calculated in Section 5.2.

The lepton scale factors are determined separately for electrons and muons. 7-dependent
electron scale factors, as given in Tables 5.7 and 5.8, are applied in the SM WW case.
These scale factors have an additional Fpr-dependent uncertainty, given in Table 5.9. For
the Higgs boson search, n and Ep-dependent scale factors are applied, as given by Ta-
bles 5.12 and 5.13. For muons, a constant scale factor is applied for both the SM WW
and H — WW cases. This is determined in Section 5.3.2 for the SM WW measurement
and Section 5.5.1 for the Higgs boson analysis.

The jet veto scale factor is only used during the measurement of the SM WW cross
section. This is calculated in Section 5.4.
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Backgrounds to WWW and H — WW
production

There are many physics processes which may mimic WW and H — WW production.
Backgrounds may be taken from MC however the MC may not accurately describe the
production of these processes. This could be due to a number of reasons. For example,
events containing jets may suffer from theoretical uncertainties due to the hadronisation
model, choice of PDFs and many other theoretical effects. This could lead to a difference
in the rate at which jets are falsely identified by the detector as leptons in MC and data.

There may be also be mismodelling of the detector response which could affect the
modelling of any background process. For example, mismodelling of missing Er could
lead to more events arising from Z-+jets processes, with no real source of missing Fr,
falling into the signal region in data than in MC if the missing Er resolution is worse in
data than in MC. If this occurs, the modelling of other backgrounds with no real missing
E7, such as QCD, is also affected.

In addition, processes which have a large cross section but a small probability of
passing WW or Higgs boson selection critieria may suffer from a significant amount of
statistical fluctuation in the MC samples. This follows from the relationship between the
number of events, cross section and integrated luminosity:

N

L= . (6.1)
For a given luminosity, £, it is necessary to produce an increasingly large number of MC
events, N, with increasing cross section o. If the MC sample is smaller than the number
of data events for the integrated luminosity of the data sample, each event gains a scale
factor of more than one when it is scaled to the luminosity of the data. This means that
even if there is just one MC event left after full event selection, this event will receive a
large scale factor and may contribute significantly to the expected background. Of course,
this one event may well be just a statistical fluctuation which, in data, occurs much less
often than the MC prediction. There is also the chance that rare background events may
be completely missed in the MC sample, leading to an underestimate of that background.
To avoid this, backgrounds with large cross sections, such as QCD or W +jets, should be

measured using data instead of MC.
The methods used to measure backgrounds using data are described in the following
sections. Unless otherwise stated, the results presented are for the backgrounds to the

66
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VBF H — WW search which has at least two jets in the final state. The methods
described are applicable to all of the search channels described in this thesis and the
methods used to estimate the backgrounds to the WW cross section measurement are
explicitly detailed in Section 6.6.

6.1 Z background

The contribution of the Z background to WW and H — WW production arises when
the missing Fp in Z events is mismeasured, giving a signature of two oppositely charged
leptons plus significant missing Ep consistent with that of the decay of W-pairs. This
background is estimated for the ee and pp channels by calculating a factor to account
for this missing Fr mismeasurement. Z events in data and MC are selected by requiring
two opposite sign leptons lying within the Z peak region of |mz — My| < 10 GeV. These
samples are then divided into four control regions in the plane of missing Er versus My
as shown in Figure 6.1.
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Figure 6.1: Missing Er distribution versus My, for Z — ee (a) and Z — uu (b) events in
MC with regions A, B, C and D, used in the estimation of the Z background, illustrated.

Region A is the signal region, with M below the Z peak and missing Er > 30 GeV.
This method aims to calculate a correction factor to account for missing Fr mismodelling
which can be applied to the expected number of events from MC in region A to reach a
more accurate estimate of the number of Z background events lying in the signal region.

Control regions B and D occupying the Z peak region with |mz — M| < 10 GeV,
are compared in data and Z MC to estimate the correction factor. In data, this region
is completely Z-dominated, with contributions from other backgrounds being negligible.
Regions B and D correspond to events with high and low missing Ep respectively. The
ratio between the number of events lying in regions B and D depends on the modelling
of the missing Fr tails, which arise from mismeasurements since there is no real source of
missing Er in Z events. If there is any difference in the modelling of these tails in data
and MC, this ratio will be different. For example, if this ratio is higher in data than MC,
this implies that there are more events lying in this high missing Er region in data than
the MC expectation. The ratio is expected to be independent of M; and a higher ratio
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in data would suggest that there are more Z events in the high missing Er signal region
in data than in MC.
This method can be summarised by the following equation:

Corrected __ Bpata Dyc
AMC o AMC X DData BA{C (62)
= AMC X F

where F' is the correction factor.
It would also be possible to directly estimate the number of Z events in the signal
region using:

ABIE = Cpyy x L2 (63)
Data

however this would require the contribution from other background processes in control

region C' to be explicitly subtracted from the number of data events to estimate the num-

ber of Z events in region C. To avoid this complication, the simpler data/MC correction

factor is calculated instead.

Since the number of events lying in the high missing Er region is expected to be small
due to the lack of any real source of true missing FEr in Z events, the ratio between events
lying in regions B and D for data and MC is plotted as a function of missing Fr cut.
These ratios are defined as:

Rure(z) = ﬁjjlj () (6.4)
Riura(r) = gizz@) (6.5)

where x is the value of the missing Fr cut. A fit is performed to the plot of these
ratios evaluated at varying values of missing Er cut and the value of the fit with the
missing Fr cut equal to 30 GeV is taken to be the ratio. These ratios, along with the
fitted exponentials, are shown in Figure 6.2. This figure shows that the statistical error
increases with increasing missing Er cut as expected.
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Figure 6.2: The ratio of events lying in high and low missing Er regions, described by
equations 6.4 (a) and 6.5 (b), for Z — ee MC and data respectively.

At a missing Ep cut of 30 GeV, the correction factors for the ee and pup channels are
calculated to be 1.36 and 1.24 respectively. This indicates that the missing Er resolution
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is worse in data than in MC and the MC is likely to underestimate the Z background in
the signal region. The Z background estimates using these correction factors are shown
in Tables 6.1 and 6.2 for the ee and pup channels respectively.

Selection | A (MC) A (Estimated)
Opposite charge 6.26 8.48
My > 15 GeV 6.03 8.17
Z veto 6.03 8.17
Missing Erp 6.03 8.17
> 2 jets 2.58 3.50
Nj, *Mj, <0 1.15 1.56
An;; > 3.8 rad 0.02 0.02
M;; > 500 GeV 0.01 0.01
Extra jet veto 0 0
b-jet veto 0 0
pret < 30 GeV 0 0
Z — 77 veto 0 0
My, < 65 GeV 0 0
Agy < 1.8 rad 0 0
0.7 x myg < My < mpg 0 0

Table 6.1: Number of Z+jets events expected in the ee+2 jets channel estimated directly
from MC and estimated with the data-driven method.

Selection A (MC) A (Estimated)
Opposite sign 22.43 27.92
My > 15 GeV 21.31 26.52
Z veto 21.31 26.52
Missing Erp 21.31 26.52
> 2 jets 8.54 10.63
Njy, *Mj <0 3.66 4.56
An;; > 3.8 rad 0.42 0.53
M;; > 500 GeV 0.13 0.17
Extra jet veto 0.12 0.15
b-jet veto 0.12 0.15
prot < 30 GeV 0.11 0.14
Z — 1T veto 0.11 0.14
My, < 65 GeV 0 0
A¢y < 1.8 rad 0 0
0.7 X myg < My <mgyg 0 0

Table 6.2: Number of Z-+jets events expected in the pu+2 jets channel estimated directly
from MC and estimated with the data-driven method.

These tables show that after the full H 4275 event selection is applied, no events remain
in the signal region in Z MC. This means that at this stage, this method of estimating the
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Z background estimation breaks down. However, with larger MC samples, it is possible
that some Z events may remain at the end of the cutflow, in which case it would be
possible to use this method. It would also be possible to use the method described by
Equation 6.3 in the future.

Regardless of these issues with estimating the final contribution of Z after all cuts,
this method still indicates that while the data and MC agreement is not perfect for the
missing Er resolution, there is not a dramatic discrepancy. For the final results, MC is
used to estimate the Z background and the data-driven results just provide a cross-check.

6.2 Top background

In the H + 25 analysis, the top background can be estimated by defining a control sample
which is enriched in top events. The control region is constructed by reversing the b-jet
veto and removing all other cuts after the requirement of at least 2 jets. The distribution
of the number of b-jets is shown in Figure 6.3. This figure indicates that requiring at least
one b-jet selects a sample which is completely dominated by top events, with contributions
from other backgrounds totalling much less than one event.

= 10t
) —e— Data —_— H—>WW(MH=17O GeV)
= 103 [ W+jets [ Jtop
UCJ I Ww I Z/y+jets
5 B WZ/ZZ/\Wy
10 Vs=7TeV
10 : j Ldt = 35 pb”’
1
10
102
103

4 5 6
Number of b-jets

Figure 6.3: The number of b-jets for ee, up and ey channels combined after requiring at
least 2 jets.

Using this control region, the number of top events in the signal region may be esti-
mated in the two jet channel using:

Dat NYC Dat
Nsii* = i < Ve (6.6)
Data __ J Data ’
Ngg™ = agop X Nog

where Ngpr gives the number of top events in the signal region, defined as events with no
b-jets, and N¢pg is the number of top events in the control region, defined as events with
one or more b-jets. This equation also provides the definition of a?gp, which describes the
ratio of events in the signal and control regions in MC,
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Lepton Flavors | Signal Top WW WZ/ZZ]/W~ Z+jets W-jets | Total Bkg.  Observed

Two jets, opposite hemispheres

el 0.01 +£0.01 27.7 0.04 0.00 0.00 0.14 27.9 + 0.89 30

ee 0.00 8.49 0.01 0.00 0.11 0.00 8.62 + 0.49 14

L 0.01 +£0.01 18.0 0.03 0.01 0.41 0.00 18.5 £ 0.75 15

Anjj > 3.8

el 0.01 £ 0.01 12.8 0.02 0.00 0.00 0.00 12.8 + 0.59 12

ee 0.00 4.00 0.01 0.00 0.01 0.00 4.01 + 0.33 8

i 0.01 +0.01 8.00 0.01 0.00 0.28 0.00 8.30 + 0.51 6
ms; > 500 GeV

e 0.00 0.56  0.00 0.00 0.00 0.00 0.56 + 0.12 1

ee 0.00 0.30  0.00 0.00 0.00 0.00 0.31 + 0.09 0

i 0.00 0.62  0.00 0.00 0.00 0.00 0.62 &+ 0.12 0
Central jet veto

el 0.00 0.09 0.00 0.00 0.00 0.00 0.09 + 0.04 0

ee 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0

i 0.00 0.10  0.00 0.00 0.00 0.00 0.10 + 0.05 0

Table 6.3: The expected number of events in the top control region for the H + 2j
analysis after various cuts for 35 pb™! of integrated luminosity. The rightmost two columns
show the total number of expected background and observed events. The signal numbers
correspond to the case of my = 170 GeV. Errors are statistical only.

Since the jet veto and the cuts on An; and my; also significantly reject the top back-
ground, it is informative to study the effect of successive application of these cuts. Ta-
ble 6.3 shows the expected number of events in 35 pb~! of integrated luminosity for signal
and background in this control region after the application of the cuts on Anj;, m;;, and
the central jet veto. A comparison with the observed number of events in data in the
control region is also provided. This table demonstrates that the control region definition
used produces a very pure top control sample. In the currently available dataset, statis-
tical errors are quite large, and so the loosest set of cuts should be used to normalise the
top background meaning that afgp (which is taken entirely from MC) should be calculated
after the requirement of two jets lying in opposite hemispheres.

The ratio of top cross sections in the signal region and the control region is denoted
as afgp, and its central value is taken from MC. Systematic errors on this quantity arise
from three main sources:

e The Q? scale choice in the top MC may be varied to estimate the theoretical uncer-
tainty. For the loosest control sample selection (no central jet veto and no forward
jet tagging cuts), the theoretical uncertainty on afgp is 38% [90]. a?gp is determined
after the selection of events containing two jets lying in opposite hemispheres to re-
duce the statistical uncertainty. However, this increases the systematic uncertainty
due to the Q? scale. This uncertainty may be reduced in the future, when more
data is available and statistical errors are not so large, by calculating afgp after the
m;; cut instead.

e There is an uncertainty on the JES which contributes 8% to the uncertainty on a?gp.

e There is also a 12% uncertainty on the b-tagging efficiency which contributes 20%
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. 2
to the uncertainty on o),

In order to estimate the number of top events in the signal region, the number of data
events lying in the top-dominated control region is multiplied by a?gp. However, with the
dataset available at present, there are no events lying in the control region after all cuts
have been applied. Therefore currently the top background is estimated using MC only.

Looking at the number of top background events estimated in data and expected
from MC, good agreement is seen in the pp and ep channels. There is a reasonably large
discrepancy in the ee channel, with the MC appearing to quite significantly underestimate
the number of top events observed in data. Since the absolute number of top events
expected after all cuts is very small in the two jet channel with the dataset used here,
this is not a significant effect at present. However, this should be closely monitored in the
future as the dataset increases further.

6.3 W+jets background

The W+jets background to WW and H — WW occurs when the W boson decays
leptonically and one of the jets is falsely identified as a lepton giving a signature of two
leptons with missing E7 from the neutrino produced during the W decay. The rate at
which jets are misidentified as leptons is expected to be small however this effect may not
be well-modelled in MC therefore it is desirable to estimate this background directly from
data.

A well-established procedure for estimating the W+jets background to WW and H —
WW processes has been defined and is described in Refs. [90, 91]. This method selects a
W +jets control sample by requiring events to contain one lepton passing the identification
criteria described in Section 5.3, known as the identified lepton, and one lepton which must
pass a very loose set of cuts, known as the fakeable lepton. The number of W +jets events
falling in the signal region is calculated to be the number of events with one identified
lepton and one fakeable lepton multiplied by the fake factor, f;, which is defined as the
probability for a fakeable lepton to additionally pass the full lepton selection.

fi may be determined by collecting a control sample which is required to pass a jet
trigger with a pp threshold of 15 GeV. This sample is expected to be enriched in jets
and provides a large sample from which to extract f;. Within this control sample, events
containing a fakeable lepton are selected and the fraction of these fakeable leptons which
also pass full lepton identification criteria is calculated. This is then applied to the W +jets
control sample to estimate the number of W-+jets events lying in the signal region. W
and Z events are explicitly removed when determining f; by rejecting any events with
my > 30 GeV as well as any events with two opposite sign leptons with |mz — My| <
15 GeV.

This method is used to estimate the W+jets background for the WW cross section
measurement as well as the zero and one jet channels in the H — WW search. The
W+jets background to the H + 2j channel is taken from MC since it is expected to be
small. In the future, however, this background should be determined in this way for the
H + 25 channel as well.
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6.4 WIW background to H — WIW

SM WW production is expected to be the dominant background to H — WW. The two
processes may be distinguished by utilising the spin-0 nature of the Higgs boson, which
causes differences in the M; and A¢y distributions. The my distribution may also be
used to separate H — WW and SM WW production. Therefore, a WW control region
may be constructed by applying the same cuts as are used to select the Higgs boson signal
with the following exceptions:

e My is required to be larger than 80 GeV. Events with same flavour dileptons must
lie outside the Z peak region, with |mz — My| > 10 GeV.

e The cuts on A¢y and mp are removed.

These cuts select a control region which is dominated by WW events however some
contamination remains from top and Z+jets events. These are subtracted using MC.
From this, awyw, defined as the ratio between the number of events lying in the Higgs
boson signal region and the number of events in the W control region may be calculated
from MC. Then, the estimated number of WW events lying in the Higgs boson signal
region is given by aypw multiplied by the number of data events in the WW control
region.

The WW background is determined using this method in the H + 05 and H + 1)
channels. As is the case for the W+jets background, it would also be desirable to use this
method in the H + 25 channel in the future.

6.5 Additional sources of background

The dominant sources of background in addition to those already considered arise from
WZ,ZZ and W+ processes. At present, these are determined using MC since they are
expected to be small with respect to the other backgrounds. With the dataset increasing
rapidly in 2011, it would be desirable to measure these backgrounds in a data-driven way
to act as a cross-check to the MC prediction at least.

6.6 Determination of backgrounds to SM WW pro-
duction

The same sources of background which may be falsely identified as H — WW events also
serve as backgrounds to SM WW production. For the WW cross section measurement,
the W+jets background was measured in exactly the same way as that used for the
H — WW search. All other backgrounds were taken from MC, with the systematic error
on the Z+jets background calculated using a partially data-driven method, described in
detail in [83].
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6.7 Summary

To summarise, most of the backgrounds to H — WW and SM WW production may be
measured in a data-driven way, reducing the reliance on MC, as described in this chapter.
However, due to the small amount of data collected, resulting in low statistics in the
control regions, most backgrounds were taken from MC for the final results, with the
data-driven methods used as a cross-check. For the SM W W cross section measurement,
the W-+jets background was determined in the data-driven way described in Section 6.3
and all other backgrounds were taken from MC. Similarly, this same method of estimating
the W+jets background was used in the H + 05 and H + 1j channels in the cut-based
analysis, with all the other backgrounds estimated using MC. For the H + 2j (cut-based)
and the matrix-element-based Higgs boson search, all backgrounds were taken from MC.

The number of background events after selections for the SM WW cross section mea-
surement is shown in Table 8.3. This is shown for the H+0j, H+1j and H+2j (cut-based)
channels in Tables 9.3, 9.4 and 9.5 respectively. Similarly, the number of background
events for the matrix-element-based Higgs boson search are given in Tables 10.1, 10.2 and
10.3 for the ee, pup and ep channels respectively.



Chapter 7

The matrix element discriminant

7.1 The matrix element discriminant

A matrix element discriminant provides a way to exploit the slight differences in final
state event kinematics between signal and backgrounds which may be too subtle to allow
much discrimination in a straightforward cut-based analysis. It has been used successfully
by the CDF collaboration in their searches for Higgs bosons decaying to W pairs [92, 93]
both on its own and as an input to a neural network and has been studied previously at
ATLAS using MC [94].

The probability that an event is of a certain type relies directly on the matrix element
for that process and can be calculated exactly at generator level provided that the full
event kinematics are known. At the reconstructed level, it can also be calculated provided
that any unknowns in the system, such as the neutrino kinematics, are correctly integrated
over and detector resolution effects are properly accounted for. The details of the event
probability calculation are shown in Section 7.2.

A matrix element discriminant may be constructed from the event probability for each

event, defined as:

LH (M) = PH<MZ}§(£4 & (7.1)

where P, = event probability for event type a. The sum term runs over all the possible
backgrounds, with 3 giving the relative contribution of each background channel to the
total background. In theory, this should include all the backgrounds listed in Section 6 but
in fact it is only necessary to include the major backgrounds since for minor backgrounds

[ will be small. In this analysis, only the main background of continuum WW production
is investigated and the discriminant reduces to:
Py (Mpy)

LH(Mu) = 5 S (7.2)

This discriminant will henceforth be referred to as the matrix element likelihood ratio.

Cutting directly on the matrix element likelihood as part of a simple cut-based analysis
should allow other selection criteria to be relaxed so that more signal events remain for
the same amount of background. The likelihood distribution may also be used directly as
an input to the limit-setting procedure to exploit differences in shape between the signal
and background processes.

75
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It is important to note that the Higgs boson event probability, and hence the matrix
element likelihood, relies directly on the hypothesized Higgs boson mass meaning that the
likelihood must be re-calculated at each mass point.

7.2 Event probability calculation at truth level

The event probability, P,, is given by:
1 doy;
Py=- / T(z,4) 494 7.3
- Z; (2) g, (7.3)

where o is the cross section for the process «, the sum runs over the possible combinations

dg” is the parton-level differential cross section and T'(z,y)
y

is the transfer function relating measured quantities with parton-level quantities. z is

of initial state partons i, j,

the four-vector of the reconstructed final state and y is the four-vector of the true final
state at generator level. The transfer function accounts for the intrinsic resolution of the
detector, which is not perfect; in an ideal detector, the transfer function would just be a
delta function since the measured quantities would be exactly equal to the parton-level
quantities. In this thesis, the transfer function 7'(z,y) represents a smearing of event
kinematics according to the detector resolution.

This event probability should be interpreted as the probability that an event with given
kinematics is consistent with process a. Higgs boson events will tend to have kinematics
which are more consistent with Higgs boson production than continuum WW production
so the Higgs event probability will be larger than the WW event probability for these
events.

Since the colliding partons only carry a fraction of the colliding protons’ momentum,
where z 5 give the momentum fractions carried by partons 1 and 2, this must be accounted
for in the event probability calculation. This is done by convolving the cross section do;;
with the PDF's for partons 1 and 2 to give:

do.

P, = iz [ £ Q) 2, QT 2.y Ty (74)

where f,(z,,Q?) are the PDFs for parton n.
The differential cross section for two-body production of an N-body final state from
two incoming particles is given by [1]:

IM;(a)?
4\/(Q1-Q2)2 —m2 m2,

where « is the process type, M,;(a) is the matrix element for partons in initial states ¢

daij — X dCI)N((h + q2; P1, 7pN) <75>

and j, d®y represents the differential over N-body phase space, ¢; and ¢o are the four
momenta of the incoming partons, which have masses my,, and m,,, and p1, ..., py are the
four momenta of the outgoing partons.

Representing four momentum as ¢ = (pg, py, P2, E), ¢1 and ¢ may be written as:

q1 = (07 07 mlEbeam; mlEbeam) (7 6)
g2 = (07 07 _$2Ebeam7 $2Ebeam) ’
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Under the assumption that the partons are massless, the flux term may be written:

1 1
4\/(@1-@2)2 - mglmg2 8x1x2E§eam ( )

where Fpeqrm is the beam energy, which is equal to 3.5 TeV for the dataset used here.
The d®y term, which represents the Lorentz invariant differential over N-body phase
space, is defined as:

N
dOn(q1 + q2; p1,s s pv) = 2m) 6 (@1 + ¢2 — sz [ vrys

=1 i=1

27T 32E (7.8)

where ¢; and ¢ are the four momenta of the initial state partons and F; and p; are the
energy and momentum of the ith final state particle produced in the decay.
Using Equation 7.8, the event probability for process a may be written:

_ 1 Fil@1,Q%) £ (2,Q%)| M () *T (2,y)dar dvs
Pa - 5 Z,] f d3p; J SmleEbjeam
X (2m) T i i

Xég(Lll - pll)53<L12 - plz)(s(kw - Zp$z>5(ky o Zpyi)d?)[’hdg[’lzdkﬂcdky

where o is the total cross section for production of particle «, f,(x,, Q?) are the PDFs for
parton n with momentum fraction z,,, M;;(c) is the matrix element for partons in initial
states ¢ and 7, ¢; and ¢y are the four momenta of the initial state partons and E; and p;
are the energy and momentum of the sth final state particle produced in the decay. L;, is
the true four vector for lepton 4, with p;, representing the measured four vector. k, and
k, are the true x and y components of momentum of the whole system.

A routine to calculate the matrix element is taken from the event generator Mad-
Graph [71], with each different process using a different matrix element function. Since
the initial state parton flavours are not known, a sum over all possible subprocesses is
performed, with each subprocess corresponding to a different initial state parton config-
uration.

The event probability may be calculated without performing the integration over phase
space if the full truth information for each event is known since the integration reduces
to a delta function at the true value of the event kinematics. In this case, the event
probabilty formula may be simplified to become:

Z|sz ) filwr, Q) fi(2, Q%) (7.10)

where constants have been dropped since they do not affect the calculated matrix element
likelihood ratio.

The LHAPDF [95] interface is used to access the PDFs used in the event probabil-
ity calculation. In this case, CTEQ6.1 [96, 97] is used. A likelihood ratio, defined as
in Equation 7.1, constructed of the true event probabilities is shown in Figure 7.1 for a
Higgs boson sample with my = 160 GeV and a WW background sample. The samples
were generated first using MadGraph, the event generator used for the matrix element
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Figure 7.1: True likelihood ratios for Higgs boson signal and WW background events
produced with MadGraph (a) and MC@QNLO (b). The Higgs boson signal events are
produced with my = 160 GeV.

calculation, and secondly with MC@NLOQO, the event generator used to evaluate the back-
grounds for the SM WW cross section measurement and the cut-based H — WW search
described in Chapters 8 and 9.

Clear separation between the signal and background is seen in all cases, with similar
performance observed using the MadGraph and MC@QNLO samples. This is an important
result: MadGraph is a LO generator so does not model any higher order effects which may
be present in data. MCQNLO is NLO so models next-to-leading order effects. Since the
performance of the likelihood is comparable using MadGraph and MC@NLQ, this suggests
that these higher order effects do not affect the matrix element calculation significantly.
This suggests that the use of a LO matrix element calculation is appropriate in this case.

In addition to looking qualitatively at the likelihood ratios for signal and background,
it is also instructive to investigate cases where true Higgs boson events are falsely classified
as WW events, with a likelihood ratio close to zero. For a test sample of 10,000 Higgs
boson events generated using MadGraph, only 70 events have a likelihood ratio of less
than 0.05 so this is clearly a small effect. Investigating the distributions of the topological
variables which are used in the cut-based analysis to separate the Higgs boson signal from
the SM W W background shows that Higgs boson events with low likelihoods tend to have
distributions similar to those observed in WW events, as can be seen in Figure 7.2. This
indicates that the matrix element likelihood is classifying events correctly, with Higgs
boson events which happen to fall in WW-dominated regions of phase space having a low
likelihood ratio. As expected, this is a small number of events since over 99% of Higgs
boson events have a high likelihood ratio and are correctly identified as being Higgs-like.

7.3 Event probability calculation at reconstructed level

The approach discussed in the previous section is unfortunately an unrealistic approach
since with data the full event kinematics will not be known due to the undetected neu-
trinos. The method which must be performed with real data involves Monte Carlo in-
tegration over the unknown components of neutrino momentum in the integral given by



Chapter 7. The matrix element discriminant 79

g QIETTTTTTTTTT T g . -
5 F i 5 o2sf 3
2 06 —H— WW, low LH = z F —H— WW, low LH ]
5 o5 — H— WW, high LH 1 3 o2 —H—> WW, high LH 3
< E [JWW, low LH ] < E [JWW, low LH 3
04 E 0.15 1
03F e B ]
C ] 0.1 —
0.2 = r ]
. ! = . 1] 0:,‘\”‘\‘”\”‘\”‘ | ] 3

P00 ~f50 200 250 800 B350 400 450 500 0 20 40 60 80 100 120 140 160 180 200
Reconstructed Higgs mass [GeV] M, [GeV]

(a) (b)

P T T g QT T
< [ i c = ]
2 o b 2 0.18 =
2 0.25- —H— WW, low LH 1 & .k —H— WW, low LH E
2 —H— WW, high LH 1 £ %% —HoWW, hightH
< 02 [JWW, low LH ERE [ WW, low LH E
F ] 0.12F E
015 E 0.1 E
F ] 0.08F- =
01— | — = ]
C | ] 0.06 —
C 5 0.02 -
oy Lo nflonoalloanallonaanllas | ot g N B P e ! =

'3 2 -1 0 1 2 3 20 40 60 80 100 120 140 160 180 200
Ag, [rad] My [GeV]

(c) (d)

Figure 7.2: Reconstructed my (a), My (b), A¢y (¢) and mr (d) for Higgs boson events
with low and high likelihood ratios and SM WW events. All events are generated by
MadGraph and the Higgs boson signal events have my = 160 GeV. The variables are
shown at truth level only.

Equation 7.9, This involves the evaluation of the integral at a large number of randomly
chosen phase space points. The Higgs boson has a very narrow width so occupies only a
very small region of phase space. Conversely, the neutrino momentum distributions cover
a very wide region of phase space so very few of the randomly chosen values of neutrino
momentum are likely to give solutions which are consistent with a Higgs boson event. If
no solutions are found for a given iteration, the iteration does not contribute to the event
probability hence, if many of the iterations have no solutions, a much larger number of
iterations will be necessary for the integration to converge and give a valid solution with
a small uncertainty. Therefore, it is practical to choose integration variables which are
more peaked in phase space such as the Higgs boson mass or the W mass to increase the
number of iterations which have solutions, allowing the total number of iterations to be
reduced, saving CPU time.

7.3.1 Higgs boson event probability

It is important to remember that in order to calculate the Higgs boson event probability,
the matrix element function requires the Higgs boson mass to be specified. Therefore
instead of obtaining one likelihood for each event, a number of likelihoods are obtained
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with each one corresponding to the hypothesized Higgs boson mass. For Higgs boson
masses with my > 2my, the W bosons produced during the Higgs boson decay are
likely to be on mass shell with masses close to the centre of a Breit-Wigner distribution.
However, once the Higgs boson mass falls below 2myy,, one or both of the W bosons may
be off mass shell and will lie towards the tail of the Breit-Wigner distribution. Thus, if
the integration was performed using the Breit-Wigner distribution, most W boson masses
chosen during the integration process would tend to be close to the W pole mass and hence
inconsistent with the 1 bosons arising from low mass Higgs boson decays, which would
tend to have masses far away from the W pole mass, meaning many iterations would be
necessary to get the integration to converge. So for low hypothesized Higgs boson masses,
with myg < 2my,, a better choice of integration variable is the mpy distribution itself,
since all Higgs bosons produced will lie close to the peak of the Breit-Wigner distribution,
meaning that the integration will converge more rapidly. To simplify the calculation, the

m?; distribution is used instead of the my distribution.

V1

An integration over pY

, Dy m%,vl and m?% was also tested to evaluate the Higgs boson
event probability for high hypothesized Higgs boson mass, my > 2my,, as described in

Section 7.5. However, this testing indicated that there were more cases where no solutions

V1

could be found for a given set of p”

, P, miy, and m3;. Thus, performing the integral
over pit, pt, pyt and m? gave a lower error and improved performance so these variables
were used for the integration for the full range of hypothesized Higgs boson masses, from
120 < mpy < 200 GeV.

This integration may be performed starting from the differential cross section for the

Higgs, which with the use of Equations 7.4, 7.5 and 7.3 may be written as:

do‘(mH) _ ‘Mij(a)|2 d3pl1 d3pl2 d3pV1 d3pV2
dy = 2ij J 8vizoEZ,, (2m)82¢ E1 B2 EY1 EV2
Xég(Lh - pll)ds(le - plQ)(S(ka? - Zpﬂﬁz)(s(ky - Zpyz) (711>
= . |Mij ()2 dpy dp, dp.! dp2>
- ©.J ) 128z 40E7  (2m)8 ENEREVIEY2

where E' and p;, are the energy and three momentum of lepton i and E¥ and p,, are
the energy and three momentum of neutrino ¢ and the other variables are as defined in
Equation 7.5.

In order to integrate over m?2;, it is necessary to perform a change of variables from p*!,
py, pyt and p7? to pit, pit, pot and m?%. Assuming the neutrinos are massless, the three
momenta of the neutrinos gives 6 unknowns in the final state but this can be reduced
to 4 unknowns overall if it is assumed that transverse momentum is conserved. These 4
unknowns are integrated over and all other variables must therefore be expressed in terms
of these variables. For this change of variables, p/? must be expressed in terms of pi', p,
pt, m% and the visible lepton momenta. To solve for p?2, it is necessary to start with the
expression for m?:

my, = (B - (PH):
— (Ell + El2 + BV Eu2>2 _ <p11 +p12 +pu1 +pu2)2

Writing £ = E" + E? + E", Q, = pl} +p2 +p' +pi2, Qy = pl} +pl2 + pi' +pi? and
Z = pbt + p'2 + p¥1, this may be rewritten:

my = (E+ B2 - Q2 Qi (Z+p2)
B? + (BV')* + 2BE" — Q3 — Q) — 2% — (p2)* — 22p”

(7.12)

(7.13)
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Defining 7% = (p¥2)* + (p;?)* allows the energy of the second neutrino to be written

as E,, = /T? + (p»2)?. This allows the original equation to be expressed as:
2 EQ T2 2F. /T2 )2 _ ()2 _ 2_22_22 V2

0 = my—E* =T+ Q7+ Qy+ 2% = 2B\/T + (p2)* + 22p2*

All the terms which do not depend on the z-component of momentum may be grouped
together as A = m¥ — E*> =T + Q% + Q2 + Z°, giving:

0 = A—-2E\/T?+ (pp)?+2ZpY
A+2Zpr = 2B,\/T? + (pv2)?
A2+ AP 22+ AAp2Z = AEX(T? + (p22)?)
0 = 4(Z°— E*)(p»)? +4AZp + A% — AE*T?

(7.15)

This quadratic may be solved to express p*? in terms of m2;, p, pyt and p7t as well as
the measured lepton kinematics. The other remalnlng unknowns of the system p ¥z and
py?, may be solved for using Q, = - plz 4 pvr 4 pr2 and Q, = pfyl —|—p +pyt +py?. For
a LO process, the Higgs boson has no pr and Qz = @y = 0, therefore this is used as a
first approximation.

In order to transform the integral from dp”? to m? it is also necessary to evaluate the
Jacobian since the new integral is related to the old by:

1

1z 2
dp?? = —dm3, = ———dmy (7.16)
e g
Ip.*
where a general Jacobian is defined as:
oy ... 9n
811 afn
J = : oo

Oym ... ym
ox1 Oy

The Jacobian may be evaluated using Equation 7.15 to give:

D2
z
Eve

J=2FE""2_ _opH (7.17)

where E¥ is the energy of the Higgs boson and P is the z-component of Higgs boson
momentum.

This gives a final formula for the Higgs boson event probability:

do( mH M (a)]? dpzrdptrdprdm?, 1
Z/lQSx ] i - (7.18)

2o EL, (2m)8 EWEREvnEv- ]|

where the two possible solutions to the quadratic given in Equation 7.15, along with their
corresponding Jacobians, must be summed over.
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7.3.2 WIW event probability

For SM WW production, it is assumed that the W bosons are on mass shell and will
occupy a narrow region of phase space in terms of my,. Hence it is sensible to perform a
transformation of variables from p, ,,, py., to mw,, mw, via:

1
B(m%,mwl) |
A(pztpyt)

dpitdp, = dmiy, dmiy, (7.19)

The same method to solve for pi*, p* in terms of p7*, p7?, my, and my, may be used
as is described in Section 7.3.1. However, this time, it is necessary to start with my, and
myy, and assume that the leptons and neutrinos are massless:

miy, = (P +p")? = 2(p"p") = 2(EME" — pipit — pypy — pipl) (7.20)
miy, = (p2 +p?)* = 2(p".p™) = 2(E2E" — plpiz — p2pi? — p2pl?)

The details of the calculation are rather long and may be seen in Ref. [92] and numerical
methods must be used [98] to evaluate the final solutions. The WV event probability is
given by:

dOWW _ Z/ ‘MU )‘2 dpgldpzldm%‘ﬁdm%ﬁ/zi (721>
128z129F2,, (2m)8  EWEREWE»2 ||
with a Jacobian given by:
pV pyg pl/1 sz
J=A(BP L — pl) (B i — pl) —4(ER - — ply(Eh L — ph 7.22
o R ( [(u s DR ()

Equation 7.21 has 4 solutions. As for the Higgs boson event probability case, these 4
solutions must be summed over.

7.4 Importance sampling integration

Standard Monte Carlo integration draws points at random from the integration volume,
not taking into account the fact that in some regions the function to be integrated over,
f(z), may be very small. Importance sampling integration aims to draw more points from
regions in which f(z) is large and less where it is small.

For example, any W bosons produced in SM WW events are assumed to be on mass
shell and hence only fall within the region of space enclosed by the W Breit-Wigner mass
peak and are more likely to be close to the peak than further away. Thus the integral
over the W boson mass may be performed by using the W Breit-Wigner distribution as
a weighting function w(z) and drawing points from this weighted distribution. This gives
an integral of the form:

1N

/abf(x)dx - /b (w)de x — 3 /() (7.23)

a

where it is easy to calculate the integral of the Breit-Wigner weighting function w(x).
The sum from w(x) to N implies N iterations drawn from w(z). Similarly, integrations
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over my are performed by drawing from a Higgs boson Breit-Wigner distribution centred
around the hypothesized Higgs boson mass. The neutrino p, is drawn from a parame-
terised function which has been chosen to correctly describe the data. The my,, my and
neutrino p, distributions at the generator level as well as the template functions which are
used in the integration are shown in Figure 7.3. Figure 7.3 shows that the Breit-Wigner
distributions used in the integration accurately describe the shapes of the my and mpy
distributions. Similarly, the parameterisation used for the neutrino p, also agrees well
with the generator level neutrino p, distribution.
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Figure 7.3: A comparison of template distributions from which variables are drawn during
the importance sampling integration and the distributions of the variables at generator
level. The first row shows the distributions relevant to the WW integration: the mass of
the W boson (a) and the p, distribution of the neutrinos (b). The second row shows the
distributions used during the Higgs boson integration: the mass of the Higgs boson for a
sample with my = 160 GeV (c) and the p, distribution of the neutrinos (d).

Figure 7.4 shows the generator level distributions of neutrino p, and p,. These distri-
butions are relatively flat between -50 and 50 GeV and drop off after this. To ensure that
the tails of the distribution are covered by the integration, a flat distribution between -60
and 60 GeV is used. Any mismatch between the input distributions for the integration
and the true underlying distributions should not affect the performance of the integration
as long as the number of iterations is large enough to account for those iterations which
fall on the tails of the distribution and do not contribute very much.
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A constraint is applied when randomly choosing neutrino p;* and p,' during the Higgs
boson event probability integration. Since no neutrinos have |p,| or |p,| > 60 GeV,
any neutrino p;' and p;' which gives a solution with [p;?| or [py?| > 60, using Q, =
Pl +p2 + p + p22 and similarly for @y, is discarded before the unknown kinematics and
event probability are calculated. py or pj! is re-chosen repeatedly until [p,| and |p,| are
less than 60 GeV. This dramatically increases the number of iterations for which valid
solutions may be found.
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Figure 7.4: A comparison of template distributions from which variables are drawn during
the importance sampling integration and the distributions of the variables at generator
level for neutrino p, (a) and p, (b) from Higgs boson events.

The integration should evenly sample the integration region when the weights are taken
into account. To test this, distributions of the points drawn from the template function
multiplied by their associated weights may be checked. This is shown in Figure 7.5 for the
neutrino p, distribution. This distribution is flat, showing that the importance sampling
integration correctly samples the full phase space evenly.
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Figure 7.5: Neutrino p. distribution used for the integration multiplied by its associated
weight.
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7.5 Integrated matrix element likelihood

There are many different choices of integration variables which may be used to account
for the unknowns of the system, some of which have been discussed in Section 7.3. If
there were an infinite number of iterations, all sets of integration variables should achieve
the same result however this level of precision cannot be achieved in practice. Thus it is
necessary to choose the set of integration variables which allows the integration to converge
with the smallest number of iterations. Figure 7.6 shows the matrix element likelihood
for test MCQNLO Higgs boson and WW samples, consisting of 500 events each, with
integrations performed over p2', p?2, my, and mj, with 10,000 iterations. This shows
reasonable separation between Higgs boson events and SM W W events however there is
quite a lot of overlap, suggesting that the integration is perhaps not optimal given the

number of iterations.
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Figure 7.6: Integrated likelihood ratio for test MCQNLO Higgs boson and WW samples.
The Higgs boson sample has a mass of 160 GeV. The integration is performed over p7',
pY2, m%,vl and m%,vz. No transfer functions are applied. The matrix element is evaluated
at myg = 160 GeV.

An investigation of other possible integration variables is shown in Figure 7.7 for
integrations performed over p%', p¥2, mg, and mjy, for the WIW event probability and
using a change of variables to p', p¥2, miy, and mj3; and pit, pi', p¥* and m3; for the Higgs
boson event probability. The same test samples as previously are used, consisting of 500
events with 10,000 iterations. The top two figures show the matrix element likelihood with
all events included and the bottom two show the distributions once all events with zero
Higgs boson event probability have been excluded. This figure indicates that the integral
over pit, p¥2, m%vl and m? has relatively many more events with zero Higgs boson event
probability. This is because, for some events, it is not possible to find any valid solutions,
even after 10,000 iterations, due to the very narrow Higgs boson Breit-Wigner peak which
provides a very strong constraint. The integration performed over m%vl, m?; is constrained
not just by the Higgs boson Breit-Wigner but also by that of the W boson so has a larger
peak at zero than that performed over m?%. This is because, if the measured event
kinematics are rather far from their true values (due to detector resolution for example),

then if the integration variable distributions are very narrow many of the values chosen at
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random during the integration are inconsistent with the observed kinematics and have no
valid kinematic solution. If no solutions are found within the 10,000 iterations, the event
is assigned a zero Higgs boson event probability. This suggests that, in order to avoid
increasing the number of iterations, the correct choice of integration variables to evaluate
the Higgs boson event probability is p', pi', p/* and ma.
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Figure 7.7: Integrated likelihood ratio for test MCQNLO Higgs boson and WW samples.
The Higgs boson sample has a mass of 160 GeV. The integration is performed over p’!
pY2, le and mW for the WW event probability. No transfer functions are applied. The
matrix element is evaluated at my = 160 GeV. The integration for the Higgs boson event
probablhty is performed over p?', p%?, mj, and m% in (a) and (c) and p¥', pyt, Pyt and
m? in (b) and (d). Figures (a) and (b) show the matrix element likelihood ratio for all
events and Figures (c¢) and (d) show the same distributions once all events with no valid
solutions have been removed.

At this stage, the total z-component of the system is modelled using @, = plt + p'2 +
pvt + p¥2 = 0 and similarly for the y-component. This assumes that the Higgs boson
has zero pr, which is not necessarily correct and is further discussed later in this section.
One way to model the true @Q,, @, of the system is to use the missing E,, F, and let
Q. = p +p2 + E™* and Q, = ply1 + pl2 + Em’ss so that @), and @), are not necessarily
zero. Using this, the matrix element hkehhood ratio for the test Higgs boson and WW
samples with the integration performed over p;!, pi', p7* and m? is shown in Figure 7.8.
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This figure indicates that once this more realistic model of the x- and y-components of the
system has been incorporated, the performance of the matrix element likelihood improves,
with better separation of Higgs boson and SM WW events and far fewer events with no
valid solutions for the Higgs boson event probability. The performance of the matrix
element likelihood is assessed by calculating the significance, defined as [99]:

N,
S = \/2[(NS+NB)ln(1+NS) — Ng] (7.24)
B
obtained when requiring the events to have a matrix element likelihood larger than a
given value, with the cut value varied from 0 to 1 in steps of 0.04 to obtain the maximum
possible significance. The setup which has the largest maximum significance has the best

performance in terms of separating signal from background.
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Figure 7.8: Integrated likelihood ratio for test MCQNLO Higgs boson and WV samples.
The Higgs boson sample has a mass of 160 GeV. The integration is performed over my,
Py, s pyt. No transfer functions are applied. The matrix element is evaluated at
mpy = 160 GeV. Events with no solutions for the Higgs boson event probability have been
explicitly excluded in (a) and all events are included in (b). Previously, Q, = Q, = 0. In
this case, Q, = plt + p'2 + E™** and similarly for Q,.

7.6 Matrix element likelihoods with transfer func-
tions

The next step in optimising the matrix element likelihood is the inclusion of transfer
functions to account for the detector resolution. A simple method is used to apply these
transfer functions as a first test of the method. The transfer functions are applied by
varying the reconstructed quantities according to the detector resolution to account for
the fact that the measured kinematics may be far from their true values. The resolutions
for different objects have been determined by the ATLAS combined performance groups
and are described briefly below.
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Muon smearing is described in Ref. [100]. The smeared combined muon pr is given
by:

>}

s 4 8y
pr(CB) = pr(CB)[1 + UMfT

3
91D

Q
=~
5]

] (7.25)

3
Ms

where CB refers to combined muons reconstructed using a statistical combination of MS
and ID tracks, A(MS,ID) gives the total correction applied to the MS or ID psy and
o(MS,ID) is the resolution. These values are different in the barrel, transition and
endcap regions and are given in Ref. [100].
Electron energy resolution is parameterised at ATLAS using:
o S

5= s0C (7.26)

where o/ E is the fractional energy resolution, S is the sampling term and C'is the constant
term.

The energy resolution differs between different regions of the detector, thus S and C
also differ. Their values in given 7 regions are shown in Table 7.1.

|n|-region | S c
Inl <0.6 | 0.1 0.007
In| >0.6 | 0.15 0.007

Table 7.1: Sampling term, S, and constant term, C, used to parameterise the fractional
electron energy resolution, o/FE, described by Equation 7.26.

Figure 7.9 shows the difference between the lepton pr at the reconstructed level and
after smearing for electrons and muons. This shows that, for both cases, the difference
between the measured pr is generally within 1 GeV of the true pr, with a smaller difference
for muons, which has improved resolution with respect to electrons due to the combination
of tracks from the inner detector and muon spectrometer. This suggests that including
the lepton transfer functions in the calculation is not expected to have a significant impact
on the matrix element likelihood ratio.

The matrix element likelihood ratio for the same test samples is shown in Figure 7.10
after smearing the reconstructed lepton pr. The integration is performed over p;*, pi*,
p2t and m% and Q, = pt + pi2 + E™*% and similarly for Q,.

A comparison of the likelihood ratio plots before and after lepton smearing, shown in
Figures 7.8(b) and 7.10 respectively, show similar separation between the Higgs signal and
WW background. Therefore, the effect of the lepton resolution on the matrix element
likelihood distribution appears to be small. This is due to the excellent resolution of the
ATLAS detector: measured lepton energies are very close to their true values. The missing
Er resolution is not so good due to the complexity of the missing Er reconstruction. This
involves the precise measurement not only of the hard objects in the event but also of the
soft radiation in the underlying event as well as contributions from pileup, which must all
be very well-measured to achieve good missing Er resolution.
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Figure 7.9: This figure shows the difference between the reconstructed lepton pr and the
lepton pr after smearing for electrons (a) and muons (b).
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Figure 7.10: Integrated likelihood ratio for test MCQ@QNLO Higgs boson and WW samples.
The nggs boson sample has a mass of 160 GeV. The integration is performed over pi*, p*,

p“* and m?%. Lepton smearing is applied. The matrix element is evaluated at my = 160
GeV. Q, = pl + p2 + E™*% and similarly for Q,.

Previous studies using 7 TeV pp collision data at ATLAS [101, 102] have measured
the missing E7 resolution to be well described by the function:

o(EI"™ E)") = ay/> Er (7.27)

where @ = 0.49. Therefore, the E™** and EZ“SS of the events is smeared by drawing
from Gaussian distributions with widths given by Equation 7.27. This corresponds to the
application of the transfer function given in Equation 7.3. The smeared E7% and E;mss
are used in the matrix element calculation as a constraint on the total z- and y-components
of the system such that @, = plt + plz + Emisssmear () — pgl/1 + p}f + E;mss’sme“’".

After applying the missing FEr smearing, the matrix element likelihood ratio is shown
in Figure 7.11. This shows that the separation between the Higgs boson sample and the
WW sample actually decreases when the missing F7 smearing is applied. This could be
due to the contribution of WW events which are on the tail of the missing E7 smearing
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distribution falling wrongly into the Higgs boson signal region, causing large contributions
which would not be there at the truth level. Therefore, the missing Er smearing is not
applied.
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Figure 7.11: Integrated likelihood ratio for test MCQ@QNLO Higgs boson and WW samples.
The Higgs boson sample has a mass of 160 GeV. The integration is performed over p2',
Py, pyt and m?%. Lepton and missing E7 smearing is applied. The matrix element is
evaluated at mg = 160 GeV. Q, = plt + p'2 + E™** and similarly for Q,.

As mentioned previously, the calculation of the matrix element by MadGraph assumes
that the Higgs boson has no pr. An investigation at the truth level using MCQNLO
indicates that once higher-order effects have been included, the Higgs boson is expected
to have a non-zero pr distribution which is mass dependent and also dependent on the
hadronic activity (i.e. number of jets) in the event, with higher mass and larger number of
jets leading to pr distributions which are less peaked and tend to higher values. This can
be seen in Figure 7.12. This figure also shows the p distribution of the WW pair in SM
WW events and shows that this is slightly different from the Higgs boson pr distribution,
particularly for the zero jet case. This difference may be exploited to further improve the
separation between Higgs boson events and WW events by weighting the Higgs boson
and WW event probabilities according to where the event lies in the py spectrum.

After applying this pr weighting, the matrix element likelihood ratio is shown in
Figure 7.13. This shows a further small improvement in separation between Higgs boson
events and SM WW events.

7.7 Simplifications

As previously mentioned in Section 7.1, only the WW event probability is used in the
calculation since the WW background is the largest in this channel. While the separation
using the matrix element likelihood for WIWW events is very good, for other types of
background events it may not be optimal so future analyses may be improved by including
other background processes in the likelihood.
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Figure 7.12: pp of WW pairs from SM WW production and H — WW production with
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Figure 7.13: Integrated likelihood ratio for test MC@QNLO Higgs boson and WW samples.
The Higgs boson sample has a mass of 160 GeV. The integration is performed over p;*, p;*,
p“t and m?. Lepton smearing is applied. The matrix element is evaluated at myg = 160
GeV. Q, = pl + pl2 + E™% and similarly for Q,. Higgs boson pr weighting is applied.
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WW cross section measurement

The cross section of WW production, oy is defined as:

o _ NObs_NBkg
WW ™ cAx £ x BR

(8.1)

where Nops is the number of observed events, Npy, is the expected number of background
events, €A is the efficiency multiplied by the acceptance which is treated as one number,
BR is the branching fraction for two W bosons to both decay leptonically, and L is the
integrated luminosity. The acceptance is taken to be the expected number of WW events
in the 35 pb~! dataset, Nyy . This gives an acceptance times efficiency of Ny /(osar X
L x BR).

In order to calculate the relevant parts of this formula, the events are selected using
the criteria described in Section 4.7. Acceptance and efficiency scale factors are used as
detailed in Chapter 5. The backgrounds are taken from MC with the exception of that
arising from W+jets, which is determined as described in Section 6.3.

8.1 Systematic uncertainties

There are many sources of systematic uncertainty which contribute to the overall un-
certainty on the measured WW production cross section. The luminosity uncertainty is
calculated to be 11% using van der Meer scans as described in [24]. Other sources of
uncertainty arise from the cross sections used to determine the expected number of signal
and background events; these are also sensitive to the PDFs used, which provide another
source of uncertainty. As described in Chapter 5, various scale factors are applied to
the MC predictions to account for differences between data and MC. These scale factors
have their own uncertainties which must be accounted for. There are also additional un-
certainties inherent in the calculation of the backgrounds using data-driven methods, in
particular the W+jets background which is estimated entirely using data and the Z+jets
backgrounds for which the systematic uncertainty on the MC prediction is estimated using
data. These sources of uncertainty are summarised in Table 8.1.

The systematic uncertainty on the WW cross section enters the measurement in the
calculation of the acceptance which is used in the determination of the corss section
according to Equation 8.1.
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Source \ Mean Uncertainty Influence References
WW cross section - 5% MC signal acceptance Ref [103]
W/Z+jets - 10% MC background estimation Ref [104]
W/Z + - 5% MC background estimation Ref [105]
tt - 12% MC background estimation Ref [106]
Jet veto eff. SF (WW signal) | 96.6% 6.0% MC diboson efficiency Section 5.4
ee trig. SF 100% <0.01% Table 5.6
Single e ID eff. SF 97.0% 3.3% Section 5.3.1
ee SF (overall) 94.1% 7.6% -

i trig. SF 100% <0.01% Table 5.6
Single p ID eff. SF 98.0% 1.0% Section 5.3.2
pp SE (overall) 96.0% 1.5% -

ep trig. SF 100% <0.01% Table 5.6
eu SF (overall) 95.1% 4.9% -

PDF Uncertainty on Acc. - 1.2% MC WW signal acc. Ref [83
Jet Veto on Top (MC) - 40% MC bkg efficiency Ref [83
ISR/FSR on Top (MC) - 32% MC bkg efficiency Ref [83]
W+jets bkg (total) 0.54  0.32(stat.), 0.21(syst.) Ref [83]
Z+jets bkg (total) 0.24  0.15(stat.), 0.17(syst.) Ref [83]

Table 8.1: Table detailing the sources of systematic uncertainty considered in the WW
cross section measurement.

8.2 Results

Figure 8.1 shows the My, FEBR? and jet multiplicity distributions for the ee, uu and
epr channels separately with all cuts prior to the plotted distribution applied. In this
figure, and all other figures showing data-MC comparisons, the SM WW signal and all
backgrounds are normalised to the integrated luminosity of the dataset. This shows that
the agreement between data and MC is good in the ee and eu channels. There is some
discrepancy in the pu channel at earlier stages in the event selection. This could be due to
mismodelling of the Drell-Yan background. The use of the data-driven method to estimate
the Z+jets background, described in Section 6.1, should help reduce this discrepancy.

Further evidence of this generally good agreement between data and MC is shown
in Table 8.2 which shows the number of events for the signal and all of the backgrounds
going through the cutflow for each channel separately and combined, with the backgrounds
estimated using MC only.

The jet multiplicity distribution for ee, puu and ep channels combined after all cuts
except the final jet veto is shown in Figure 8.2 and shows good data-MC agreement. The
number of events after all cuts for the W signal and all backgrounds, as well as the
observed number of data events, is shown in Table 8.3. Statistical and systematic errors
are shown in this table; a full discussion of sources of systematic uncertainty is given in
Section 8.1. These values are used as inputs to the final calculation of the observed WW
cross section, which is detailed in the following sections and in Ref. [83].

An event display of an observed candidate event in the ey channel is shown in Fig-
ure 8.3.
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Cut | WW signal Z W Top WZ | AlMC Data
ee channel
Two opp. sign leptons 3.73 6051.33 1.31 17.47 4.24 | 6078.07 6075
My > 15 GeV 3.71 6043.45 1.31 17.30 4.24 | 6070.01 6062
Z veto 3.23 765.87 1.31 14.80 0.71 | 785.92 872
ERel > 40 GeV 1.28 0.00 0.16 5.73 0.11 7.28 12
Jet veto 0.85 0 0 0.04  0.05 0.94 1
it channel
Two opp. sign leptons 8.18 13368.06 1.38 42.00 9.13 [ 13428.75 12841.00
My > 15 GeV 8.09 13340.17 1.38 41.46  9.13 | 13400.23 12767.00
Z veto 6.99 1999.60 0.89 36.28  1.64 | 2045.41  1936.00
ERel > 40 GeV 2.87 0.09 0.07 1332 0.24 16.59 14.00
Jet veto 1.74 0.01 0 0.15  0.10 2.00 2
eft channel
Two opp. sign leptons 11.12 38.19 2.63 57.35 0.77 110.06 126
Rel > 20 GeV 7.68 0.68 1.18 3595 0.45 45.95 38
Jet veto 4.81 023 010 0.36 0.24 5.74 4
All channels
Two opp. sign leptons 23.05 19457.57 5.31 116.82 14.14 | 19616.90 19042
My, 22.94 19421.82 5.31 116.11 14.13 | 19580.32 18955
Z veto 21.61 2801.28 4.90 109.09 3.14 | 2940.02 2935
Rel 11.83 0.77 141 55.00 0.80 | 69.82 65
Jet veto 7.40 024 010 0.55  0.39 8.68 8

Table 8.2: Table showing the number of WW signal events expected in 35 pb~! of inte-
grated luminosity as well as the expected number of background events and the observed
number of data events. All backgrounds are taken from MC.

8.3 WW production cross section measurement

A maximum log-likelihood function is used to fit the WW cross section. This is based
on the expected number of events from MC and the observed number of data events and
uses Poisson statistics. The constructed log-likelihood for the individual channels is given
by:

3 o~ (NN (NP 4= N#YNops
F:lnHe b;\ﬂs'—i_ b) b7

i=1 obs*

N! = oww X BRx £ x eA x SF, (8.2)

where i = 1,2, 3 corresponds to the three dilepton channels and N%, Nj and Np,, give
the expected number of signal and background events and the observed number of data
events in channel i. As previously defined, oy is the WW production cross section,
BR is the branching ratio, £ is the integrated luminosity, €A is the acceptance times the
efficiency and SF is the scale factor applied to correct the MC so it more closely matches
data. €A = Nyeeo/Nproa 1s calculated to be 7.5/105 = 0.070 £ 0.005. F is maximised to
calculate the observed WW cross section. These results are summarised in Table 8.4.

These results give an overall cross section, with statistical and systematic uncertainties
included, of:
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Channel

ee

[t

ep

Combined

Observed Events

1

2

5

8

MC WW Signal

0.85%0.02+0.13

1.7440.0440.24

4.814+0.06£0.68

7.40+0.074+1.05

Backgrounds
Top (MC)
W+jets (Data)
Z+jets (MC)

0.04£0.02+0.03

0.08+0.05+0.03
0+0.10£0.07

0.05+0.01+0.01

0.15+0.06+0.08
0£0.2940.10

0.01+£0.10+0.07

0.10£0.01+0.01

0.36+0.10+0.19
0.46+£0.12+0.17
0.23+0.06+0.15
0.24+0.051+0.03

0.55+0.124+0.30
0.54+0.32+0.21
0.24+0.15+0.17
0.3940.04+0.06

Other dibosons (MC)

Total Background 0.17£0.11+£0.09 0.26+£0.31+£0.15 1.29£0.17£0.32 1.72£0.37+£0.45

Table 8.3: Expected number of events for the WIW signal, all backgrounds and data
in 35 pb~! of integrated luminosity. The backgrounds are determined as indicated in
the table. The central values of the Z+jets backgrounds are taken from MC while the
uncertainties are measured using a data-driven method. The errors shown are statistical
(first) and systematic (second).

Channel Ng Np Nows oww [pb]

ee 0.85 0.17 1 45173
i 1.74 0.26 2 46150
e 481 129 5 361%
Total  7.49 1.72 8 4013

Table 8.4: Expected and observed number of events used in the calculation of the SM
WW cross section measurement and the corresponding calculated cross section. Quoted
uncertainties are statistical only.

oww = 4075 (stat.) & 7(syst.) pb [83].

This is in agreement with the SM NLO prediction of 46 + 3 pb. The signal significance
is calculated to be 3 o, corresponding to a probability of 1.4 x 1073 for the background
to fluctuate up to the observed number of data events.

The dominant source of uncertainty on this measurement is statistical with the current
dataset, amounting to a 44% uncertainty. Systematic uncertainties correspond to a 16.4%
uncertainty in total.This uncertainty is calculated using the following formula:

Gayst/Tww = \(AL/L)? + (AA/A)? + (ANy/(Nops — Ny))? (8.3)

where the fractional uncertainty on the luminosity, AL/L, is 11%; AA/A, the fractional
uncertainty on SM WW acceptance, is 7.4% and the uncertainty on the number of back-
ground events, AN,/(Nys — Ny), is 34%.

The systematic uncertainties do not enter the likelihood directly but are instead cal-
culated using Equation 8.3.
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Figure 8.1: Event distributions for the WW cross section in the ee, pup and ep channels
(from left-right) with all cuts prior to the one shown applied. The distributions in this
figure are (from top-bottom): My, E2 and the number of jets with py > 25 GeV.
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Figure 8.2: Jet multiplicity distribution for the SM WW cross section measurement in all
channels combined after all cuts except the jet veto.
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Figure 8.3: An event display for a candidate from WW — evpuv,. The electron is shown
in red, the muon in dark blue and the direction of the missing Fr is indicated with a

dotted light blue line.



Chapter 9

H — WW search results using the
cut-based method

This chapter shows the final results obtained in the search for the Higgs boson in the WW
decay mode using the simple cut-based selection described in Section 4.8. The systematic
uncertainties associated with the measurement are discussed in Section 9.1. Section 9.2
shows the final expected and observed number of events at all stages of event selection,
with separate discussions given for the zero, one and two jet channels. Finally, the calcu-
lation of the limits on Higgs boson production at ATLAS is described in Section 9.3.

9.1 Systematic uncertainties

Similar sources of systematic uncertainty affect the search for H — WW to those which
are relevant to the W W production cross section, described in Section 8.1. These uncer-
tainties are summarised in Table 9.1 and are all given as fractional uncertainties.

Source of Uncertainty

Treatment in analysis

Jet energy resolution (JER)
Jet energy scale (JES)
Electron selection efficiency
Electron energy scale
Electron energy resolution
Muon selection efficiency
Muon momentum scale
Muon momentum resolution
b-tagging efficiency
b-tagging mis-tag rate
Missing Er

Luminosity

~ 14%, see Ref. [107]

< 10% for pr > 15 GeV and |n| < 4.5.

6 — 16% as a function of pr

1% for |n| < 1.4, 3% for 1.4 < |n| < 2.5

Sampling term 20%, a small constant term has a large variation with
1.2% for pt < 20 GeV and 0.4% for pr > 20 GeV

1 dependent scale offset in pr, up to ~ 3.5%

pr and 1 dependent resolution smearing functions, < 10%
pr dependent scale factor uncertainties, 10-12%, see Ref. [81]
up to 26%

Add/subtract object uncertainties into the ERS, up to 20%
11%

Table 9.1: Experimental sources of systematic uncertainties.

In addition to the systematic effects covered by Table 9.1, there are additional uncer-
tainties arising from the data-driven estimation of background processes. The methods
used to estimate backgrounds all work in the same way: backgrounds are estimated using
a control region in data which is expected to be completely dominated by the background
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process of interest. An extrapolation from this control region to the signal region is
performed using a scale factor, a. It cannot be guaranteed that the control regions are
completely free from contamination from other backgrounds, although the choice of good
control regions should minimise this effect. However, assuming that there is some small
contribution from other processes in the control region, this contribution may be mod-
elled using a further scale factor, 3. These o and ( parameters also suffer from systematic
uncertainties which must be accounted for in the limit setting procedure.

The sources of systematic uncertainty described in Table 9.1 should also be applied
to the calculation of o and (3 to determine the effect on these parameters. Currently,
only the W+jets background estimate in the H + 05 and H + 15 channels, described in
Section 6.3, is taken from data. The sources of systematic uncertainty considered are the
dependence on the trigger used to collect a jet-enriched sample in which to measure the
fake factor, the difference in the fake factor in W+jets and dijet events, the variation of
the fake factor in different data periods and the contamination from real leptons. These
uncertainties, as well as the estimated number of W +jets events after all cuts have been
applied are summarised in Table 9.2 for the H 4+ 05 and H + 1j channels.

Channel \ Estimated background Statistical uncertainty Systematic uncertainty
H + 0j analysis

ee channel 0.02 0.01 0.1

(e channel 0.0 0.1 0.1

et channel 0.01 0.01 0.02
H + 1j analysis

ee channel 0.03 0.02 0.01

(e channel 0.0 0.1 0.1

et channel 0.02 0.02 0.01

Table 9.2: Systematic and statistical uncertainties on the W+jets background estimate
in the H + 07 and H + 1j channels. Uncertainties are absolute.

9.2 Results

This section shows the final data-MC agreement at all stages of the cutflow for the zero,
one and two jet channels in Sections 9.2.1, 9.2.2 and 9.2.3 respectively. All tables and
plots are shown with a hypothesized Higgs mass of 170 GeV. A summary of all jet bins
and all hypothesized Higgs boson masses from 120 to 200 GeV is given in Section 9.2.4.

9.2.1 Zero jet channel

The expected number of events in 35 pb~! of integrated luminosity from MC are compared
with the observed number of events in Table 9.3 for the zero jet channel. The number
of events after the common preselection is also shown in the first two lines of the table.
This preselection is also applied in the H + 15 and H + 25 channels before requiring one
and at least two jets. Observed data appear to be consistent with MC expectation.
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Selection Signal WW  W+jets Z+jets top WZ/ZZ/W~  Total Bkg.  Observed
mge > 15 GeV 5.39+0.03 27.1 5.09 19500 119 15.53 19700+36.2 19800

Efrniss> 30 GeV 4.7240.03 17.3 3.17 44.2 100 1.28 166+2.1 173

0 jet 2.4940.02 11.0 2.03 11.1 1.45 0.59 26.1+1.1 24

pl7{ > 30 GeV 2.34+£0.02 9.73 1.65 2.32 1.34 0.52 15.640.6 19

mygy < 65 GeV 2.0440.02 3.83 1.22 0.70 0.38 0.29 6.42+0.43 8
Agppp < 1.8 1.96+0.02 3.31 0.74 0.42 0.34 0.28 5.09+0.34 6

0.75 X myg < mp <mpyg  1.26£0.02 1.44 0.03 0.00 0.21 0.03 1.7140.11 3

Table 9.3: The expected number of signal and background events based on MC in the
H + 0j analysis for 35 pb~! of integrated luminosity. The signal numbers correspond to
the case of my = 170 GeV. The ‘top’ refers to ¢t and single top backgrounds. Errors
are statistical only and are calculated using the large MC samples listed in Table 4.1 and
scaled to the integrated luminosity of the data sample, with the exception of the W +jets
background, which is calculated using the data-driven method described in Section 6.3.
The ee, ep and pp final states are summed. The first two lines show the expected and
observed number of events for the common preselection which is applied in all jet bins.

Figure 9.1 shows the transverse mass distribution for ee, uu and ey channels combined
in the H + 0j channel once all cuts except the final cut on the transverse mass have been
applied. This figure shows that once the ms cut has been applied, a high signal to
background ratio is achieved, giving maximum sensitivity to the Higgs boson if it exists.
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Figure 9.1: my distribution for the zero jet channel after all cuts except that on my.
ee, pp and ep channels have been combined. The signal region lies within the dotted
lines. Backgrounds have been estimated using MC scaled to an integrated luminosity of
35 pb~!. Errors shown are statistical only.

9.2.2 One jet channel

Table 9.4 shows the observed and expected number of events in 35 pb~! of integrated
luminosity for the one jet channel, with backgrounds taken from MC only. As in the zero
jet channel, good agreement between data and the MC background-only expectation is
seen.
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Selection Signal WW  W+jets Z+jets top WZ/ZZ/W~ Total Bkg.  Observed
1 jet 1.48+0.02 4.48 0.79 15.9 16.6 0.41 38.2+1.2 43
b-jet veto 1.4740.02 4.41 0.70 15.7 9.44 0.41 30.7£1.2 35
pgm < 30 GeV 1.25+0.02 3.86 0.47 11.9 6.11 0.30 22.6+1.0 27
Z — 1T veto 1.2340.02 3.61 0.40 6.53 5.64 0.28 16.54+0.7 21
myy < 65 GeV 1.05+0.02 1.34 0.00 3.31 1.72 0.12 6.49+0.45 9
Agpe < 1.8 0.97+£0.02 0.98 0.00 2.26 1.32 0.09 4.65+0.32 5
0.75 x myg <mpr <mg  0.60£0.01 0.39 0.05 0.30 0.51 0.02 1.27£0.13 1

Table 9.4: The expected number of signal and background events based on MC in the
H + 15 analysis for 35 pb™! of integrated luminosity. The signal numbers correspond to
the case of myg = 170 GeV. The ‘top’ refers to tt and single top backgrounds. Errors
are statistical only and are calculated using the large MC samples listed in Table 4.1 and
scaled to the integrated luminosity of the data sample, with the exception of the W+jets
background, which is calculated using the data-driven method described in Section 6.3.
The ee, e and pp final states are summed.

The my distribution for the one jet channel after all cuts except that on my itself
is shown in Figure 9.2. A lower signal to background ratio than the zero jet channel is
expected, indicating that the bulk of the sensitivity to the Higgs boson arises from the
zero jet analysis.
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Figure 9.2: my distribution for the one jet channel after all cuts except the cut on myp
itself. ee, pup and ep channels have been combined. The signal region lies within the dotted
lines. Backgrounds have been estimated using MC scaled to an integrated luminosity of
35 pb~!. Errors shown are statistical only.

9.2.3 Two jet channel

Expected and observed number of events with 35 pb™! of integrated luminosity for the
two jet channel is shown in Table 9.5. After the requirement of 7;, * n;2 < 0, the agree-
ment between data and MC is good however, before this, the MC background expectation
appears to slightly underestimate the observed data. This could be due to an underesti-
mation of the top background in the ee channel, as suggested by Table 6.3 in Section 6.2.
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Regardless, it is not significant with the current dataset but may warrant further inves-
tigation if this deficit of expected events compared to observed events persists with more
data.

Selection Signal WW  W+jets Z+jets top WZ/ZZ/W~  Total Background  Observed

> 2 jets 0.81 £+ 0.01 1.86 17.1 0.35 78.3 0.33 97.9 + 1.89 106

N1 * M2 <0 0.52 £ 0.01 0.89 7.87 0.00 35.7 0.14 44.6 + 1.27 46
Anjj > 3.8 0.25 £ 0.01  0.16 0.51 0.00 2.68 0.02 3.37 £ 0.33 5
mjj; > 500 GeV 0.17 £ 0.01  0.08 0.14 0.00 1.58 0.01 1.81 + 0.23 3
Extra jet veto 0.15 £ 0.01  0.05 0.12 0.00 0.42 0.00 0.61 £ 0.15 1
b-jet veto 0.14 £+ 0.01 0.05 0.12 0.00 0.24 0.00 0.42 4+ 0.15 1
p%:"t < 30 GeV 0.13 £ 0.01  0.04 0.11 0.00 0.14 0.00 0.31 £+ 0.12 1
Z — 171 veto 0.12 £ 0.01 0.04 0.11 0.00 0.08 0.00 0.24 £ 0.11 1
myge < 80 GeV 0.12 &+ 0.01  0.02 0.11 0.00 0.01 0.00 0.15 £ 0.10 1
Agpp < 1.8 0.10 + 0.01  0.01 0.11 0.00 0.01 0.00 0.14 £ 0.10 0
0.7 x myg <mp <mpyg 0.06 £ 0.01 0.01 0.00 0.00 0.01 0.00 0.02 £ 0.01 0

Table 9.5: The expected number of signal and background events based on MC in the
H + 24 analysis for 35 pb~! of integrated luminosity. The signal numbers correspond to
the case of my = 170 GeV. The ‘top’ refers to ¢t and single top backgrounds. Errors
are statistical only and are calculated using the large MC samples listed in Table 4.1 and
scaled to the integrated luminosity of the data sample. The ee, e and pp final states are
summed.

Once all cuts have been applied except the my cut, there are no events observed in
data. This is consistent with the MC expectation of 0.02 £+ 0.01 events. Nevertheless,
Figure 9.3, which shows the my distribution after the cut on 7; * n;, to benefit from
improved statistics and the my distribution after all other cuts, indicates that the signal
to background ratio in the two jet channel is in fact better than both the zero and one
jet channels. This channel suffers from the small cross section of the VBF Higgs boson
production mechanism hence does not contribute significantly to the calculated Higgs
boson limits with the current dataset. However, with a larger dataset in the future, this
good signal to background ratio may be exploited and the two jet channel should show
an increasing contribution to the search potential of the H — WW channel.

9.2.4 Summary

The number of events expected using MC for the signal and all of the backgrounds except
the W+jets background, which is estimated using the data-driven method detailed in
Section 6.3 for the H + 07 and H + 15 channels, is shown in Table 9.6. No excess is
observed hence limits on Higgs boson production are set as described in the following
section.

9.3 Limits on Higgs boson production

The profile likelihood method [99, 108] is used to set limits on Higgs boson production,
as described in detail in Ref. [90]. This method uses the likelihood function, defined in
Equation 9.2, as a test statistic. The limit setting procedure performs a hypothesis test
between the null hypothesis, Hy, which is the background-only model and the alternative



Chapter 9. H — WV search results using the cut-based method 103

3 10°E e omm L e howwm m0Gey 3 1k o T e howwm mocen

(O] E —— VBFH-WW(M,=170GeV) [ Wejets 3 O] E ——— VBF HoWW(M, =170 GeV) [7] W+jets E

Q S — - W N = - . W 1

- 102 = I Zv+iets I Wzizzwy - - [ D Zv+ets I Wzzzwy ]
7 E 3 n

2 F . \s=7TeV 3 2 101 \s=7TeV_

5 10 : L|ILdt=35pb“; 5 F '[Ldt=35pb"§

E TR 3 E J

1= = I |

£ E 102 E

107 = c ]

1025 p 10°E E

E C N |

200 250 300 250 300
M; [GeV] M; [GeV]
(a) (b)

Figure 9.3: my distribution for the two jet channel after the cut on 7;, *n;, (a) and after
all the cuts except the cut on my itself (b). The signal region lies within the dotted lines.
ee, pup and ep channels have been combined. Backgrounds have been estimated using MC
scaled to an integrated luminosity of 35 pb~!. Errors shown are statistical only.

hypothesis, Hy, which is the signal plus background model. The parameter of interest (the
signal cross section) in the model being considered can be determined by maximising this
likelihood ratio. To determine the expected limit, this may be performed for a number of
pseudo-experiments with the number of signal and background events Poisson fluctuated
and for a range of different hypothesized values of the parameter of interest. From this
the expected 95% C.L. limit may be extracted.

The H+0j, H+ 17 and H + 25 channels are treated as separate analyses and are then
combined by multiplying their likelihood functions to give a combined likelihood:

L(p) = Lgiobat % Lryoj(pt) X Lgi1j(1) X Lige; (1) (9.1)

In this equation, Ly constrains the nuisance parameters which model the global
systematic uncertainties which affect all channels and are shown in Table 9.1. p param-
eterises the signal strength, which is assumed to be the same in each of the jet channels.
It is this parameter which the limit setting procedure aims to extract and in this case
it is expressed as a ratio of the observed cross section to the expected SM Higgs boson
production cross section.

The channel-specific terms in Equation 9.1 constrain the nuisance parameters spe-
cific to each jet bin. These terms consist of products of Poissonians for the signal and
backgrounds with the extrapolation parameters o and (3, as discussed in Section 9.1,
constrained by Gaussians.

The likelihood function is maximised twice to calculate the likelihood ratio A(u):

L(p1,0(1)) i >0,

Ay =4 L0 9.2)
L(p1,0(1)) i <0,

L(0,6(0))

The first time the likelihood function is maximised, the parameters are allowed to
wander freely within their uncertainties and a best fit value of signal strength is extracted,
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my [GeV] Jet bin Signal Total Bkg. Observed

H+0j 0.15 0.87 1
120 H+1j 005 1.05 1
H+2j 001 0.00 0
H+0j 034 0.97 2
130 H+1j 013 1.07 1
H+2j 003 0.01 0
H+0j 056 1.07 2
140 H+1j 022 1.02 0
H+2j 003 0.03 0
H+0j 0.78 1.12 1
150 H+1j 032 1.03 0
H+2j 004 0.03 0
H+0j 111 1.09 1
160 H+1j 050 0.93 0
H+2j 0.06 0.03 0
H+0j 113 1.03 2
165 H+1j 050 0.93 0
H+2j 006 0.02 0
H+0j 126 1.70 3
170 H+1j 06 1.26 1
H+2j 0.06 0.02 0
H+0j 085 1.33 3
180 H+1j 042 1.25 1
H+2j 005 0.01 0
H+0j 045 0.97 3
190 H+1j 024 1.12 1
H+2j 0.03 0.01 0
H+0j 029 0.72 3
200 H+1j 015 0.85 1
H+2j 0.02 0.01 0

Table 9.6: The expected and observed number of events in 35 pb~! of integrated luminosity
for each jet channel for ee, pp and ey channels combined.

ft. The second time, the signal strength p is constrained by [ to give an estimator g,,:

0 ~
o <u nfi <o
7] = A_ = N 93
U {0 > —21In M(e(é;)) 0<p<pu, (9:3)
0 >

In the above equation, 0 represents the preferred set of nuisance parameters extracted
from the first fit, with 0 repesenting the same quantity but from the second fit.

Assuming a signal strength of 4, the PDF f(q,|u, O(A,u)) is constructed using toy MC.
The p-value, which expresses the likelihood that a given test statistic is at least as extreme
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as the observed test statistic under the assumption that the null hypothesis is true (and
the Higgs boson does not exist), is calculated. For example, if the Higgs boson did exist,
a small p-value would indicate that it was extremely unlikely that the observed number
of events was consistent with the SM. In this case, the p-value for signal strength p is
given by:

Pu = / S (@l () da, (9.4)

1, 0bs

To obtain a 95% C.L., iterations are performed with an assumed signal strength of
to obtain p,,, < 5% to give a value of p,,. The expected median, fipeq, is extracted in
a similar fashion using background-only toy MC. The £10 and 4+20 bands can also be
obtained this way. There is a chance that the null hypothesis may be wrongly excluded
in cases where the expected and observed number of events is very small and statistical
fluctuations could have a large effect. To avoid this, if the observed limit fluctuates
beneath the fi,,.q — 1o band, the quoted limit is given as ji,,.q — 1o instead of the observed
smaller value. This is known as a Power Constrained Limit (PCL) [109].

Figure 9.4 shows the expected and observed limits on the Higgs boson production cross
section obtained by the ATLAS experiment with 35 pb~! of data using the H — WW
decay mode. A SM-like Higgs boson of mass my = 160 GeV with a cross section of 1.2
times the SM value is excluded at 95% C.L.

& 10°E 'ATLAS Preliminary | o =
® - —— Observed j Ldt =35 pb" -
c - ]
- Expected

S r xpecte Vs=7TeV -
E 10°F W=t =
| = 3
- - [ ]+ 20 g
O L .
! - ]
& 10

-l

|
20 130 140 150 160 170 180 190 200
m, [GeV]

Figure 9.4: The expected signal cross section as a ratio of the SM-only cross section which
is excluded at 95% C.L. in the H — WW channel using 35 pb~! of integrated luminosity
and a combination of the H + 05, H + 15 and H + 2j channels.

Results from the Tevatron [110, 111] using the CLg method [112] are overlaid with
the obtained ATLAS results and shown in Figure 9.5. ATLAS limits are also shown
in this figure as calculated using the CLg method with asymptotic approximations [99].
This comparison shows that even with such a small dataset, the ATLAS limit closely
approaches the Tevatron limit, which was obtained using 5.9 fb~! and a combination of
all Higgs boson search channels. Thus, with more data it is clear that if the Higgs boson
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does not exist, the limits obtained with ATLAS will quickly eclipse the Tevatron’s results
in the mid to high Higgs boson mass range (from ~ 130 GeV upwards). Similarly, this
translates in the ability to rapidly discover the Higgs boson if it does exist. To extend
the sensitivity to the low mass range will need much more data as well as improvements
in the analysis itself, such as lowering lepton pr thresholds to increase the acceptance for
low mass Higgs boson events which will produce soft leptons.

2 I T I 1 17T I T 1T I T 1T 17T I T 1T 17T I T
o 1 0’ ? ATLAS Prellmmary =
© - —e— Observed PCL Ldt =35 pb 3
5 L Expected PCL Ns=7TeV
E 1 0? E B+ o —&— Observed CLs 3
:: - Cd+20 - - - Expected CLs
(©) L _

o
S 10
o

.................................................

= Tevatron <L> = 5.9 fb1

—#— Observed CLs <4—
--- Expected CLs EXC|US|0n
P Ll L

-1 v
101450730140 150 160 170 180 190 200"
m,, [GeV]

Tevatron

Figure 9.5: The expected signal cross section as a ratio of the SM-only cross section which
is excluded at 95% C.L. in the H — WW channel using 35 pb™! of integrated luminosity
and a combination of the H+0j, H+1j and H+2j channels. A comparison is shown with
the Tevatron limits, calculated using the CLg method. The ATLAS limits as calculated
using both the PCL method and the C'Lg method are shown.
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— WW search results using the

matrix element discriminant

Results obtained using the matrix element discriminant, which is discussed in detail in
Chapter 7, are presented in this chapter. A discussion of possible sources of systematic
uncertainty is provided in Section 10.1, the results obtained with the matrix element

method are shown in Section 10.2 and the final limits on Higgs boson production are

given in Section 10.3

10.1 Systematics

Various source of systematic uncertainty are considered. These sources are:

JES: The jet energy scale is varied by +10 to estimate the effect of this uncertainty.

JER: To determine the effect of the jet energy resolution, the jet energies are
smeared according to a Gaussian.

Electron reconstruction and identification efficiency: This is known to differ
in data and MC, and a py and 1 dependent scale factor is applied to MC to correct
for this, as described in Section 5.3.1. This scale factor has an associated uncertainty;,
thus the uncertainty associated with the electron reconstruction and identification
efficiency is determined by adding and subtracting the uncertainty to the scale
factor.

Electron resolution: The electron resolution uncertainty is determined in the
same way the JER is determined.

Muon reconstruction and identification efficiency: This is calculated in the
same manner as the electron reconstruction and identification efficiency uncertainty
is determined.

Muon resolution: This is determined in the same way as for the jets and electrons.

Missing Ep: The uncertainty on the missing Er is estimated by propagating the
object uncertainties through to the missing Er calculation, giving an uncertainty of
up to 20%.

107
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e Luminosity: This uncertainty is calculated to be 11% using van der Meer scans [24].

The magnitude of these uncertainties can be seen in Table 9.1.

The pr distributions of the leading and subleading electrons using the nominal event
selection and after varying the electron reconstruction and identification efficiency scale
factor and the electron resolution are shown in Figure 10.1. This figure indicates that the
reconstruction and identification efficiency uncertainty is the dominant source of uncer-
tainty affecting electrons.

3 0 1 3 700 E
O 500 Nominal - O = Nominal E
- L Electron resolution up ] . i Electron resolution up 7:
S C Electron resolution down | S 600 C Electron resolution down
o 400 Electron eff. SF up — %] C Electron eff. SF up |
-g N Electron eff. SF down ] -g 5001~ Electron eff. SFdown |
[ r ] c £ ]
% 300 4 w400 =
: ] 300F =

2001~ = E ]

r ] 200F =

100F - E ]

L ] 100~ =

ot R B B L] ot ‘ L1

0 20 40 60 80 100 0 20 40 60 80 100
Electron P; [GeV] Electron P, [GeV]

(a) (b)

Figure 10.1: Leading (a) and subleading (b) electron pr distributions for Higgs boson
events in the ee channel in MC for the nominal case, after allowing the electron pr to
vary within its allowed resolution and after varying the electron efficiency scale factor by
+10 using a Higgs boson sample with my = 170 GeV.

Figure 10.2 shows the pr distributions of leading and subleading muons once the muon
reconstruction and identification efficiency and muon resolution are varied as well as the
nominal pp distributions. This figure indicates that the uncertainties are smaller for
muons than electrons. This is to be expected since the intrinsic detector resolution for
muons is better than that for electrons, as can be seen in Figure 7.9. As in the electron
case, the dominant uncertainty for muons is that arising from the reconstruction and
identification efficiency.

The pr distributions for leading and subleading jets are shown in Figure 10.3 with
the variations in JES and JER shown as well as the nominal distributions. This figure
also shows the jet multiplicity distribution with these uncertainties applied. The JES
uncertainty has the largest effect, causing migration between the various jet bins. Since
only the lepton kinematics are used as an input to the matrix element calculation, these
jet uncertainties propagate through to an overall normalisation systematic and do not
affect the shape of the matrix element likelihood distribution.

After applying the electron and muon uncertainties, the matrix element distribution
is shown in Figure 10.4. These uncertainties do not significantly alter the shape of the
matrix element likelihood distribution, indicating that the method is robust even once
uncertainties have been accounted for.
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Figure 10.2: Leading (a) and subleading (b) muon pr distributions for Higgs boson events
in the pp channel in MC for the nominal case, after allowing the muon pr to vary within
its allowed resolution and after varying the muon efficiency scale factor by +1o0 using a
Higgs boson sample with my = 170 GeV.

10.2 Results

The expected number of events in the ee, pup and ey channels after the preselection de-
scribed in Chapter 4 are given in Tables 10.1, 10.2 and 10.3 respectively. These tables
indicate that the agreement between data and MC is good in all channels, with no signif-
icant discrepancies observed.

Selection Signal WW  WHjets  Z+jets top Other  Total Bkg.  Observed
Opposite charge dileptons 0.86 4.35 1.22 5879 21.47 4.88 5911 6212
My > 15 GeV 0.83 4.31 1.22 5866 21.28 4.85 5897 6174
[My — Mz| > 15 GeV 0.77 3.40 1.09 592.3 16.93 0.55 614.3 696
E;’”Rggl > 25 GeV 0.64 2.09 0.67 2.59 9.68 0.22 15.25 24
0 jet 0.37 =+ 0.01 1.48 0.45 1.45 0.20 0.09 3.68 + 0.33 6
E;ngl > 40 GeV 0.32 £+ 0.01 0.98 0.00 0.00 0.20 0.03 1.21 £ 0.09 3
1 jet 0.18 £ 0.01 0.42 0.15 0.37 1.92 0.10 3.02 £ 0.36 2
> 2 jet 0.09 £+ 0.004 0.18 0.07 0.70 7.13 0.03 8.11 £+ 0.50 16

Table 10.1: The expected number of signal and background events in the ee channel for
35 pb™! of integrated luminosity for a Higgs boson signal sample with my = 170 GeV.
The signal and all backgrounds are estimated using MC only. Errors are statistical only.

The expected number of signal events for all hypothesized Higgs boson masses, from
120 < my < 200 GeV, and all backgrounds after the preselection in the 0 jet channel, with
the requirement of FR > 40 GeV, is given in Table 10.4 for the ee, up and eu channels
as well as all lepton channels combined. This table also gives the observed number of
events in each of these channels.

After applying a loose preselection, with ZR°! > 25 GeV, the matrix element likelihood
distributions are given in Figure 10.5 for all jet channels combined, the zero jet channel,
the one jet channel and the two jet channel (which consists of events with two or more
jets). These distributions are shown for MC only, with a Higgs boson signal mass of

170 GeV. Good separation between the Higgs boson signal and the SM W W background



Chapter 10. H — W1 search results using the matrix element discriminant110

% 10007 ‘ 7 S 5001 ‘ 3
o r —— Nominal B S L — Nominal 4
- F — JES up 7 s r —JESup ]
2 800~ JESdown | 2 400 JESdown |
g L —JER up i 8 C —JERup i
= L — JER down 4 = - — JER down B
@ 600 7 & 300 .
400 . 200~ B
200~ . 100 .
o )] 0: 1 e .
0 20 40 60 80 100 0 20 40 60 80 100
Jet P [GeV] Jet P; [GeV]
(a) (b)

: ErrrrrrTT L L B B B |

ggooo; — Nominal E

£8000= — JESup E

L E JES down 3

7000E —JERup E

6000; —— JER down é

5000E E

4000F =

3000F =

2000F E

1000 i =

O:HH\HH\HHHH‘ T

0 1 2 3 4 5 6 7

s

Number of jet
(c)

Figure 10.3: Leading (a) and subleading (b) jet pr distributions and jet multiplicity
distribution (c) for Higgs boson events in MC in all channels for the nominal case, after
allowing the jet pr to vary within its allowed resolution and after varying the jet energy
scale by +10 using a Higgs boson sample with my = 170 GeV.

Selection Signal WW  W+jets Z+jets top Other Total Bkg. Observed
Opposite charge dileptons 2.02 9.96 0.73 1.377e+04  47.00 9.63 1.384e4-04 1.362e+4-04
My > 15 GeV 1.93 9.86 0.73 1.372e+04  46.44 9.62 1.379e+04 1.351e+04
My — Mz| > 15 GeV 1.77 7.72 0.53 1735 36.51 0.45 1781 1730

E;’fﬁgl > 25 GeV 1.47 4.93 0.31 8.99 20.86 0.19 35.29 24

0 jet 0.83 £+ 0.01 3.40 0.17 6.26 0.45 0.11 10.39 £+ 0.67 9

Eq’?’lﬁgl > 40 GeV 0.73 £0.01 231 0.00 0.01 0.24 0.12 2.69 + 0.11 3

1 jet 0.44 +0.01 1.14 0.14 1.76 4.33 0.05 7.43 + 0.53 5

> 2 jet 0.19 £ 0.01  0.39 0.00 0.96 14.73 0.04 16.12 + 0.71 10

Table 10.2: The expected number of signal and background events in the uu channel for
35 pb~! of integrated luminosity for a Higgs boson signal sample with my = 170 GeV.
The signal and all backgrounds are estimated using MC only. Errors are statistical only.

is observed in all jet bins. The background composition changes noticeably between the jet
bins. The dominant background to zero jet events arises from Z and SM WW processes,
while, as the number of jets increases, the top background becomes increasingly significant
and actually overwhelms all other backgrounds in the two jet bin.

The matrix element likelihood is designed specifically to separate Higgs boson events
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Figure 10.4: Matrix element likelihood distributions in MC with systematic uncertainties
related to electrons (a) and muons (b) after performing the integration for a Higgs boson
sample with my = 170 GeV.

Selection Signal WW  W+jets  Z+jets top Other Total Bkg. Observed
Opposite charge dileptons 2.70 13.18 3.21 59.12 62.18 1.21 138.9 160
E%"iﬁjl > 25 GeV 2.22 8.35 1.79 0.42 35.62 0.54 46.71 52
0 jet 1.25 £ 2 5.83 1.14 0 0.84 0.32 8.12 4+ 0.46 7
E;’“R“gl > 40 GeV 1.08 £ 0.02  3.98 0.60 0.00 0.73 0.13 5.43 £ 0.35 5
1 jet 0.66 £+ 0.01 1.87 0.36 0.27 6.76 0.15 9.41 £+ 0.53 13
> 2 jet 0.31 £ 0.01  0.65 0.29 0.15 26.61 0.06 27.75 £+ 0.88 32

Table 10.3: The expected number of signal and background events in the ey channel for
35 pb~! of integrated luminosity for a Higgs boson signal sample with my = 170 GeV.
The signal and all backgrounds are estimated using MC only. Errors are statistical only.

Channel | mgyg = 120 myg = 130 myg =140 my =150 my =160 mpyg = 165
ee 0.03 £ 0.002 0.08 & 0.002 0.16 &= 0.01 0.23 £ 0.01 0.33 £ 0.01 0.34 £ 0.01
I 0.09 £ 0.003 0.23 & 0.004 0.42 +0.01 0.59 £0.01 0.78 £ 0.01 0.82 £ 0.02
el 0.11 £+ 0.003 0.30 & 0.004 0.55 +0.01 0.84 +0.02 1.15+0.01 1.15 £ 0.02
All 0.22 +£0.0056 0.62 +0.01 1.134+0.02 1.66 +0.02 2.26+0.01 2.32+£0.03

Channel my = 170 mpy = 180 myg = 190 mpyg = 200 Bkg. Data
ee 0.32 + 0.01 0.24 +0.01 0.16 +£0.01 0.13 +£0.00 1.21 £ 0.09 3
Lo 0.73 £ 0.01 0.58 £ 0.01 0.36 =0.01 0.28 +£0.01 2.69 £ 0.11 3
el 1.08 £ 0.02 0.90 £ 0.01 0.64 £0.01 0.52+0.01 5.43+0.35 5
All 2.13 £ 0.02 1.73 £0.02 1.16 £ 0.01 0.92 &£ 0.01 9.33 £ 0.38 11

Table 10.4: Signal, background and data yields in the zero jet channel after preselection
for 35 pb™! of integrated luminosity. ggF and VBF processes are combined.

from SM WW events; it makes no attempt to discriminate between the Higgs boson signal
and other background processes. In the one and two jet cases, the top background is large
so additional selection must be applied to reduce it to an acceptable level. One way in
which top events may be distinguished from signal events is the presence of b-jets. When
the top quark decays, it has an almost 100% branching ratio to b quarks, which hadronise
and form b-jets. When events containing b-jets are removed from the one and two jet
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Figure 10.5: Matrix element likelihood distributions with a hypothesized Higgs boson
mass of 170 GeV and a my = 170 GeV Higgs boson sample for all jet channels combined
(a), the zero jet channel (b), the one jet channel (c) and the two jet channel (d) after
requiring ZR*°! > 25 GeV.

channels, a significant reduction in the top background is achieved. This may be seen in
Figure 10.6 for a Higgs boson sample with my = 170 GeV using MC only.

The zero jet channel suffers from some contamination from the Z background, which
has a large cross section and is not entirely removed by the requirement of FRe! > 25
GeV. To further reduce the Z background, this selection is tightened to ZR! > 40 GeV.
Once this is applied, the matrix element likelihood dsitributions show good separation
from background, which is now dominated by SM WW production. This separation is
seen at all hypothesized Higgs boson masses, as is shown in Figure 10.7, which uses MC
only. This figure shows that at low Higgs boson mass, there is a non-neligible contribution
from the W+jets background in the signal region. This may be accounted for in future
analyses by including a W+jets matrix element in the discriminant, as has been done
previously at CDF [92]. This should improve the separation for these low hypothesized
Higgs boson mass cases, reducing the contamination from the W+jets background.

The final step is to include data. This is shown in Figure 10.8 for the zero jet channel
for all hypothesized Higgs boson masses, with the requirement of ZR¢! > 40 GeV applied.
These distributions show good agreement between data and the background MC, within
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Figure 10.6: Matrix element likelihood distributions with a hypothesized Higgs boson
mass of 170 GeV and a my = 170 GeV Higgs boson sample for all jet channels combined
(a), the one jet channel (b) and the two jet channel (c) after requiring FE > 25 GeV
and vetoing events containing b-jets.

the limited statistics, with no obvious excesses, suggesting that it is appropriate to set
limits on Higgs boson production. Due to the low statistics, it is quite difficult to deter-
mine how compatible the data and MC are. One way to allow sparse distributions, such
as these, to be compared is the use of integral distributions. However, once the dataset
increases, these difficulties in comparing data and MC will be reduced.

A comparison between the sensitivity obtained using the cut-based analysis described
in Chapter 9 and the matrix element discriminant can be obtained using the significance,

defined as [99]:

S = \/2[(NS+NB)ln(1+xZ) — Ng] (10.1)

For the zero jet channel this is shown in Table 10.5, where the selection applied to the
matrix element likelihood distribution has been optimised using MC to obtain the best
significance. This indicates that the matrix element discriminant gives a noticeable im-
provement with respect to the cut-based analysis at all hypothesized Higgs boson masses
except myg = 120 GeV and my = 130 GeV. No improvement is seen at these masses due
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Figure 10.7: Matrix element likelihood distributions with hypothesized Higgs boson mass
of 120, 130, 140, 150, 160, 170, 180, 190 and 200 GeV in the zero jet channel after requiring
ER > 40 GeV using MC only.

to the contribution from the W+jets background. This has been discussed previously,
and separation between Higgs boson signal and W+jets background is something that
may be added to future analyses to gain some additional improvement in significance at
these low Higgs boson masses.

A comparison between the significance using the matrix element method and the cut-
based search in the one and two jet channels has also been performed. For these channels,
the matrix element discriminant does not perform as well hence the one and two jet
channels are not used at this stage. This is due to the large top background, which must
be dealt with separately. This needs further study but, in the future, the top background
may be reduced by the application of additional cuts in these channels, or potentially by
the inclusion of a top matrix element in the discriminant.

The expected number of signal and background events taken from MC as well as the
number of observed events in data is shown in Table 10.6. This shows that, for many
cases, the additional sensitivity achieved by the matrix element method is gained by using
a loose preselection in combination with the matrix element likelihood which allows more
signal events to be retained, whereas the cut-based method requires tighter cuts to achieve
good significance. Note that there may be common events between the two methods, since
the selections applied are not mutually exclusive.



Chapter 10. H — W1V search results using the matrix element discriminant115

T T T T T T T T T
—+— Data —+— Data

2 gi A LHWV‘V(MH;‘IQU Gov) E g ag A L{HW\}V(MHJSO Gov) E g ug —+— Data A AW\}\I(MHJMO Gev) E
> E [0 Wijets [top El > 7F- 0 Weiets Jtop = > 7E 0 Weets Ctop =
o gp HEEww B Z/y+jets 3 k] F - ww I Z/v+iets E| 3 E o ww I Zv+iets E
e E mmm Wzzzwy El £ b mmwzzzwy 3 £ gL mEWzZZWy E
a7 \s=7TeV 3 w \s=7TeV ] w \s=7TeV ]
6 J‘Ldl=35p 5 _[Ldt=35pb ] S J.Ldl=35pb'L:
5 4 El 4 =
4] 3 E 3 E
3 E E
2 2 E 2| *E
| R A ' E ) ]

00 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 00 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 00 0.1 02 03 0.4 05 0.6 0.7 0.8 0.9
Matrix element likelihood Matrix element likelihood Matrix element likelihood
o OF T T T T T T T T T | o T T T T T T T T T q o T T T T T T T T T 3
S E ——Daa —— HoWW(M =150 GeV) E S 6 —+—Data —— HoWW(M 160 GeV) 4 S 6F —+ Daia —— HoWW(M =170 GeV) —
> 7E 0 WHjets CJtop = > 0 WHjets. Ctop 1 > 0 Wjets Ctop ]
) £ . wWwW I Zy+jets 3 0] 0 I Ziy+jets 4 @ - Ww I Ziy+jets 4
= o Emm wWzzZWy E = 5 mmm Wz/zzWy 3 = 5 mmm wzizzwy 3
w \s=7TeV J u \s=7TeV w \'s=7TeV
5i- Ldt =35 pb™] 4 J Lat =35 pb™] 4 Ldt =35 pb ]
4 E 3 *
3 = ] i
E 2 E 1
2 E 3 |
i L 1 ‘ ] ]
. . L | RRPL P i . | | al 1

Gb 0.1 02 03 04 05 0.6 0.7 0.8 0.9 00 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 00 0.1 02 03 0.4 05 0.6 0.7 0.8 0.9
Matrix element likelihood Matrix element likelihood Matrix element likelihood
N T T T T T T T T T il N T T T T T T T T T il Y T T T T T T T T T l
o 6 —+— Data —— H-WW(M, =180 GeV) = = 6 —+— Data —— H-WW(M, =190 GeV) = = 6 —+— Data —— HoWW(M =200 GeV) —
= [ Weets CJtop 1 > [ Wets Jtop ] - [ Weets —Jtop ]
@ - W [ Zy+jets B ] . W [ Zy+jets B ] - ww [ Z/y+jets B
E 5 mmm wz/izzwy E E 5 mmm wz/izzwy E E 5 mmm wzizzwy E
w Ns=7TeV ] w Ns=7TeV w Ns=7TeV ]
4 f Ldt=35pb™] 4 J Ldt=35pb™] 4 j Ldt =35 pb
3 . 3 E! 3 E
2 ] 2 E 2 E
1 1 . 1 . 1 4 1 1 [ =
‘ IL»:L il . J 8 Lo

00 0.1 02 0.3 04 05 06 0.7 0.8 09 1 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 00 0.1 02 0.3 04 05 0.6 0.7 0.8 0.9
Matrix element likelihood Matrix element likelihood Matrix element likelihood

Figure 10.8: Matrix element likelihood distributions with hypothesized Higgs boson mass
of 120, 130, 140, 150, 160, 170, 180, 190 and 200 GeV in the zero jet channel after requiring
ER > 40 GeV using MC and data.

These numbers show good agreement between the number of events expected using
the background-only hypothesis and the number observed in data. Therefore, the next
section discusses the limits which may be set on Higgs boson production at ATLAS.

10.3 Limits on Higgs boson production

The profile likelihood method with a power constraint, described in Section 9.3, is used to
set limits on Higgs boson production. Only the zero jet channel is used, with the ee, uu
and ey channels combined to give a single channel for simplicity. Instead of performing
a number counting experiment, the matrix element likelihood distributions as shown in
Figure 10.8 are used as inputs to the limit setting procedure to exploit shape differences
between signal and backgrounds. This is performed using the RooStats package [113]. The
matrix element likelihood distributions with the lepton efficiency uncertainties and the
lepton resolution uncertainties varied are used as systematic uncertainties. The luminos-
ity, JES and JER uncertainties are treated as overall uncertainties in the normalisation.
For all the uncertainties, the signal and background are assumed to move in a correlated
way during the limit setting procedure.

A comparison between the expected and observed limits on Higgs boson production
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Higgs mass [GeV] | Cut-based significance Matrix element significance | % increase
120 0.156 0.151 -3.72
130 0.328 0.312 -4.63
140 0.502 0.515 2.64
150 0.670 0.714 6.56
160 0.933 1.054 13.0
165 0.969 1.114 14.9
170 0.873 1.013 16.0
180 0.674 0.754 11.8
190 0.427 0.485 13.6
200 0.326 0.356 9.23

Table 10.5: A comparison of the significance achieved using the cut-based method de-
scribed in Chapter 9 and the matrix element method described in this chapter for the
zero jet channel. The percentage increase in significance of the matrix element likelihood
method with respect to the cut-based analysis is also shown.

Cut-based analysis Matrix element analysis
mpg [GeV] | Ng Npg Data Cut value Ns Npgy Data
120 0.15 0.87 1 0.86 < LH < 0.96 0.12 0.55 1
130 0.34 0.97 2 LH > 0.72 048 2.24 2
140 0.56 1.07 2 LH > 0.64 0.97 3.22 4
150 0.78 1.12 1 LH > 0.64 1.42  3.51 3
160 1.11  1.09 1 LH > 0.78 1.67 2.02 0
165 1.13 1.03 2 LH > 0.92 1.24  0.89 1
170 1.26 1.70 3 LH > 0.90 1.20 1.05 1
180 0.85 1.33 3 LH > 0.84 1.07 1.67 1
190 0.45 0.97 3 LH > 0.80 0.71 1.93 1
200 0.29 0.70 3 LH > 0.86 042 1.23 1

Table 10.6: A comparison of the expected number of signal and background events from
MC and the observed number of data events using the cut-based method described in
Chapter 9 and the matrix element method described in this chapter. The cuts applied to
the matrix element likelihood, LH, are given for each Higgs boson mass point.

using the cut-based method with the zero, one and two jet channels combined and the
matrix element discriminant in the zero jet channel only are shown in Table 10.7. This
comparison shows that the matrix element method achieves better expected limits at all
Higgs boson masses, despite only using the zero jet channel. This is due not only to the
additional separation achieved with the likelihood distribution, which is expected from
the comparison given in Table 10.5, but also due to the shape difference between the
signal and background which is not exploited at all in the cut-based analysis.

The expected and observed limits on Higgs boson production using a dataset of 35 pb™1
as a ratio of the SM-only cross section are shown in Figure 10.9. Figure 10.10 shows the
same limits, with the limits obtained using the cut-based method overlaid to show the im-
provement achieved by using the matrix element discriminant. This figure shows that the
observed limits using the matrix-element-based discriminant are worse than the observed



Chapter 10. H — W1V search results using the matrix element discriminant117

Cut-based Matrix-element-based
my [GeV] | Observed Median +1lo0 —1lo +20 | Observed Median +1lo0 —lo +20
120 21.0 18.0 32.0 6.0 56.0 30.5 15.8 29.8 4.6 45.2
130 12.2 7.0 140 3.0 24.0 8.8 6.1 11.1 1.9 17.6
140 5.3 4.5 9.0 2.0 16.0 4.8 3.7 7.1 1.6 11.2
150 1.9 3.5 6.6 1.3 114 3.2 28 48 08 7.1
160 1.2 2.4 4.5 0.90 8.1 2.2 1.5 2.8 0.5 4.5
165 2.6 24 39 090 6.9 2.8 1.5 28 05 45
170 3.0 2.1 4.2 0.90 7.8 2.5 1.8 35 08 58
180 4.7 2.8 0.6 1.2 10.0 2.8 25 45 08 6.5
190 9.2 5.4 9.0 24 15.6 4.3 3.1 7.1 1.1 11.6
200 16.2 6.4 12.8 3.2 21.6 6.3 5.1 8.6 1.1 15.1

Table 10.7: The 95% C.L. upper limit on the expected signal rate, as a multiple of the SM
rate, in the H — WW channel with 35 pb~! of integrated luminosity using the cut-based
method described in Chapter 9 in the 0, 1 and 2 jet channels and the matrix element
method described in this chapter in the 0 jet channel only.

limits using the cut-based method, despite the expected limits being better. The events
selected in the cut-based method are a subset of those obtained in the matrix element
method, which uses a much looser selection. At the stage at which the matrix element
events are selected, the MC appears to underestimate the data so it is not surprising that
the observed limit is worse than the expected limit. However, once all the additional cuts
have been applied in the cut-based method, there are some Higgs boson mass points at
which the MC underestimates data and some at which it overestimates data. The number
of expected and observed events after all the cut-based selection has been applied is also
very small (< 3 events), therefore a fluctuation by even one event causes the observed
limit in the cut-based case to move noticeably with respect to the expected limit. This
combination of factors leads to the observed and expected limits shown in Figure 10.10.

It is important to bear in mind the fact that the cut-based limits utilise all three jet
channels. While the zero jet channel contributes the most, there is a significant contri-
bution to the sensitivity coming from the one jet channel as well as a small contribution
from the two jet channel. The expected limit using the matrix element discriminant in
the zero jet channel alone is better than the expected limit using all three jet channels
with the cut-based method, therefore, once the one and two jet channels are included in
the matrix element limit, a further improvement in sensitivity is to be expected.

A further way in which additional sensitivity may be achieved is by using the matrix
element likelihood as an input to a boosted decision tree or neural network. Previous
studies [93] suggest that the matrix element likelihood is the most sensitive variable when
used as an input to a neural network. This study also indicates that the neural network
with the matrix element likelihood as an input gives an improvement in sensitivity with
respect to the matrix element discriminant alone, indicating that this may be the best
way of maximising the sensitivity in the future.
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Figure 10.9: The expected signal cross section as a ratio of the SM-only cross section
which is excluded at 95% C.L. in the H — WW channel using 35 pb~! of integrated
luminosity using the matrix element discriminant in the zero jet channel only.
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Figure 10.10: The expected signal cross section as a ratio of the SM-only cross section
which is excluded at 95% C.L. in the H — W channel using 35 pb™! of integrated
luminosity using the matrix element discriminant in the zero jet channel only. The results
obtained using the zero, one and two jet channels with the cut-based method are overlaid
in red.



Chapter 11

Conclusions and outlook

The current model of particle physics, the SM, requires some mechanism to generate the
observed particle masses. The Higgs mechanism is one way in which these masses could
be generated. This mechanism would give rise to observable Higgs bosons, which may be
discovered at the LHC if they exist.

Precision data suggests that the SM Higgs boson should lie in a mass region accessible
to the LHC. Fits to data indicate that the Higgs boson is likely to have a mass of O(10%)
GeV. In the mass region my > 130, the branching ratio to pairs of W bosons is expected
to dominate, making this a particularly sensitive search channel. In this thesis, a search
for the Higgs boson in the H — WW — fvlv channel has been performed as well as a
measurement of the SM WW cross section, which is the dominant background to this
process.

The precise measurement of the SM WW cross section measurement is also inter-
esting since some new physics models would give rise to an enhanced WIW production
cross section, with anomalous triple gauge couplings not observed in the SM. Thus, any
deviation of the WW cross section from the SM expectation would give a strong hint of
new physics.

This measurement, using 35 pb~! of pp data, collected by the ATLAS detector at the
LHC at a centre of mass energy of 7 TeV, gives a WWW cross section of oy = 40720 (stat.)
+7(syst.) pb. This is in agreement with the NLO SM prediction of 46 &+ 3 pb. This
measurement is completely dominant by the statistical uncertainty, which amounts to
44%. Future analyses will benefit from a larger dataset, even if it is not possible to reduce
the systematic uncertainties.

In the future, it would be desirable to perform a dedicated search for anomalous triple
gauge couplings in addition to a more precise measurement of the WW cross section.
This should allow stringent limits to be placed on certain new physics models.

The search for the Higgs boson has been performed using a cut-based method and a
matrix element discriminant, with the analysis split into three different jet multiplicity
channels: zero, one and at least two jets. The cut-based method uses a combination of
all three jet channels, while the matrix element method utilises only the zero jet channel.
Despite this, the matrix element discriminant provides an improvement in the expected
limit on the Higgs boson production cross section across the full range of Higgs boson
masses investigated, from 120 < my < 200 GeV.

Using the cut-based method, a Higgs boson with my = 160 GeV with a production

119



Chapter 11. Conclusions and outlook 120

rate of 1.2 times the SM value has been excluded at 95% C.L. using a power constrained
limit technique with a combination of the zero, one and two jet channels. The matrix
element discriminant has a better expected limit than the cut-based method, however,
due to fluctuations in the data the observed exclusion limit is not as strong. The matrix
element method excludes a Higgs boson with my = 160 GeV with a production rate of 2.2
times the SM value at 95% C.L. using a fit to the matrix element likelihood distribution
with a power constraint applied.

In the future, there are many possible ways these results may be improved upon. The
matrix element discriminant may be extended to include other backgrounds, in addition
to the WW background. This should give additional separation power, allowing the
sensitivity to be further improved. The matrix element likelihood may also be used as an
input to a neural network or boosted decision tree to maximise the sensitivity.

The searches presented here represent the first steps at ATLAS to either discover
or completely rule out the existence of the Higgs boson. More data are being recorded
extremely rapidly as 2011 progresses. Amongst these data may be the first hints of the
Higgs boson or something else entirely: the next few months will give a definitive answer,
and have the potential to dramatically change our understanding of particle physics.
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