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Abstract

8 An observation of Electroweak production of a W-boson in association with two jets at
o high dijet mass is performed, using /s = 8 TeV pp collision data from the ATLAS detector,
w0 corresponding to 20.2 fb~* of data. The process is observed to greater than the 50 level and a

i fiducial cross section of opiq = 387.9 £20.4 (stat.)£5.4 (lumi.) 7575 (syst.) T30 (theo.) b
12 is extracted.
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Chapter [5| : Using structures from previous analyses, I designed and implemented the

multijet normalisation fits.

Chapter[0]: I implemented the uncertainty variations into the analysis and added the PDF
interface. I also generated the interference samples for both SHERPA and MADGRAPH

and extracted the interference uncertainties.

Chapter [7] : I designed and optimised the centrality variables and I contributed to the

design of the remaining cuts.

Chapter [§ : T designed the Control region for use in constraining the background, adding
to the existing Validation region, allowing comparison between corrections from two

regions orthogonal to the Search region.
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Chapter [9]: I implemented the dijet mass fits, pseudo-experiment procedure and the signal

extraction.

Chapter [10]: T implemented a procedure for correcting the background modelling from the
Control region and constraining the errors as shown in the plots. I also carried out the

cross section calculations.

In addition to the analysis documented here I qualified for ATLAS authorship working
on an analysis of single-event-upsets in the semiconductor tracker [I]. As this work does not
easily fit into the discussion of the analysis documented in this thesis, it has been omitted.
I also carried out inner detector shifts whilst at CERN and for a few terrifying nights was
the only person in the ATLAS control room. Recently I have become involved in the the
physics modelling group, updating and expanding the capabilities of the ATLAS Monte Carlo

software.

Figures

I have created all figures used in this thesis unless otherwise specified in the figure caption.
Any plots with the ATLAS label shown have been through the internal ATLAS approval

process and are publicly available. All Feynman diagrams shown are created using JazoDraw

[21.

Units

Natural units are used throughout this thesis, setting ¢ = A = 1. Masses and momenta are

therefore given in units of energy where the electron volt (eV) is used.
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Chapter 1

Introduction

Particle physics has enjoyed a golden age in recent years with the highly publicised beginnings
of the Large Hadron Collider at CERN. The discovery of the Higgs boson made front page
news across the world and was a catalyst for excited discussions about science in pubs and

classrooms alike.

Inside the world of particle physics the excitement was greater still due to the possibilities
that the Large Hadron Collider presented. The unprecedented energy that was now available
could rip up the accepted theories of physics in favour of something no-one had yet even
thought of. The working model could be tested to minute precision, potentially right up to

its limits, and brand new physics could be observed for the first time.

This thesis investigates whether a process predicted by the current accepted theory is
realised in nature. All possible outcomes of asking such a question are thrilling. A positive
result would mean observing nature working in a way that no human has ever seen before.
On the other hand, finding that this process does not exist would mean that the theory,
constructed by the founders of modern particle physics more than 50 years ago, would need
radical rethinking. Unbiased viewpoints are vital in science but it helps to be presented with

a win-win.

The electroweak production of a W-boson in association with two jets is investigated in
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Chapter [1} Introduction 2

data and compared to the prediction from the Standard Model of particle physics. The 2012
ATLAS data-set with a centre of mass energy of 8 TeV and integrated luminosity of 20.2
fb~! is studied. This process has never before been observed and an observation would be

the first confirmation of the production of a charged boson via the fusion of vector bosons.
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Chapter 2

Theory

The current accepted theory of particle physics is the Standard Model (SM); a relativistic
quantum field theory describing all known particles and their interactions. This chapter
gives a short overview of the theory in Section [2.1| and the two important components for
this thesis in the Electroweak (EW) force in Section and Quantum Chromodynamics
(QCD) in Section 2.3l An overview of possible extensions to the current theory is given
in Section The methods of creating theoretical predictions are discussed in [2.5] and a

discussion of the analysis signal and main background is covered in Section .

2.1 The Standard Model

The success of the SM in describing almost all the phenomena that we observe in particle
physics has led to it being adopted as the benchmark model in the field [3], 4]. Whilst there
are unexplained observations (neutrino masses, dark matter, matter-antimatter asymmetry),
for any new model to be considered it must first agree with the SM predictions for a great
many results. The incredible accuracy of the SM thus far in the measured energy regime
leads to the common consensus that it is simply incomplete rather than incorrect. This
chapter gives an overview of the SM as it stands; more detail can be found in almost any

particle physics text [5-9].



2.1 The Standard Model

mass - =2.3 MeV/c? ~1.275 GeV/c? ~173.07 GeV/c? 0 ~126 GeV/c?
charge -» 2/3 u 2/3 C 2/3 t 0 0 H
spin - 1/2 12 1/2 1 Q 0
Higgs
up charm top gluon boson
~4.8 MeV/c? =95 MeV/c? =~4.18 GeV/c? 0
-1/3 d -1/3 S -1/3 b 0
1/2 1/2 1/2 1 y
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?

Figure 2.1: The fundamental particles of the SM. The “charge” shown is the electric charge.

T e
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12
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electron muon tau Z boson
<2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 +1
1/2 ])e 112 .I)u 112 .I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Taken from [I1].

19 The SM defines the fundamental particles that make up the matter and forces in the
w7 universe. These particles are grouped into related types as shown in Figure 2.1 The matter
s particles are the spin 1/2 fermions: the leptons and quarks. Experimental evidence shows
o that there are 3 generations of these fermions [I0] that appear to be replicas of the same
20 structure with increasing mass. Particles observed to exhibit interactions with a force are
20 said to be “charged” with respect to that force where the mannitude of the charge relates to
22 the strength of the interaction. Each generation consists of an electromagnetically charged
203 lepton (e.g. the electron), an associated neutral neutrino (e.g. the electron neutrino) and
204 two quarks (e.g. the up and down quarks). The fermions have the same charges in every

205 generation, only mass (and hence particle lifetime) is seen to change.

206 In each generation the charged lepton has an electromagnetic charge of —1le and have

27 masses ranging from 0.511 MeV to 1.777 GeV. Neutrinos are observed to oscillate between
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2.1 The Standard Model 5

lepton flavours suggesting they have eigenstates with non-zero mass but as yet only exper-
imental upper bounds of these masses have been proven [12]. Both charged leptons and

neutrinos carry no colour charge.

The two quarks have electric charge of i%e for the “up-type” quark and :F%e for the
“down-type” quark. They have masses ranging from ~ 2 MeV to 173 GeV and a single

QCD charge, with three possible colours.

Each of the fermions have an associated anti-particldf which has the identical mass and

spin to the particle but opposite charges. The fermion particles are shown in Table 2.1}

Particle
Chirality Generation Q)| Il| Is | Y | coloured
18t ‘ 2nd ‘ 37'(1
Electron Neutrino (v, ) | Muon Neutrino (v, 1) | Tau Neutrino (v;,1) 0 % +% -1 X
Loft-handed Electron (e7) Muon (u7) Tau (17) —; % —% —} X
Up (ur) Charm (cy,) Top (tr1) +5 | 5 |+ | 3 v
Down (dr) Strange (sr) Bottom (br) -1 13 |-3|+; v
Electron Neutrino (v.,z) | Muon Neutrino (v, ) | Tau Neutrino (v, ) 0 0] 0] 0 X
Right-handed Electron (eg) Muon (u3) Tau (13) —; 010 —f X
Up (ug) Charm (cg) Top (tr) +5 |0 +3 v
Down (dg) Strange (sg) Bottom (bg) -+ ]0|o0 -2 4

Table 2.1: The fermion particles noting their charges for left and right handed chirality. The
anti-particles are not shown but have the opposite sign charges from those shown. The right
handed neutrinos have been included for completeness but their lack of charge means they
do not interact and have not been observed.

The SM is a description of three of the four fundamental forces of nature: the strong
(QCD), the weak, and the electromagnetic forces. The locally gauge-invariant mathematical
structure associated to these interactions is a quantum field theory with SU(3)¢ ® SU(2), ®
U(1)y symmetry. The subscripts refer to the charges in each case: Colour, Left-handed, and
weak hypercharge (Y). Each symmetry gives rise to spin 1 bosons which couples to particles

with the associated symmetry charge.

The remaining piece of the SM is the Higgs boson, which was pivotal in the proof of EW
unification and subsequent symmetry breaking. Table shows the SM bosons and their

properties.

* Anti-particles are denoted by an overline (u — %) or an explicit charge change (e~ — e™).
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2.2l The Electroweak Force 6

Couples t
Particle | @ (e) | coloured | spin (.)up e to
(associated charge)
W= -1 X 1 Weak-isospin (/)
k-isospin (1) &
Z 0 X 1 | Combination of wealisospin (1)
weak-hypercharge (V)
Photon () 0 X 1 Electric charge (Q)
Gluons (g) 0 v 1 Colour
Higgs (H) 0 X 0 Mass

Table 2.2: The bosons of the SM and associated charges and coupling charge. Only the W~
has a distinct anti-particle with opposite sign charges.

2.2 The Electroweak Force

The electromagnetic and weak forces have been unified into a single theory in the Glashow-

Salam-Weinberg (Gsw) model [13] [14].

The observed physical basis of the EW interaction is distinct from the underlying math-
ematical basis of the symmetries. That is to say the bosons that we observe are superpositions

of the “symmetry bosons”.

The physical bosons are the photon (A, or ), transmitter of the electromagnetic force
with the conserved electromagnetic charge (@), and the W* and Z-bosons, transmitters of
the weak force associated to the isospin charge (I). In terms of the mathematical symmetries,
the charge of the U(1)y SM symmetry is weak-hypercharge (Y'), and the associated boson
is denoted B,,. The charge of the SU(2), symmetry is weak-isospin (/) and the three bosons

are denoted W[L

Right handed fermions have no weak-isospin charge and hence are singlets in SU(2).

Left-handed fermions form SU(2);, doublets of:

VLa Ur.a

U
e .G



239

240

241

242

243

244

245

246

247

248

249

2.2l The Electroweak Force 7

W, [Weak Isospin),

- B, [Weak Hypercharge]

Figure 2.2: The rotation of the underlying symmetries to the physical bosons. The black
axes show the underlying symmetries and the blue rotated axes show the physical bosons.
The charge that each boson couples to is shown in square brackets.

where G denotes the fermion generation, v denotes the neutrinos, [ denotes the charged
leptons, u the up-type quarks and d’ the Cabibbo rotated down-type quarksm. The SU(2),

charged current is seen to transform one member of these doublets into the other. Two

components of Wli can be identified with the physical W-bosons via the combination:

W = % (W = W?) (2.2)

Whilst it is tempting to identify the remaining two bosons, B, and Wi, as the A, and Z
respectively, they are in fact combinations of both. A simple identification of the photon as
the B,, would suggest photons can decay to two left-handed, same-flavour neutrinos but this
is not observed. Figure shows how the underlying symmetries rotate via the Weinberg

angle fy to the physical bosons.

The electromagnetic and weak forces are unified through their shared underlying sym-

metries. Because both left and right-handed fermions couple to weak hypercharge, the

TThe Cabibbo rotations are a consequence of the mass eigenstates (the physical particles) being a rotation
of the weak-isospin eigenstates.



250

251

252

254

255

256

257

259

260

261

262

263

264

265

266

267

268

270

271

2.2l The Electroweak Force 8

Z-boson and the photon couple to bothﬂ None of the W-bosons, Z-boson or photon couple

to right-handed neutrinos, as they possess neither weak isospin nor weak hypercharge.

The EW force is a non-abelian theory which means the bosons have self-couplings. Self
couplings involve two W-bosons and one or two additional bosons. Vertices such as ZZ~ or
vvZ are forbidden. This can be interpreted as the Z-boson carrying no electric charge so

the v does not couple to it.

2.2.1 The Higgs Field

Up to this point the model offers no explanation for the experimental observation of the weak
boson masses. Considering only fermions with gauge symmetry, all bosons are predicted to
be massless. The Gsw theory adds a scalar field of a complex scalar weak doublet known as
the Higgs field [I5HI7]. The Higgs mechanism has the effect of hiding the gauge symmetry
at the cost of three additional Nambu-Goldstone bosons and a new scalar (spin-0) particle
called the Higgs boson. The three Nambu-Goldstone bosons are said to be “eaten” by the
weak bosons, which gain a longitudinal polarisation. This extra degree of freedom means
the weak bosons do not travel at the speed of light and hence, are said to have a non-zero

mass.

Recent experimental results have provided a first observation of the Higgs boson [18], [19].
The searches utilised, amongst others, the vector-boson fusion (VBF) formation of the Higgs
boson, see Section The studies of this new boson have resolved its mass and couplings
to some SM particles, which as predicted scale with the particle mass. Much further study
of this boson is planned for the near future and the ability to search for high purity Higgs

boson events will be very important.

fThough with different coupling strengths.



272

273

274

275

276

277

278

279

280

281

282

283

284

286

287

288

289

290

291

292

293

2.2l The Electroweak Force 9

2.2.2 Coupling Constants

At this stage it is worth considering how the coupling strength—directly proportional to the
probability for an interaction to occur—changes under different conditions. For the EW
force discussed above, the coupling of any boson to a fermion depends on the charges () and
Y, but there is also an overall constant to apply: gy for the U(1)y symmetry and g; for the

SU(2)r symmetry. As an example, the coupling for the photon is then:

Gy = gyY cos (Ow) + grlssin (Ow) (2.3)

using the formula depicted in Figure and the charges Y and I3 of the fermions.

The effective couplings vary depending on the energy at which they are being probed.
For example, when determining the attraction of an electron to a positron through the
electromagnetic boson 7, the effective charge of the electron in question depends on the
momentum transfer in the process. An explanation for this are the virtual particles that are
created around an electron, thus screening its charge. When we get infinitely close to the
electron we experience its bare charge. On moving further away the bare charge is obscured
by electron-positron pairs that are created from photons in the presence of the main electron.
These extra charges make the electron charge more diffuse as we move away from the bare
charge and thus the effective charge reduces. The changes in effective electron charge can be
assigned to the coupling constants g in a method known as renormalisation. This dependence
of the coupling ‘constants’ of a theory on the probe energy is know as running couplings. gy
is experimentally seen to increase with increasing probe energy or equivalently, decrease as
we move away from the particle. The probe energy at which the constants values are taken
is known as the renormalisation scale, ug. A typical choice of g for processes involving the

production of a W-boson is the mass of the W-boson.
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2.3| The Strong Force 10
g

2.3 The Strong Force

The strong force, or QCD, is the description of the interactions of colour charged particles.
The leptons have no colour charge so do not participate in QCD at all. The quarks, however,
carry a single colour charge - red, blue or green - and the anti-quarks carry an anti-colour.
This charge bears no relation to colour as experienced on a macroscopic scale but instead
is simply a new quantum number required to allow three fermions to occupy an otherwise
identical quantum state [20]. Singly coloured particles have never been directly observed,
only colourless combinations: either a quark and anti-quark in a colour, anti-colour state
or three quarks in a mixture of red, green and bluc{ﬂ. There are eight bosons associated to
QCD called the gluons, which are massless and carry only colour charge - one colour and

one anti-colour each.

The fact that QCD is a universal gauge symmetry with a single charge and massless
gluons may appear to make its processes simpler to calculate than those of the EW force,
but one simple difference makes it more complex. The coupling constant for QCD, denoted
ge, increases as the probe energy decreases (or equivalently the interaction length increases).
The reason for this increase in g. with distance is the same distribution of virtual particles
that causes the electromagnetic screening only this time the bosons involved carry the charge.
The number of gluons and the coloured quark causes the effective colour charge of a quark
to increase as we move away from it. As coloured particles move away from one another, the
rate of increase of the energy of the system increases. This leads to confinement, whereby
increasing energy pulls two coloured particles apart until the system holds enough energy to

create two new particles.

The reversed running of the strong coupling constant means that below the QCD scale

Agep =~ 200 MeV the interactions of coloured particles cannot be calculated with perturb-

8In recent years four and five quark particles have been observed although it is still unclear if they are
fundamental or orbital states of the two and three quark states [211, 22]
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Beyond the Standard Model 11

ation theory as the coupling strength:

ag = 2¢, (2.4)

is greater than one. The inelastic interactions of proton collisions in a hadron collider can be
calculated with perturbation theory, as the probe energy is > Agcp. As the outgoing partons
themselves are never observed they must be evolved to the physical colourless hadrons using
less precise empirical models of low-energy, non-perturbative hadronisation. Models such as

the “Lund string model” [23] or cluster models [24].

2.4 Beyond the Standard Model

There are a great many proposals of mathematically viable theories which would extend the
SM and provide justifications for unexplained phenomenon. These are known as beyond-
the-standard-model (BSM) theories and a large part of modern day experimental particle
physics is spent on analyses designed to investigate their predictions. One such proposal,
relevant to this analysis, are for additional charged bosons, known as a W's, to exist at
masses higher than the W-boson mass. These bosons would be produced extremely rarely
due to the high energy required to create a high mass particle. Current lower limits for the

W' boson’s mass are around 1.7 TeV [25].

There are also proposals for BSM physics which would alter the observed rate at which
bosons couple to one another, known as anomalous triple gauge couplings (aTGCs) [26, 27].
These theories can be tested in a model independent manner by measuring the rate at which
bosons couple together and comparing to the SM prediction. A significant deviation from
the SM prediction would allow the aTGC values to be measured, whereas precise agreement
with the SM prediction places upper limits on the aTGCs and excludes BSM models that

predict a higher level for the coupling.
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Simulating Theoretical Predictions 12

2.5 Simulating Theoretical Predictions

The only true test of a theory is to compare its prediction to experimental data. The math-
ematical formulation of the SM can be transformed into predictions via Monte Carlo (MC)
methods. MC computer codes utilise random number techniques to simulate the probabil-
istic nature of quantum mechanics and integrate over the phase-space by sampling. They
calculate a fully differential cross section for a physics process and produce individual events
with the four momenta of final-state particles such that the full kinematics are accessible to
the user. State-of-the-art EW and QCD predictions are implemented in the codes and free
parameters, tuned to the observed data in order to give the most accurate possible predic-
tions. Many texts cover the details of MC generation [28], 29] so only an overview is given

here.

The colliding protons have a huge number of possible interactions so rather than simulate
all processes we often pick out a specific interaction. To this end, requirements or “cuts”
can be applied to the generation in order to force the simulation to use a certain interaction
or final state, e.g. require the presence of a W-boson in the interaction. The structure of
simulating particle physics event is modular. The “hard-process” defines the high-momenta-
transfer kernel of the collision, defined by the ability to use perturbation theory to describe

the interaction.

Protons are composite particles formed of three valence quarks (two ups and a down) and
many low-energy gluons and sea quarks and anti-quarks of all flavours. Any quark, anti-quark

[43

or gluon in a proton in called a “parton”. The hard-process at proton accelerators, such as
the Large Hadron Collider (LHC), is initiated by interactions between partons rather than
full protons. In simulating collisions it is therefore important to know the relative fractions of
partons inside a proton and how these ratios alter with energy. Parton distribution functions
(PDF's) describe the proportion of partons that carry a percentage x of the proton’s energy.

There are a number of PDFs available to use in MC production, most use a parameterisation

to fit the amount of each parton and it’s evolution with x.
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The remaining partons of the colliding protons that are not involved in the hard-process
are called the “underlying event” and interact with each other at low energies below the
reach of QCD perturbation theory. In this thesis we are concerned with a certain number of
hard-processes but the underlying event remains important to consider as it has the ability

to produce a large number of strongly interacting particles that can affect the event topology.

Both the hard-process and underlying event produce particles which must be further
evolved to be comparable to data. Strongly interacting, high momenta particles in the final
state will radiate quarks and/or gluons in a process known as QCD final state radiation
(FSR). Similarly it is possible for incoming protons or partons to radiate particles with
colour charge; this is QCD initial state radiation (ISR). Isolated coloured particles are
not observed, so final-state coloured particles shower a multitude of other coloured particles
which interact to form colourless hadrons in a process called “hadronisation”. This showering
is known as a Parton Shower (PS) and is simulated with a QCD based model. Depending
on the lifetime of a given hadron it may then decay into further, lower-energy particles.
Photon emission is also possible at any point from electromagnetically charged particles. A
schematic of a simulated event is shown in Figure 2.5} noting the various modular sections

and how they connect.

On top of the complex nature of a two-parton initiated hard-process, it is possible to have
multiple parton interactions where two sets of partons interact. These cases are extremely

rare at significant momentum transfer.

2.5.1 «g Order

MC generators calculate the hard-process to a certain order in perturbation theory in ag.
If the lowest possible order is used for a specific process, the calculation is known as lead-
ing order (LO). To achieve improved accuracy from the generators a higher order in the
perturbative expansion can be used, although this comes at the (sometimes huge) cost of
increased computing time. The current standard in particle physics is to use next to leading

order (NLO) calculations, where an additional factor of ag is involved. This can be viewed
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Figure 2.3: Pictorial representation of a proton-proton collision event as simulated by a MC
generator. The incoming protons are shown in the green arrows before breaking up into the
partons which collide. The hard-interaction is shown in the large red blob. The particles
produced in the hard-process decay in the small red blobs. Additional QCD radiation is
also shown in red. A secondary parton-parton interaction makes up the purple blob. The
light green blobs show the hadronisation of the final-state partons and the dark green shows
the decay of these hadrons. Final state, electromagnetic radiation is shown in yellow. Taken

from [30].
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(a) LO diagram (b) Real NLO emission (¢) Virtual NLO

Figure 2.4: Example process showing LO and NLO diagrams to consider.

in terms of Feynman diagrams as in Figure for an eTe™ initial state example.

Calculations based on the LO diagram in Figure [2.4(a)[ would give predictions accurate
to first order, a% in this case as there are no QCD vertices. An extra emission as shown in
Figure 2.4(b)| adds a factor of g. so must be considered if we wish to be accurate to NLO
at ag. This type of diagram is known as an NLO “real” emission as the extra gluon leaves
the hard-process. As the final state of the real diagram is distinct from the LO contribution
this term does not interfere with the LLO. The other type of NLO diagram in Figure [2.4(c)]
is known as a “virtual” contribution and contributes at NLO by interference with the LO
diagram. Denoting the process cross section as o, Equation [2.5| shows how the contributions

combine to form a cross section accurate to NLO (ag).

onLo o |LO + Virtual|* 4 [Real|”

2
= ‘fLO : g((;) + fVirtual : 93| + ’fReal : 90‘2
(2.5)

= f[2,0 + f‘%’irtual . gj + 2fLO : fVirtual : QZ + fIQ%eal : gg

= f[Z/O + 47'('065 (f]%wal + 2fLO ’ fVirtual) + O(Oé%)

The final line of Equation [2.5 shows how the NLO cross section conceptually changes from
the LO cross section. The second term adds the NLO modification showing the real con-
tribution and the virtual-LO interference. The final term is the pure virtual term and is

neglected for containing two orders of ag.

The real emission calculation logarithmically diverges for soft and collinear terms and is
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W + jets Production 16

made finite when virtual terms are included. To correct for the remaining logarithmically-
enhanced terms in the perturbative expansion, a PS model is used to simulate further quark

and gluon emissions from the hard-process.

A matching scale must be chosen in order to control the jet energy at which the PS takes
over the showering from the hard-process calculation. The hard-process is best suited for
hard emissions of high momenta, well separated partons. The parton shower works best when
considering low momenta, low opening-angle emissions. Recent advances in M C methods

have meant the effect of this nonphysical scale on calculations is minimal [31].

The nature of QCD is that low energy calculations cannot be explicitly computed due
to the large ag value excluding perturbation theory [32]. In a hadron collider the total
calculation of a process must not only consider the parton interaction but also the extraction
of the parton from the proton. The partons inside the proton are able to possess any fraction
of the energy of the total proton. The low energy component must be taken into account in
simulating interactions. As it is not explicitly calculable, the PDFs model the distribution
of partons and energies. The calculation for a parton interaction is thus a convolution of
the parton densities from the PDF and the hard-scatter calculation. A factorisation scale
(ur) is introduced to separate the two regimes; where the PDF or hard-scatter controls the
parton evolution. This factorisation scale can be thought of as separating the short-distance
hard-scatter from the lower energy, proton interactions. As the factorisation scale separating
these domains is a mathematical artefact of the calculation rather than a physical phase-
change, variations in the scale must be tested to observe their effect on the predictions. The
size of the variation gives a sense of the missing terms in the perturbative expansion, so

higher order calculations in ag are expected to have less sensitivity to pp.

2.6 W 4 jets Production

The EW production of a W-boson in association with two jets at high dijet mass, dijet

mass (M;;), has never before been observed at a hadron collider. The SM predicts that
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this process has a large contribution from the VBF production mechanism and hence is a
sensitive test of VBF. The VBF process consists of two incoming quarks, which each radiate
a vector-boson that then then fuse to form a single vector-boson. At LO the quarks have
no further interaction and simply hadronise to form high-momentum, final-state jets in the
forward region of the detector. The resulting fused vector-boson tends to decay centrally,
in between the two quark jets, into final state particles. W-bosons decay to hadrons about
67% of the time [9] but identifying hadrons as coming from a W-boson is very challenging at
a hadron collider. The high level of hadronic activity in most events means that leptons are
much simpler objects to identify as coming from a boson so the leptonic decay channel is used
in this analysis. When this boson decays leptonically there is very little hadronic activity in
the central region of the detector due to the lack of colour exchange. The Feynman diagram

for the case of VBF production of a W-boson is shown in Figure [2.5(a)|

(a) VBF diagram (b) “Multiperipheral” (¢) “Bremsstrahlung”

Figure 2.5: Subset of EW W + 2 jets diagrams making up the signal for this analysis [33].

The VBF diagram is only one of an interfering set of EW W + 2 jets diagrams. A
subset of these diagrams are shown in Figure 2.5 As all these diagrams interfere, only the
squared modulus of their sum is visible and it is impossible to separate one diagram from
the others even throuhg kinematic cuts. The signal definition in any VBF search must be

the interfering combination of all diagrams of this type.

Any fundamental boson can be produced via VBF, including W, Z, v or a Higgs boson.
Measuring the production rate of each is an important test of the SM to evaluate if the bosons
couple to each other in the triple-boson vertex as predicted. Searches for the presence of
EW production of a Z-boson have been recently published by both the CMS and ATLAS

[34, B8] collaborations at European Centre for Nuclear Research (CERN). Both analyses
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were able to confirm the presence of the EW Z + 2 jets signal to more than 5o significance
and no significant deviations from the SM predicted cross section were found. A previous
ATLAS thesis also investigated W-boson production via VBF [306] finding a significance of
4.890.

The VBF mechanism and indeed the EW W + 2 jets production provide striking char-
acteristics that can be used to discriminate this signal process from the extremely large
backgrounds that dominate the data. The central leptons, high-momentum forward jets and
lack of central hadronic activity allow us to distinguish EW W 4 2 jets from the QCD
production of the same final state, as well as large tf and other dijet backgrounds. QCD
production of W + 2 jets forms the identical final state to the signal and occurs at a rate
three orders of magnitude larger than the EW production. Not only does this mean the
QCD background is very challenging to reduce to a level where the EW production becomes
observable but it means that the modelling of the QCD events is pivotal to the entire ana-
lysis. A representative sub-set of the QCD W + 2 jets, the dominant background, diagrams

can be seen in Figure [2.6

Figure 2.6: Sub-set of QCD W + 2 jets diagrams making up the dominant background for
this analysis.

The complete set of EW W + 2 jets diagrams includes extra diboson diagrams not
included in the signal definition. These diagrams mimic the signal final state when one boson

decays hadronically and one decays leptonically, the LO diagrams are shown in Figure [2.7]
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The presence of these processes has been previously verified [37], whereas our signal has yet
to be observed. Therefore, the diboson component is excluded from the signal definition by
use of an M, threshold above the mass of the W and Z-bosons. This cut minimises the
diboson contribution in the signal phase space and reduces contributions from interferencem
between the diboson diagrams and the EW signal diagrams, although this interference is

considered in the analysis.

T W e

(a)

Figure 2.7 EW W + 2 jets diboson production diagrams, which are excluded from the
defined VBF signal and suppressed using an M;; cut.

Whilst it is not the aim of this analysis, the EW production of W + 2 jets is sensitive to
the presence of new heavy bosons and aTGCs. A new heavy W’ boson would be able to be
created off-shell in diagram therefore not requiring the entire energy of its mass in the
collision. The effect of this analysis would be a difference between the SM predicted cross
section and the extracted cross section. There have also been suggestions for new heavy
bosons which do not couple to leptons [38] and so would not be observed in diboson analyses

but would be able to replace the t-channel W-bosons in Figure

The VBF process also offers a probe of aTGCs which would cause a deviation from
the SM predicted cross section [39]. Tests of the aTGCs using the VBF process provide
information on the time-like momentum transfer of the couplings which are complementary to

the aTGC tests using the diboson processes which probe the space-like momentum transfer.

IThe EW W + 2 jets diagrams interfere with the QCD W + 2 jets and diboson diagrams as they all
can have identical external particles and can have the same couplings.
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2.7 Summary

The SM is a highly successful theory, accurately predicting a vast number of observed physics
phenomena. The SM predictions for EW W 4 2 jets production can be be tested with data
using the sophisticated MC models. The aim of this thesis is to search for EW W + 2
jets production. Either this study will observe this process for the first time and investigate
the kinematics of VBF production or find a disagreement with the SM and an exciting

prediction of new and unexplained physics.
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Chapter 3

Experimental Apparatus

The analysis covered in this thesis uses data collected in 2012 by ATLAS (A Toroidal LHC

ApparatuS) from proton-proton collisions in the LHC.

The LHC is the largest particle accelerator to date and is designed to collide proton
beams at an unprecedented centre of mass energy. Exploring this untapped high-energy
regime allows us to test the predictions of the SM under novel conditions. The large data-set
collected by the LHC experiments allow precise measurements as well as first observations of
low cross section processes. ATLAS is a general purpose particle-physics detector situated

on the LHC accelerator.

This Chapter describes the proton acceleration chain in Section the performance of
the accelerator in Section and the ATLAS detector and its sub-components in Section

0.0,

3.1 LHC Overview

The LHC accelerator is located in a 26.7 km circumference tunnel beneath the French-Swiss
border near Geneva. This tunnel has an average depth of 100 m and was originally the home

of the Large Electron-Positron (LEP) experiment [40], CERN’s previous highest energy

21
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LHC

Figure 3.1: The LHC accelerator chain. The path of the protons (or heavy ions) is shown
from from the Linac2 to the LHC. Taken from [41].

collider. The LHC is designed to accelerate protons up to a centre-of-mass energy of 14 TeV
although, this energy is only expected to be reached around the year 2020. Run 1 consisted
of 7 and 8 TeV in 2011-12 and only 8 TeV collisions are used in this thesis.

It is also possible to accelerate beams of lead ions up to 2.76 TeV /nucleon. These “heavy

ion” collisions are used to investigate very high nuclear density.

The LHC is last in a series of accelerators that raise the protons to the required energy
through incremental increases. The chain starts at the Linac2, where hydrogen atoms are
ionised and the protons are accelerated to 50 MeV. The protons are progressively fed through
the Proton Synchotron Booster (accelerated to 1.4 GeV), the Proton Synchotron (25 GeV),
the Super Proton Synchotron (450 GeV) and finally the LHC itself (7 TeV). A schematic

of the accelerator chain is shown in Figure

The LHC consists of eight straight sections containing radio-frequency cavities to accel-

erate the beams and compensate for energy losses and eight arcs containing superconducting
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bending magnets. Higher moment magnets are also used to focus the beams and maintain
bunch structure. The limited size of the LEP tunnel means the two counter rotating beams

must be held inside a twin-bore magnet beam-pipe rather than in separate rings.

Rather than have continuous beams, each LHC ring contains discrete bunches of protons
so that the collisions are not continuous and the detectors can identify a particle measurement
with a particular bunch crossing. The LHC proton beams are split into 2,808 bunches, each
containing roughly 1.5 x 10*® protons. When operating under design conditions, bunches are
spaced 25 ns apart and there is a total centre-of-mass energy of 14 TeV in each proton-proton
collision. During the 2012 run, when all data used in this thesis was collected, the LHC

operated at a centre-of-mass energy of 8 TeV with 1380 bunches spaced by 50 ns.

N, is the number of particles per bunch, n, is the number of bunches per beam, f,., is
the revolution frequency, 7, is the relativistic gamma factor, ¥x and Xy are the widths of
the beam in metres in the X and Y directions respectively, and F' the geometric luminosity

reduction factor due to the crossing angle of the beams at the interaction point.

The rate of collisions R occurring per second is related to the inclusive cross section for

a collision o7,cusive, and the luminosity L.

R= O-Inclusive['- (31)

The luminosity £ can be calculated from the following beam parameters:

- Ngnbfrev’)/'r

L= F (3.2)

47TEXZY '

The inclusive cross section can be replaced by the cross section for any particular process
to give the number of events per second of that process, and the luminosity can be integrated
to give the total number of events occurring for a given data-set. The maximum design

luminosity of the LHC is 103 em—2s71.

Due to phase space considerations and the relatively small size of hard parton collisions
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(at 8 TeV this is ~ 20 mb compared to the total ~ 100 mb), the vast majority of the colli-
sions are low momentum transfer interactions and result in low transverse energy particles.
To increase the rate of interesting events, it is possible to increase the average number of
interactions per bunch crossing. By increasing NN, or decreasing Xy and Xy in Equation [3.2]
we can produce an average of more than one proton-proton interaction per bunch crossing.
This is known as in-time pile-up. By decreasing the spacing between bunches, the bunch
crossings occur in quicker succession. This has the disadvantage that particles from other
bunch crossings can affect the measurement of particles in a given bunch crossing. This is
known as out-of-time pile-up. A certain level of pile-up is allowed so that for the same time
collecting data, more interesting events are produced. The LHC was designed to have a

nominal pile-up of ~ 35.

There are four points on the LHC ring where the two proton beams can be crossed to
produce proton collisions in the experiments. The particle detectors located at these four

crossing points are:

LHCb[42]
A single-arm forward spectrometer that specialises in B-hadron physics to study CP-
violation and matter-antimatter asymmetry. Located at LHC point 8 near Ferney-

Voltaire, France.

ALICE[43]
Focused on the study of heavy ion collisions and investigating the resulting quark-gluon

plasma. Located at LHC point 2 in St. Genis, France.

CMS[44]

A general purpose particle detector located at LHC point 5 in Cessy, France.

ATLAS[45], 46]
A general purpose particle detector located at LHC point 1 near to the CERN Meyrin

site in Switzerland.
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3.1.1 General Purpose Detectors

CMS and ATLAS are both general purpose particle detectors designed to study a wide
range of physics. They are similarly designed as cylinders, centred at the collision point and
extending along the beam line, allowing for near complete coverage of the particle collision.
Both aim to probe the SM at high energies and test for new physical processes. In 2012
both experiments published observations of the famous Higgs boson [I8, [19] - a discovery

that resulted in Nobel prizes for the architects of theory of electroweak symmetry breaking

(see Section [2.2.1]).

3.2 Collider Performance

All data used in this analysis were collected in 2012 when the LHC was colliding protons at

8 TeV. This section discusses the performance of the LHC during that time.

It is important to record as many collisions as possible in order to investigate rare physics
processes and reduce statistical uncertainties on measurements. The expected number of
events scales directly with the delivered integrated luminosity (see Equation . During
the 2012 run the LHC delivered 22.8 fb™! of data; details are shown in Figure . ATLAS
recorded 21.3 fb™! of data and all detector components were operational for 20.2 fb™! of

data.

For this data-set, on average more than twenty proton-proton interactions took place in
every beam crossing. Figure shows the distribution of the average number of interactions
per bunch crossing. The symbol p is used to represent this quantity. The mean value for p

throughout the 2012 run was 20.7.



[3.2] Collider Performance

Figure 3.2: Cumulative delivered luminosity in the 2012 LHC run. Taken from [47].
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Figure 3.3: The distribution of the mean number of proton-proton interactions per bunch
crossing in the 2012 LHC run. Taken from [47].
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3.3 The ATLAS Detector

ATLAS is a general purpose particle physics detector with the ability to measure a multitude
of physics phenomena. The detector design aims to cover as much of the nominal interaction
point as possible in order to reconstruct the entire event kinematics. Sub-detector compon-
ents are built up in concentric cylinders about the interaction point at the centre of the
detector with the beam pipe running through the long axis of the cylinders. The philosophy
of a general purpose detector such as ATLAS is to measure a particle’s momentum in the
inner sub-detector components and then destructively measure its energy in the outer com-
ponents. There are many descriptions of ATLAS available in the literature [45], 46], this

section gives an overview of the components most important to this analysis.

The ATLAS detector weighs 7000 tonnes and measures 44m in length and 25m in dia-
meter. It can identify electrons, muons, 7 leptons, photons and jets and infer the presence of
neutrinos by measuring the momentum imbalance. The innermost sub-detector, the Inner
Detector (ID), measures the momentum of charged particles. Surrounding the ID are two
calorimeter systems designed to measure the energies of electromagnetic particles (in the
inner one) and of hadronic particles (in the outer one). The outermost sub-detector is a
spectrometer to measure high energy muons, which tend to pass through the previous com-
ponents. A solenoid magnet bends particles in the ID and a toroidal magnet system bends

muons in the outer muon spectrometer.

Figure [3.4] shows a cutaway view of the ATLAS detector with its sub-detector compon-

ents which are discussed in the rest of this chapter.

3.3.1 Coordinate System

ATLAS conventionally uses a right-handed coordinate system with the origin at the nominal
interaction point at the centre of the detector. The Z-axis is defined along the beam line with
the positive direction anti-clockwise when viewing the LHC ring from above. The Y-axis

points straight up, away from the centre of the earth, and the X-axis points to the centre of
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Figure 3.4: Cutaway of the ATLAS detector showing the sub-detectors. Taken from [45].

the LHC ring. The X-Y plane is often referred to as the transverse plane in which transverse
momentum (pr), transverse energy (Er), and missing transverse energy (ER%) are defined.
Distances between objects in the transverse plane are denoted R. In order to describe particle
trajectories from the interaction point, it is useful to define a polar coordinate system. The
azimuthal angle ¢ is defined from the Y-axis in the direction of the X-axis in the transverse
plane. The polar angle 6 is measured from the Z-axis in the direction of the Y-axis. An
alternative metric of a particle’s position in the 8 plane is rapidity, notable due to differences

in rapidity being Lorentz-invariant, which is defined as:

1
y=3

E+pz
E—pz

In

, (3.3)

where F is the particle’s energy and py is the particle’s momentum along the Z-axis. As the
vast majority of particles observed in ATLAS have an energy considerably higher than their
mass, we can approximate most particles as massless. This simplifies the rapidity equation by

equating a particle’s energy with its momentum, resulting in the pseudo-rapidity 7, defined
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as:

v (1) »

Units of pseudo-rapidity are not uniform in 6, covering a large 6 region near the Y-axis and
small 6 regions near the Z-axis. Pseudo-rapidity has the appealing property that the flux of

particles produced in ATLAS is roughly uniform across a unit of pseudo-rapidity.

The angular separation between objects is defined as:

AR = \/(A¢)2 + (An) 2 with A¢ € [0, ), (3.5)

where A¢ is the azimuthal distance between the objects and An is the pseudo-rapidity

distance.

Particle tracks are reconstructed using the inner subdetectors of ATLAS where a track
represents the helixial path of a charged particle passing througt a magnetic field. These
tracks are parameterised by 5 variables: the inverse transverse momentum (1/pr), the azi-
muthal angle (¢), the polar angle (cotf), the transverse impact parameter (dy) and the
longitudinal impact parameter (z, x sinf). The impact parameters quantify a track’s closest
approach to a vertex. The impact parameters are calculated by extrapolation of the initial
direction of the track, considering the effect of the magnetic field. The transverse impact
parameter dy is signed; positive if the track curves towards the vertex at the point of closest

approach and negative is it curves away [48], 49].

In order to maintain the vacuum of the LHC a beam pipe runs through the centre of the
ATLAS detector. The beam pipe is 38 m long with a 5.8 mm inner diameter and is made
of 0.8 mm thick beryllium at the interaction point. This construction enables a strong beam
pipe that maintains the vacuum but presents the outgoing collision particles with minimal

material to traverse.

A summary of the measurement precision from each subdetector is given in Table [3.1]
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Figure 3.5: Plan view of a quarter section of the ID. Taken from [45].

s Further details on each subdetector can be found in the following sections.
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Subdetector

Resolution

Inner detector
Electromagnetic calorimeter

Hadronic calorimeter

Muon spectrometer

L = 0.03% x pr & 1.5%

% =%01%
% = 0% © 3%

pT

L _ A% at pp = 100 GeV

Table 3.1: The performance of each subdetector of the ATLAS experiment in the central
region. More details of each subdetector can be found in the relevant section of the text.

3.3.2 Inner Detector

This section describes the three inner-most sub-detectors of ATLAS, which together make

up the ID, as shown in Figure[3.5 These three components are contained within the 2 Tesla

solenoid magnet so that charged particles exhibit a curved path in the ¢ direction. The aim

of the ID is to provide precise measurements of a particle’s position at several radii without
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affecting its flight path. The momentum of charged particles is calculated from the curvature
of the track. The extrapolation of this track back towards the Z-axis allows the position of
the vertex where the particle originated to be reconstructed. The knowledge of this vertex
is useful to see if the particle came from a primary vertex—a proton-proton interaction from
the beams—or from a secondary vertex—a decay of a particle that travelled a measurable
distance before decaying. Multiple primary vertices are possible in a single beam-crossing
due to pile-up. The vertex with the highest scalar sum pr of the tracks originating from it
is considered to be the vertex of interest for that event and the other primary vertices are
considered pile-up. Secondary vertices occur when hadrons with b or ¢ quarks are produced
and travel some distance before decaying. Other hadrons typically decay either within the

measurement resolution of the primary vertex or within the detector (if at all).

The three ID sub-components are contained within a cylinder of about 5.3 m in length
(along the beam line) and 2.3 m in diameter. Tracks with pr as low as 400 MeV in the
range |n| < 2.5 can be reconstructed with high efficiency. The central rapidity region of each
detector component consists of a number of open ended cylindrical barrels. The forward
components are a number of disks in the transverse plane facing the interaction point and

called ‘end-caps’.

The Silicon Pixel Detector

As the inner-most component of ATLAS, the pixel detector experiences the highest density
of particles; thus the granularity must be extremely fine to resolve individual tracks. This
high flux also causes issues with radiation damage to the materials used to construct the
sub-detector. The basic unit of the pixel detector is a pixel of (R-¢) x Z dimensions 50 x
400 pm. 47,232 pixels are printed on a module and 48 modules make up a pixel detector
stave. There are 1,702 staves making approximately 80.4 million readout channels in total.
There are three concentric barrel layers around the interaction point covering |Z| < 400.5
mm and extending from 50.5 mm to 122.5 mm in R. Further out in the Z direction, there

are three end-cap disks extending to 650 mm. The inner-most barrel layer is also known
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as the ‘b-layer’ as the resolution it provides is crucial in location secondary vertices from
B-hadrons. The pixel detector measures tracks from particles with |n| < 2.5 with an intrinsic

precision of 10 um in (R-¢) and 115 pum in Zin the central region or R in the forward region.

The Semiconductor Tracker

The Semiconductor Tracker (SCT) is located just outside the pixel detector from 299 to
514 mm in R. The particle density experienced by the SCT is high enough to require high
resolution particle tracking, although less so than for the pixel detector. The basic unit is a
12 c¢m long silicon micro-strip, which detects passing charged particles by ionisation. There
are 768 strips on each side of an SCT module. Each side is at a relative angle of 40 mrad
to improve resolution. There are four barrel layers covering |Z| < 853 mm and nine end-cap
disks extending to Z = 2,720.2 mm, allowing tracking coverage for |n| < 2.5. The intrinsic
precision for the space-points of the SCT is 17 ym in (R-¢) and 580 pm in Z in the central

region and R in the forward region.

The Transition Radiation Tracker

The outermost component of the ID is the Transition Radiation Tracker (TRT'). Rather than
track particles by ionisation, as with the previous two sub-components, the TRT uses trans-
ition radiation information. The detector is made from straw drift tube tracking detectors
filled with a Xenon gas mixture (70% Xe, 27% COaq, 3% O,) interleaved with polypropylene
fibres/foils acting as transition radiation material. The electric field of a charged particle
is different in materials with different di-electric constants. Therefore, when traversing the
boundary between such materials it emits radiation. The intensity of the radiation is pro-
portional to the Lorentz factor of the particle, v = E/m. This mass dependency allows

electrons to be identified by the TRT.

The barrel extends from R = 554 to R= 1,082 mm and out to |Z| = 749 mm. The straws

are aligned along the beam-line and split at n = 0. The barrel straws do not provide any Z
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 3.6: Cut-away view of the ATLAS calorimeter system, taken from [45].

measurement but give an (R-¢) position to a precision of 130 pum.

The end-cap section extends from | Z| = 853.8 mm to | Z| = 2, 710 mm, extending coverage
to || < 2. The end-cap straws are aligned radially and give a (Z-¢) position with a precision

of 130 pum but do not give any R information.

In total the TRT has approximately 351,000 read-out channels.

3.3.3 Calorimeters

The ATLAS calorimeters are located outside the ID and solenoid systems. The calorimeters
are designed to destructively measure all particle’s energies (excluding muons and neutrinos).
The inner sub-components are designed to measure electromagnetic particles, primarily elec-
trons and photons, and the outer sub-components are designed to measure the showers of
hadronic particles. The precision of the ID complements the energy measurements but the

calorimeters extend further forward than the ID, covering |n| < 4.9.
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In order to provide maximum containment for particle showers, the calorimeter must
extend for as many interaction lengthg¥ as possible in R-Z. The total amount of material

upstream and inside of the calorimeters is shown in Figure as a function of |n].

Cells in Layer 3
AQxAN = 0.0245x0.05

2Xo An=g,

\‘

/\ % _
n= 0 »"\Q&& 16Xo
Tri
\/ 4/\/"/\¥ VAT -
43X, l

Interaction lengths

%@&& 1.7X, ///////////ﬁ...w \/

T e, ﬁiﬂ%‘#«,»‘ h
Tl N IR
LT ®

~— —
L . f~— ?
| T 7.5:211,/8 <460, M=0.025
. N = 0.003 m
. g 1 : .
Pseudorapidity Strip cells in Layer 1
n

(a) Cumulative amount of material, in units of inter- (b) Geometry of the barrel electromagnetic calori-
action length, as a function of || meter. The three layers in R are shown.

Figure 3.7: Layer of the ATLAS calorimeters, both taken from [45].

The Electromagnetic Calorimeter

Between the solenoid magnet and the Electromagnetic Calorimeter (EM CALO) there is a
thin liquid argon layer acting as a pre-sampler in the range || < 1.8. This allows for the

correction of energy losses upstream of the calorimeters for central particles.

The innermost calorimeter is designed to capture the showers of electromagnetic particles.
The barrel extends from |n| < 1.475 and the end-caps 1.375 < |n| < 3.2 (separated into an
two coaxial wheels). The EM CALO contains 22 to 30 radiation lengths (akin to interac-
tion lengths but for electrons and photons) so the vast majority of electromagnetic particle

showers are fully captured by this calorimeter.

The design is a sampling calorimeter using liquid argon as the active detector material,

chosen for its intrinsic radiation hardness and its linear response, and lead as the absorber

*An interaction length is the mean path length required to reduce the relative energy of a hadron by 1/e
or 0.368.



742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

3.3 The ATLAS Detector 35

material. Figure shows the accordion geometry of the lead plates and the segment-
ation of the EM CALO into three layers. The granularity decreases as a particle moves
through the three layers, with the fine-grained innermost layer providing high position res-
olution of photons making the distinction of 7° — v from a single photon possible. The
longitudinal evolution of the EM shower gives information about the incident particle and

allows discrimination between electrons or photons and hadronic objects.

Electrons in the region 1.37 < |n| < 1.52 are usually excluded from physics analysis due to
the large amount of upstream material that reduces the resolution of the EM CALO energy

measurement. This 7 range is known as “the crack” region and affects electron identification.

The Hadronic Calorimeter

The next sub-detector after the EM CALO is the hadronic calorimeter. With a depth of
9.7 interaction lengths at n = 0, it is designed to capture the vast majority of hadronic
showers. Any leakage of the showers would result in mismeasured energies and an incorrect
missing momentum measurement, as well as misidentified muons in the muon spectrometer.
The hadronic calorimeter is a sampling calorimeter which uses plastic scintillator tiles as the
active medium and steel as the absorber material in the barrel region for |n| < 1.7. The use
of steel doubles as a return yoke for the solenoid magnet. As with the EM CALO, there are
three layers in the barrel. The inner two layers have read-out cells of dimensions An x A¢g

~ 0.1 x 0.1, and the outer layer has dimensions 0.2 x 0.1.

The end-caps cover the range 1.5 < |n| < 3.2. To combat the higher radiation dose in
the forward region the end-caps use liquid-argon as the active material and copper plates as
the absorber material. The cell size for |n| < 2.5 is An x A¢ = 0.1 x 0.1, and 0.2 x 0.2 for

more forward cells.
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Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

Barrel toroid

: Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.8: Cut-away view of the ATLAS muon spectrometer system, taken from [45].

s The Forward Calorimeters

6 'To capture the energy of high-|n| particles, the forward calorimeters extend the coverage of
77 ATLAS from |n| = 2.9 to |n| = 4.9. They consist of a single electromagnetic layer followed
s by two hadronic layers. Capturing the energy of these forward particles improves the missing
70 momentum measurement and allows forward particles, such as those produced in a VBF

0 process, to be captured.

m 3.3.4 The Muon Spectrometer

2 At the outer edge of the calorimeters the only remaining observable particles are typically
773 muons. The muons interact minimally with the upstream detector components, as they are

7+ minimum ionising particles. The muon spectrometer coverage extends to |n| = 2.7, although
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triggering only occurs up to || = 2.5 and there is a small gap at n = 0 to allow services to

access the ID.

The muon system is designed to have a stand alone precision of 10% on a muon of pp =
1 TeV, and to measure muons down to ppr = 3 GeV. A toroidal magnet system surrounds
the muon system, emitting a magnetic field between 0.5 and 1 T which causes the muons
to curve in the Y-Z plane. This allows the charge of the muon to be identified for muons
with transverse momentum up to ~ 3 TeV. Information from the muon system is used in the
fast triggering (see Section so it must be available extremely quickly. More accurate
measurements take slightly longer and rely on multiple detector components. The various

components of the muon spectrometer are explained below.

Trigger Chambers

Resistive Plate Chambers (RPC)
These chambers give a very fast space-point measurement for |n| < 1.05 when a
muon ionises the ( 97% CoHoFy, 5% Iso-C4Hig, 0.3% SF¢ ) gas held between two

charged, resistive plates.

Thin Gap Chambers (TGC)
These multi-wire proportional chambers provide an azimuthal coordinate position

in the range 1.05 < |n| < 2.7 when a muon passes through.

Precision Chambers

Monitored Drift Tubes (MDT)
Proportional drift tubes cover the range |n| < 2.7 and provide tracking to a

precision of ~ 80 pm in the (R-Z) direction.

Cathode Strip Chambers (CSC)

Multi-wire proportional chambers with cathode strips and anode wires provides
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(R-¢) coordinates for tracking in the forward region (2.0 < |n| < 2.7) to a precision

of ~ 60 pm.

3.3.5 Triggers

The data collected by all the ATLAS sub-detectors is read out and stored to disk for later
analysis. In 2012 the proton bunches were separated by 50 ns, corresponding to a crossing
frequency of 20 MHz. The average data size of an event was 1.3 MByte and the recording
infrastructure is only capable of writing out data at ~ 300 MBytes per second, so the
potential incoming rate of 26 TBytes per second must be reduced. A three level trigger
system is used in ATLAS to reduce the incoming rate to a manageable 200 Hz, a reduction
of order 10°. The aim of the trigger system is therefore to make an extremely fast decision
as to whether an event is interesting enough to be written out to disk or should be ignored
and the data lost forever [50]. The three trigger levels are designated Level 1 (L1), Level 2
(L2) and Event Filter (EF), each reducing the incoming rate from the previous step using

increasingly detailed information about the event. The L2 and EF are collectively known as

the High Level Trigger (HLT).

A coarse overview of the event is formed using fast information from the calorimeters and
the muon system to form primitive electrons, photons, jetsﬂ, muons, T-leptons and EMss,
Each trigger step compares properties of these objects to some predefined thresholds to
determine if the event should be kept. In general, events with high pt objects are kept and

those with low pr objects are dropped.

The L1 trigger reduces the incoming rate of 20 MHz to ~ 75 kHz and must process each
event in ~ 2us. As speed is of the essence, the L1 system is located as close as possible to

the detector and is an entirely hardware based system.

The HLT triggers are processed in computing farms and are both off-detector, software

based systems.

fSee Section for the definition of jets.
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The data for the event is only read out from pipeline memory buffers if a positive decision
comes from the L1 trigger. In that case the L2 system looks at a Region Of Interest (ROI),
seeded by L1, in a specific 7, ¢ region. The full detector information is read out in that Rol
(only about 2% of the total event data) and L2 has an average of 40 ms to make a decision

on that event and reduce the rate to 3.5 kHz.

The EF has 4 s per event to make a decision with the advantage of access to more

complete event information. In the EF the rate is reduced to the final 200 Hz.

After events are written out, they are classified by ‘stream’ depending on some defining
particles, e.g. a high pr electron would put the event into the egamma stream, and then

written to disk for offline analysis.

3.3.6 Luminosity Detectors

As can be seen in Equation [3.1], the measurement of any cross section relies on accurate
knowledge of the integrated luminosity. To calculate the luminosity there are two small

detectors at large Z values.

The luminosity measurement using Cerenkov integrating detector (LUCID) [51] is loc-
ated at £17 m and R ~ 10 cm from the ATLAS interaction point. It detects inelastic
proton-proton collisions in the forward region, allowing an online instantaneous luminosity

measurement.

The absolute luminosity for ATLAS (ALFA) detector [52] measures very forward particles,
located at |Z| = £280 m from the ATLAS interaction point. The total cross section can be

calculated by measuring the very small elastic scattering angles of protons.

LUCID and ALFA measurements combine to give a value of the total integrated lumin-

osity and in 2012 the uncertainty on this measurement was 2.8%.
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3.3.7 Data Processing

As the condition of the beams alter with time, the events are tagged with a time-stamp so
they can be grouped into similar blocks. The smallest block is known as a ‘lumiblock” and
typically last 30 minutes unless the beam or detector conditions alter significantly within
that time. Data is also grouped by the ‘run number’ where each fill of the LHC from
the accelerator complex has a unique number. A run can last from 10 minutes to 14 hours.
Runs are aborted when the beam becomes unstable or the luminosity drops below acceptable
levels. Multiple runs are combined into ‘periods’. Each period is given an associated letter

(e.g. periodB) and contains runs with proton beams of similar properties.

The data are stored in various formats, from being read off the detector electronics
through to being accessible for physics analysis. The format used in this analysis was the
‘Ntuple’ stage which allows access to groups of pre-computed objects which have passed loose

selection requirements. The 8 TeV NTUP_COMMON Ntuples were used through this thesis.

The data are stored in computing farms at CERN but are also replicated to multiple
world-wide sites and are accessible over the LHC Computing Grid [53]. This setup allows
the analyser to send the analysis code to the data rather than download the (often huge)

data-sets to local storage.

3.3.8 Simulation

The physics models that are to be compared to data must be on the same footing as the
data collected from ATLAS. To this end, the physics models are used to generate MC
events from proton-proton collisions modelling those produced in ATLAS under the 2012
running conditions. These events are then passed through a simulation of the detector using
the GEANT [54] code resulting in a simulated output from ATLAS exactly like that used
for data. From this stage the MC events follow the same route as the collision data events
and are made into Ntuples for analysis. This careful procedure ensures the physics model

and collision data have experienced an analysis chain as similar as possible such that event
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ers  characteristics should be altered (if at all) in exactly the same manner.
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Chapter 4

Object Reconstruction

It may seem a trivial question but when asking “What particles did ATLAS just see?”, there
is often no clear answer. Particle types are identified by their interactions with the detector
components. Often subtle differences in these interactions can distinguish what particle
type created the track or shower in question. Detector information is fed into reconstruction
algorithms that process a variety of characteristics in order to determine the most likely
particles to have been produced in the collision hard-process. The aim of the reconstruction
is to transform the raw data into final state kinematics for analysis use. An overview of the
tracking algorithms common to multiple final-state particles is given in Section [4.1] The
rest of this chapter discusses how we identify electrons (Section [4.2)), muons (Section [4.3)),
jets (Section and B (Section . Overlapping final-state particles are discussed in
Section and the definitions of the truth selection, applied to MC samples, is discussed
in Section 4.7

Heavy particles that can decay to lighter ones often have very short lifetimes. A particle
will decay before it can reach the detecting components of ATLAS if the lifetime is smaller
than ~ 2 x 1071% s in the lab frame. Only a few particles are stable enough to be observed
in ATLAS, simplifying the required number of search algorithms. Identification algorithms

use known characteristics of particles to identify their detector signatures.

42
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4.1 Tracking And Vertexing

There are various strategies to reconstruct tracks from charged particle ID hits (see Section
[55]. For each event, there are many hits in the ID caused by low energy particles or
electronic noise that have to be filtered out from high momentum particles’ signals. Soph-
isticated algorithms process the high volume of hits in all three ID components efficiently
in order to find the tracks of high pr particles. The hits in the ID are transformed into
three dimensional “space-points”. This is a trivial process in the pixel detector, where the
space-point is simply the pixel coordinate. The front side of an SC'T strip is only able to
record a ¢ and R coordinate with no distinction in the Z direction. The back side of an
SCT module has a small stereo angle, so a hit in both sides can be used to determine a Z

coordinate.

The primary algorithm for track reconstruction is the inside-out sequence [56], which
seeds a track with space-points from the pixel detector and SCT. The track is built by
iteratively adding space-points and recalculating the quality of the track fit (using a 2
metric). Only space-points within a region-of-interest, defined by the a pt dependent cone
around the track’s current direction, are considered in this reconstruction. If the track
passes certain quality requirements the algorithm extends the track to the TRT in search of
further space-points to add to the track. This sequence finds the majority of high pr tracks
which originate from a primary vertex. The related outside-in sequence then carries out
this process in reverse, looking for remaining, unused TRT space-points to produce track
seeds and extrapolate back to the SCT and pixel detector. This sequence is designed to
find tracks missed by the inside-out sequence, as well as tracks that come from a secondary
vertex, i.e. a vertex that is significantly displaced from the nominal interaction point. This

procedure is able to find tracks with pr > 400 MeV.

Finally, a vertex finding algorithm is run to associate tracks to vertices where extrapolated
tracks converge [57]. This stage also incorporates finding secondary and photon conversio

vertices.

*Photon conversion occurs when a photon interacts with the detector to form an electron and positron.
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4.2 Electrons

Electrons do not decay and are in the final-state of many analyses. The detector signature
for an electron is a track in the ID matched with an energy deposit in the EM CALO. The
requirement to have an ID track in the identification means electrons can only be found in

the central region, |n| < 2.5.

4.2.1 Trigger

The tracks for potential electrons are found as explained in Section[d. 1} A detailed discussion
of the electron trigger is given in [58]. The energy deposited in the EM CALO is clustered
by the L1 trigger into towers by summing over R in An x A¢ =~ 0.1 x 0.1 blocks over all
calorimeter layers [59]. Local maxima are found using a ‘sliding window’ algorithm, scanning
across the towers in 4 x 4, n-¢ windows. If the central 2 x 2 towers have a combined energy
above the threshold of the trigger, the L1 electron requirements are satisfied. The efficiency
for finding an electron with this procedure is 99% for Er> 7 GeV, increasing to 99.9% for
Er> 45 GeV.

The L2 electron trigger is seeded by the the highest energy cell in the Rol found by
the L1 trigger. The L2 trigger then recaluclates the electron track using the the inside-out
procedure and a ROI from the L1, allowing a more accurate track to be founddue to strciter
requirements on track quality. Due to strict time constraints the L2 trigger is restricted to
energy measurements from only the second layer of the EM CALO. The cluster position is
calculated as an energy weighted average 3 x 7 (5 x 5) cell position, when the cluster is in the
barrel, || < 1.4 (end-cap, 1.4 < |n| < 2.47), centred on the seed. The tracks available to the
L2 trigger are limited to those pointing towards the ROI in 7-¢ coordinates and originating
from the primary vertex. The trigger is passed if the p of the electron candidate is above

the L2 trigger threshold.

The EF electron trigger has considerably more time to make a decision and so is able to

use offline-like algorithms to reconstruct the electron candidate. Calorimeter information in



948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

[4.2] Electrons 45

L1 Trigger L2 Trigger Event Filter
L1_EM18VH | L2_e24vhi _mediuml | EF_e24vhi mediuml
L1_EM30 L2_e60_mediuml EF_e60_mediuml

Table 4.1: Electron trigger flow used in this analysis.

an area slightly larger than the L2 ROI is retrieved and a sliding window algorithm builds
energy clusters to which all offline based corrections are applied. The EF tracks use an
adapted version of the offline reconstruction and are limited to those tracks available in the
Rol. The EF trigger is passed if the electron candidate again passes the trigger pr threshold

and the event data is then written out to storage.

Throughout the entire 8 TeV ATLAS data-set two triggers were in operation for electrons
with no pre-scale appliedﬁ]. These triggers are EF_e24vhi mediuml and EF_e60 mediuml,
described below. In the analysis, events are selected by applying a logical OR between these
two triggers. Table4.1|shows the corresponding L1, .2 and EF triggers used for the electrons

in this analysis.

The EF_e24vhi mediuml trigger requires an electron candidate with uncalibrated pr of
at least 24 GeV at the L2 and EF stages. The i in the trigger name denotes an additional
requirement that the electron must be isolated, such that the electron track contributes at
least 90% of the summed track pr in a cone of AR < 0.2. The v denotes that the threshold
(24 GeV) varies in n. This variation accounts for regions of the detector where the pr
measurement is less precise and hence the threshold is lowered to account for mismeasure-
ment. The variation is less the 2 GeV. The h denotes the veto of electron candidates with
hadronic leakage. Any electron with energy > 1 GeV in the hadronic calorimeter fails the
filter requirements. Finally, the mediuml refers to set of identification cuts which are loosely
similar to the offline identification described in Section [£.2.2] The identification at trigger
level applies, amongst others, requirements on the lateral width of the energy deposit and

the number of space-points in the ID.

The EF_e60 mediuml trigger requires an electron of uncalibrated pr greater than 60 GeV

tA pre-scale of N means only 1 in every N triggered events is stored. Pre-scales are used for high rate
triggers, where storing all events would exceed the available bandwidth.
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tron E.

Figure 4.1: Electron trigger efficiencies for an OR between the two triggers used in this
analysis. Taken from [60].

but does not require the isolation and hadronic leakage requirements mentioned above for
the low-pr trigger. The justification for dropping the isolation requirement is that the pr
distribution of jets misreconstructed as electrons falls rapidly as pr increases so an electron

candidate with pp > 60 GeV is more likely to be an electron.

The application of an OR of the two triggers increases the efficiency of high pr electrons
whilst requiring the lower pr electrons to be isolated. The efficiency of the triggers is studied
using “tag-and-probe” methods using Z — ee and J/1) — ee data. One electron passes the
trigger and is designated the “tag”. The second electron from the Z or J/i decay, is
designated the “probe” if the two electrons have a combined mass consistent with the parent
Z or J/v. The efficiency of the trigger is the fraction of probes that pass the trigger. Figure
4.1(a)| shows the efficiency for an electron to pass an OR between the two electron triggers
as a function of electron n and Figure shows the same efficiency as a function of Er.

The higher level triggers include in efficiencies from the upstream levels.

4.2.2 Offline Reconstruction

The online reconstruction ensures a high efficiency for selecting electrons but allows many
misreconstructed or non-prompt electrons to pass the selection. Prompt electrons are pro-

duced in the hard-scatter and are what we aim to select in this analysis. 0.025 x 0.025
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energy towers in 7-¢ space are formed in the EM CALO using a sliding window algorithm.
Each of the three layers of the EM accordion calorimeter is re-clustered separately, giving
information on the longitudinal shower shape. If a tower is found to have pr > 5 GeV and
matches an ID track, an electron candidate is formed. To account for the increased track
bending after bremsstrahlung the matching in ¢, the bending plane of the solenoid magnet,
is asymmetric. If the track is matched to |An| < 0.05 and |A¢| < 0.1(0.05) of the centre
of the cluster it is bending towards (away from), it is considered matched to the cluster.
The electron candidate four-momentum is the found from the combined track and cluster,

corrected for average expected energy losses.

In order to reduce the background from non-prompt electrons, further offline identific-
ation criteria are derived by the “egamma” performance group. The criteria come in three
grades of increasing prompt electron purity but reducing signal efficiency named loose, me-
dium and tight [61]. As we require high signal purity in our selection, the tight requirements
are applied in this analysis. The full set of requirements are given in [61], a sub-set for the

tight identification is outlined here:

e Low impact parameter (|dy| < 5 mm).

High number of ID hits (> 1 Pixel, > 7 SCT).

Low AR between track and cluster.

b-layer hit to suppress conversion electrons.

The identification requirements are validated using MC and “tag-and-probe” methods
using Z — ee and J/1) — ee data. The efficiency of the identification is then the fraction of

probes that pass the cuts.

To further reduce the contamination from non-prompt electrons from heavy-flavour-quark
decays, isolation requirements are applied. Heavy flavour decays tend to have a high particle
multiplicity concentrated in a small AR area. The isolation cuts ensure that the electron is

the most energetic, or highest momentum, object in the vicinity.
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Figure 4.2: Electron calorimeter isolation showing the grid of calorimeter cells. The yellow
circle shows a AR < 0.4 cone around the electron cluster. The central An x A¢ =5 x 7 is
excluded and the remaining yellow cell’s energy is summed. Taken from [62].

w4 Track isolation - The momenta of all tracks, excluding the electron, within AR < 0.2
1015 around the electron track are summed to give p$°"¢?°. In this analysis p$¢?" is required

1016 to be smaller than 5% of the electron’s momentum.

w7 Calorimeter isolation - The EM CALO and hadronic calorimeter energy towers are summed

1018 in a AR < 0.2 cone around the electron cluster. The central An x A¢ = 5 x 7 central
1019 cells are excluded and the remaining energy is summed to give E$°"?°. This analysis
1020 requires E$20 to be below 15% of the electron cluster energy. See Figure

1021 Electron candidates are required to be associated to the primary vertex by cuts on the

w22 impact parameters. The transverse impact parameter d; is required to be within 3 standard
w23 deviations of the primary vertex and the longitudinal impact parameter is required to be

1024 |ZO sm(@)] < 0.5 mm.

1025 At each step of the electron selection the efficiency must be found in order to compare
s data with MC [59]. The tag-and-probe method, outlined above, is used to calculate recon-
w2z struction and identification efficiency factors which are applied to the MC. The efficiency

ws of the probe electron is found at each stage and scale factors are found by comparing the
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Figure 4.3: Electron identification and reconstruction efficiency factors. The “Tight” offline
requirements are applied in this analysis. Taken from [59].

data and MC efficiencies. The scale factors adjust the electron pr by < 5% for electrons
above 50 GeV. Figure 4.3(a)[ shows the electron identification efficiency differentially in the
number of primary vertices. Figure [4.3(b)| shows the combination of the identification and

reconstruction efficiencies plotted as a function of the probe electron 7.

4.2.3 Calibration

The electron energy calibration is described in detail in [56]. The standard EM CALO
electron calibration is derived by probing the response energy when firing electrons of a known
energy into a calorimeter module [63]. MC studies are used to investigate the expected
calorimeter energy tower response differentially in pr and 7 of the electrons. These correction

factors are then applied to the observed electron.

A data-driven approach is used to validate the correction. Z — ete™ and J/¢ — ete”
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events are used to ensure the line-shapes of the resonance matches between data and MC.
Small additional correction factors are applied to MC electrons to ensure MC and data
electrons are compared on an equal footing [61]. The MC electron energies are also smeared

to match the energy resolution observed in data.

4.2.4 Analysis Electrons

The electrons used in this analysis are required to pass all the above selection criteria.
Additional cuts are applied at the analysis level. The electron is required to have pr > 25
GeV in order to suppress any turn-on effects from the 24 GeV trigger. No cut is needed
around the 60 GeV trigger as the vast majority of 60 GeV electrons will also pass the 24
GeV trigger and turn on effects will be minimal. Electron |n| must be < 2.47 and not fall

within the crack region (1.37 < |n| < 1.52) that suffers from reduced efficiency.

4.3 Muons

Muons are minimally ionising particles so they pass through ATLAS without losing much
energy. They are the only particles to typically deposit their energy in the muon spectro-
meter, the outer component of ATLAS. This allows the muons to be cleanly observed with
fewer backgrounds than electrons. The similarity to electrons in terms of the electroweak
force (known as lepton-universality) mean the same kinematics apply to both when consid-
ering W-boson decays. Therefore, by adding the final state with a muon to this analysis we

approximately double the expected event yield without altering the kinematic selection.

4.3.1 Trigger

The muon system uses the fast response trigger chambers in the Resistive Plate Chambers
(RPC) and Thin Gap Chambers (TGC) to seed the L1 trigger [64]. A muon track can be

seeded by spatially and temporally clustered hits in three layers of the RPC or TGC. If a



1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

4.3l Muons 51

> F ; z 7 iE
& 09F = & 09f =
8 g E 8 c E
o o%F E o 08F E
0.7 0.7 -
0.6 = 0.6 =
0.5F 3 05F ATLAS Preliminary
E ATLAS Preliminary 3 E Data 2011 E
0.4¢ Data 2011 E 0.4F Nmuon|<1.05 E
03fF Mmyon|<1.05 E 0.3fF 3
0.2 L1_MU10 2 stations) 0.2 L1_MU10 (2 stations) ]
F ¥ L1_MU11 (3 stations) 3 E ¥ L1_MU11 (3 stations)
0.1 = 0.1 =
oi— P I R R ob bl v bl b b 1 1

-1 05 0 0.5 1 3 2 1 0 1 2 3
n 9

(a) L1 efficiency as a function of muon 7. (b) L1 efficiency as a function of muon ¢.

Figure 4.4: 2011 L1 muon efficiencies for the barrel region as a function of muon 7 and
¢. The muon spectrometer hole location is shown by the efficiency drops at n = 0 and
¢ = —1,—2. Taken from [65].

track with sufficient momenta is found at L1, a ROI is sent to the L2 trigger for further
investigation. The ROI has dimensions An x A¢ = 0.1 x 0.1 (0.03 x 0.03) in the RPC
(TGC). Whilst these L1 trigger chambers cover ~ 99% of the end-cap geometry, they only
cover ~ 80% of the barrel region (|n| < 1.5) due to a hole around n = 0 allowing services into
the ID. This hole is split into two locations at ¢ = —1 and ¢ = —2. Unfortunately there are
no plots available from the ATLAS muon performance group for 2012 data demonstrating
the hole location. Figure [4.4] shows plots from 2011 L1 trigger performance studies showing
the trigger efficiencies for the barrel region where the drops in efficiency show the hole

location.

The L2 trigger then constructs a track from three-dimensional space-points in the Muon
Drift Tubes (MDT). This MDT track is then combined with the ID track with the smallest
AR to form a 1.2 Combined Muon (CB). The muon candidate only passes the L2 requirements
if the track pr > 24 GeV.

The Event Filter has the full Muon Spectrometer (MS) information to evaluate the muon
candidate. The MS track is formed using the full MS hit information. This MS track is then
matched to the closest ID track to form the full muon candidate. This method is known
as the “outside-in” algorithm, as it is seeded by the MS. An “inside-out” algorithm is then

applied to remaining ID tracks, extrapolating to the MS. If a matching, unused MS track is
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L1 Trigger L2 Trigger Event Filter

L1 MU15 | L2mu24 tight | EF mu24i_tight
L1_MU15 | L2mu36_tight | EF_mu36_tight

Table 4.2: Muon trigger flow used in this analysis.
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Figure 4.5: Muon trigger efficiency for passing either the EF mu24i_tight or EF mu36_tight
triggers. Both taken from [64].

found, a new muon candidate is formed. Both algorithms form the offline CB.

In a similar manner to the electron trigger choice, the muon channel analysis applies an
OR between one low-pr isolated and one high-pt non-isolated trigger. The lower pr trigger is
named EF mu24i_tight and the higher py version is EF_ mu36_tight, requiring muons above
24 and 36 GeV respectively. The lower pr trigger also requires the muon track to be isolated
such that pp©o¢2 is less than 12% of the muon track pr [64]. The full trigger menu for both

muon triggers is shown in Table

As with the electron triggers, a tag-and-probe method corrects the modelling of the muon
trigger efficiency using data. In this case Z — pu™p~ events are used, where one muon is
tagged and the other used as a probe. The trigger scale factors are derived as the data-to-
MC ratio of the probe efficiency, and are applied to the M C samples in this analysis. Figure
shows the efficiency in the barrel region for the two triggers used in this analysis, and
Figure shows the same for the end-caps.
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4.3.2 Offline Reconstruction

The offline reconstruction of muons is able to use all the information that ATLAS records.
There are various algorithms or “chains” used for different types of analyses; this analysis
exclusively uses the “chain 1”7 type muons [66]. This chain 1 reconstruction begins with the
MS tracks. These tracks are then matched to the ID tracks using a statistical combination
of track parameters considering the covariance matrices. The track is then required to pass

the following criteria:

e > 1 Pixel hit,
e > 5SCT hits,

e < 2 missing silicon hits, where the hits are expected, and

> 9 TRT hits if the track traverses the full TRT (|n| < 1.9).

If all the above requirements are satisfied, the candidate is determined to be a muon and

passed to the analysis code.

4.3.3 Calibration

The efficiency of the offline reconstruction cuts must be evaluated in both data and MC.
As with the electron reconstruction efficiencies, a tag-and-probe method is used. Z — un
and J/1 — pp events are found in data by tagging one muon to pass the above cuts and
requiring a second, probe muon, with the muon pair satisfying a mass requirement. The
probe muon is tested to see if it passes the reconstruction cuts, and the efficiency of the
reconstruction is the ratio of passing candidates to total probes. The same procedure is
evaluated using MC samples and the data-to-MC efficiency ratio is applied to the analysis
MC as a correction factor. Figure shows the reconstruction efficiency as a function of
the probe muon 7. Efficiency drops can be observed around 7 of 0, where the MS has a gap

to allow ID services in, and around n of 1.4 where the MS has some missing chambers for



1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

[4.3] Muons 54
5 e o e g E E
& 0955 - - — 2 0.98F =
S g . E S TURhget SR o o 1
£ 095 = E O.QG%ﬂ =

0.85F- ATLAS 3 oot * ATLAS E
0.8E—CB.MC —- CB, Data . E DR . ZMC wuyMC
0750 © CBYST.MC - CBsST,Data  * E 092; - ~Z Data +J/y Data |
E CaloTag, MC -+ CaloTag, Data E 0-9; 05 s=8Tev =
0‘7; E 0.88— - Chain 1 CB Muons 3
0.65F Vs=8TeV =* Chain 1 Muons = = L =203 fb* E
00 R 200 o 3 e
o ‘ o
s 102 + o 3 € 102
S e, bontggrrsrs g bia noygno b gty ot} S I ————————— o 4
ho) R T el + I i o
8 0.98 5 R S 8 0.98
25 -2 15 -1 05 0 05 1 15 2 25 20 40 60 80 100 120
p, [GeV]

(a) As a function of the probe muon 7. (b) As a function of the probe muon pr.

Figure 4.6: Muon reconstruction efficiency found from the tag-and-probe method. The
muons used in this analysis are denoted “CB”. Taken from [64].

this data-set. Figure [4.6(b)| shows the reconstruction efficiency as a function of the probe

muon pr.

The muon momentum calibration is performed in a similar manner to the electron calib-
ration. Calibration correction factors are derived from tag-and-probe methods [66]. The MC
muon momentum is scaled and smeared (each ~ 1% effect of pr) to match the momentum

scale and resolution observed in data.

4.3.4 Analysis Muons

In addition to the previously mentioned muon requirements, the analysis applies several fur-
ther cuts to ensure high quality prompt muons, at the recommendation of the ATLAS “EW”
group. The transverse impact parameter is required to be within 3 standard deviations of
the primary vertex (|dy/o(dp)| < 3) and the longitudinal impact parameter (|zsin(f)|) is
required to be less than 5mm from the primary vertex. The muon pr has a slightly higher
offline cut of 25 GeV, suppressing trigger turn on effects and bringing the muon channel in

line with the electron channel. Additionally, isolation requirements are applied:

° ETCone3O/ET < (()014 *pT) — 015,

o EpCome30 /By < 0.2;
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° pTCone30/pT < (01 *pT) — 0.105; and

° pTCone3O/pT < 0.15.

It has been observed [67] that the additional offline cuts do not require scale factors to bring

data and MC into agreement, so none are applied.

4.4 Jets

Strongly charged particles from the hard-process radiate and fragment into a high multipli-
city of final-state particles. In most physics analyses we measure the final state in order to
gain insight into the hard-process. We therefore need to have algorithms designed to relate
the final state particles to the hard-process partons. The final-state remnants of partons
are a collimated spray of energetic hadrons, designated “jets”. A nice overview is available
in [68]. There have been many jet algorithms proposed over the years, from a simple cone
around the most energetic hadron to more sophisticated sequential processes. This analysis

uses the “anti-k;” type jets with a radius parameter of 0.4 [69].

4.4.1 Jet Algorithms

Jet definitions vary in two capacities: the conditions to combine two particles into a single jet
and the recombination scheme used to find the resulting momentum of the jet. The evolution
of jet definitions has been driven by the aim that jets should be simple to implement and yield
consistent and intuitive results. Consistency here relates to how jets in an event change if
additional low energy QCD or collinear emission is added. Certain jet definitions will return
different numbers of jets in an event depending on whether they consider this extra emission
or not. Algorithms that are immune to this additional emission are called infra-red safe.
Intuitively a jet forms a cone like shape in the final-state with all particles collimated within
a certain AR. Some jet definitions perform well in terms of stability over extra emissions

but return un-intuitive jet shapes, quite distinct from a cone.
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The FASTJET software package [70] is used to combine all reconstructed particles in
an event into anti-k; jets. The anti-k; jet algorithm returns infrared safe jets which are
approximately conical in shape. The algorithm calculates a distance metric between all
pairs of particles, d;; for particles 7 and j, as well as a measure of how far each particle ¢ is

from the beam line, d; p:

oy oy (ARG
dij:mln(pTiapT?j)( RJ) ) (4.1)

dip = prs- (4.2)

The algorithm iteratively combines particles 7 and j if their d;; value is smaller than d; g. If
the combined jet k has dj p < di; for all j then the jet is removed from further clusterings.
The algorithm begins with the smallest d;; value so the “seeds” for the algorithm are the

highest pr particles which add lower pr particles.

4.4.2 Reconstruction

ATLAS jets are constructed from energy deposits in the calorimeters (|n| < 4.4) and asso-
ciated to charged particles tracks in the ID where possible (|n| < 2.5) [71], [72]. The main
difficulty in creating the energy towers from the calorimeter measurements is detector noise.
The energy deposits are combined into “topo-clusters”. The process is seeded by a calor-
imeter cell with significant a signal to noise ratio (S/N > 4). Adjacent cells with a lower
signal to noise threshold of S/N > 2 are then iteratively added to the tower. Finally, one
extra layer of adjacent cells is combined into the tower if S/N > (ﬂ The topo-clusters have

energy and direction defined by a weighted sum of the component energy deposits.

A negative S/N value is possible due to signal shapes to reduce pile-up effects.
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Figure 4.7: Change in measured jet pp with differing pile up conditions as a function of ||,

and the effect of corrections. Taken from [74].

4.4.3 Calibration

The towers are clustered into jets using the anti-k; algorithm. A calibration, called local

cell signal weighting (LCW) [73], is applied to the cells to reduce fluctuations in the energy

response of the calorimetelﬁ A series of four further calibration steps are then applied to

each jet:

Pile-up correction [74] An estimate is made of the jet’s area and the expected contribu-

tions from noise, underlying event and pile-up are subtracted from the jet’s energy.

This correction is dependent on the calculated number of primary vertices in the event

(NPV, a measure of in-time pile-up) as well as the average number of expected colli-

sions ((u), a measure of out-of-time pile-up). Figure [4.7|shows the effects of NPV and

(1) on jet pr.

Origin correction The direction of the jet is adjusted such that it points back to the

primary vertex instead of the centre of the detector.

$Response is defined as (measured energy) / (energy at production).
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Figure 4.8: Jet response ratio of the data to the MC as a function of py. The outer band
indicates the total uncertainty resulting from the combination of in-situ techniques, while
the inner yellow band shows the fraction purely from statistical uncertainties. Taken from
[76].

MC scale adjustment The energy and 7 of the jet are adjusted to the hadron-level so as

to be compared to MC. The correction factors are derived from MC using the ratio

of a jet’s energy or n before and after detector simulation.

Residual in-situ corrections (data only) [75] Correction factors are applied to account
for remaining data to MC disagreements. The corrections are derived by balancing the
pr between jets and well measured reference objects such as leptonically decaying Z

bosons, photons or other jets. Figure [4.8 shows the results of these correction factors.

4.4.4 Analysis Jets

In addition to the above cuts, jets used in the analysis are required to pass further quality
checks. Any event with a jet found to be pointing to a faulty calorimeter section is vetoed
in both data and MC. This removes events where some of the energy is not reconstructed
and incorrectly assigned to missing momentum (see Section . If the jet has || < 2.5 and
associated tracks then the probability that the jet originated from the primary vertex can

be checked. The jet vertex fraction (JVF) is a pr-weighted measure of the fraction of tracks
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associated to a jet that came from the primary vertex:

trackl™ PV
IVE(jet,, PV) — 2 Pr(trady , PV) (4.3)

X, Cipr(track™, PV,,)

To reject jets that originated from secondary vertices a requirement of JVF > 0.75 is applied
to jets with |n| < 2.5. Finally, jets are required to have pr > 30 GeV and |n| < 4.4 to be

used in the analysis.

4.4.5 b-tagging

If a jet is is within the ID acceptance of |n| < 2.5 it can be tagged as originating from a b-
quark using characteristics of the tracks via the use of impact parameter variables. B-hadrons
have a lifetime large enough to travel O(1mm) before decaying. This slight displacement of
a secondary vertex from the primary vertex indicates the presence of a B-hadron, and the
resulting jet from the secondary vertex can be tagged as a “b-jet”. A multi-variate algorithm
has been developed to tag every fiducial jet with a probability that it originated from a
B-hadron [77].

Using MC the tagger has been shown to tag 80% of b-jets. Removing b-jets from the
analysis allows a large reduction in top quark backgrounds due to the decay mode of t — Wb
with &~ 100% branching fraction. As with the other object selection cuts, efficiency factors

have been determined from data and MC comparisons [7§].

4.5 Missing Transverse Energy

Particles which do not interact with matter can often be crucial in identifying a physics pro-
cess. Neutrinos and proposed BSM particles have sufficiently low interaction cross section so
as to leave almost no trace of their passing through the detector. Their presence can how-

ever be inferred by calculating the momentum imbalance in the final-state objects [79, [80].



1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

Missing Transverse Energy 60

This calculation is slightly complicated at a hadron collider as the initial Z momentum is
not known since the partons collide rather than the protons. The colliding partons do how-
ever have negligible transverse momentum which must be conserved in the final state. The

miss

transverse momentum of the invisible particles, pr"™"*, is the negative sum of the transverse

momenta from all observed particles 7, as inferred from momentum conservation:

P = Zpa, (4.4)

miss

where pr is a two-dimensional vector in the X-Y plane. Tracks can only be reconstructed
out to the acceptance of the ID, |n| < 2.5. To better study the invisible particles, the
transverse energy is considered instead of transverse momentum, allowing the calorimeters
to be used to |n| < 4.4. In the case of particles with mass significantly lower than the LHC

energy, such as neutrinos, the momentum and energy are identical. The E is calculated

as

B ==Y Eh. (4.5)

Rather than simply sum the calorimeter towers with their default calibrations, we can
select particles we have classified as certain types and apply their specialised calibrations
in order to find a more accurate E* value. For example, electrons are calibrated to the
specialised electron energy scale and pr corrections before entering the ERS calculation.

The E calculation then becomes:

- Miss — Mmiss,e — MISS, L — Miss,T — MiSs,y - miss, Jets — miss, Soft terms
T = Er T T + Er T + Er . (4.6)

The first five terms simply represent the calibrated versions of Equation for electrons,

muons, 7 leptons, photons and jets respectively. The photons and 7 leptons have similar
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calibration techniques to those described above for electrons and muons but do not feature
heavily in this analysis so are not described here. The photon calibration is described in
[56] and the 7 leptons in [8I]. The final term in Equation denoted “Soft terms”, adds
in calorimeter towers that have not been assigned to any previous object. These unassigned

towers can be caused by particles that fail the selection requirements or have small pr.

4.6 Overlapping Objects

Reconstructed objects that overlap one another in 7-¢ space cause ambiguities as to what
type of particle was the source. To resolve the ambiguities a priorities list is enacted that
removes all overlapping objects that are not at the top of the list. For this analysis the
overlap removal eliminates jets that fall within AR < 0.3 of an electron or muon. The jet is

not available to the analysis jet collection but is still considered in the E&* calculation.

4.7 Truth Selection

It is often useful to investigate the M C predictions for a particular process before they have
been passed through the detector simulation. This allows characteristics of the process to
be identified (e.g. lepton rapidity) without the need for a complicated detector simulation.
Different MC generators can produce the events at different points in the hadronisation
process; some do not include intermediate particles, such as W-bosons, in the event record.
Therefore, to compare predictions from different generators it is important to have a common
definition of the level at which the events should be compared and what exactly is meant by

a jet or lepton at this level.

Leptons

The leptons in the final state of the M C event record are known as “bare leptons”. To make

them more comparable to data, all final state photons in a AR cone of < 0.1 are summed
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into the 4-vector of the lepton. After this photon recombination, the leptons are known as

“dressed leptons”. The truth level studies in this analysis use the dressed leptons.

miss
ET

The truth £ is defined as the 4-vector sum of all neutrinos in the final state. Whilst this
means the truth £ does not exactly represent the neutrino that comes from the hard-
scatter W-boson in our EW W + 2 jets signal process, it gives a more accurate representation
of the W-boson that would be reconstructed after detector simulation. The pr of the hardest
neutrino tends to be ~ 100x that of the next hardest, so the difference is at the percent

level.

Jets

Truth jets are constructed using the FASTJET package using the anti-k; algorithm described
in Section [4.4. These jets include all final state particles except those which are not observed
in the calorimeter at reconstruction level, namely the muons and neutrinos. The reconstruc-
tion level overlap removal rules are applied at truth level so high pr charged leptons will

cause nearby jets to be removed, just as for reconstruction level.

Jets are tagged as b-jets and removed if a B-hadron with pt > 5 GeV is found within AR
< 0.3 of the jet. As for reconstruction level any b-jet found in the event causes the event to

be vetoed.
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Chapter 5

Modelling

In order to compare the observed data to the theoretical predictions, MC samples were
generated as statistical representations of the fully differential calculation. In addition to the
variety of MC generated samples used in this analysis, a completely data-driven technique
was used to estimate the multijets background. This chapter describes the samples used to
model the signal and background processes relevant to this analysis. Section describes
the MC modelling of the signal and backgrounds and Section describes the data-driven

methods used to model the multijets background.

The aim of this analysis is to select EW W + 2 jets events from the data and analyse
their properties. This selection is not able to pick out only the signal events howveer as
there are multiple physics processes that can produce the same detector signature as the
signal. We therefore must consdier these other processes using theoretical predictions of
their kinematics. The most advanced (highest-order) predictions have been used wherever
possible. The multijets process is impracticle to simulate with M C methods and so a data-

driven method is used to generate a representation of this background.

63
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5.1 Monte Carlo Modelling

This section describes the MC models used in the analysis. A summary of the MC samples

is given in Table noting the generation techniques and features of each.

5.1.1 Signal Modelling
EW W — ev./pv, + 2 Jets

The EW W + 2 jets (electron and muon channels) signal is modelled with the EW Wjj
implementation [33] in the POWHEG generator [82H84]. Only the signal diagrams of the
types shown in Figures [2.5] are included in this signal sample; diboson contributions are
considered as background. The POWHEG code models the QCD interactions of this signal
process to NLO but, the EW interactions are at LO which means the emission of a high pr
photon will not be well modelled. All POWHEG samples in this analysis use the NLO CT10
PDF [85] and are interfaced to PYTHIAS8 [86] for the parton shower and hadronisation. It
has recently been suggested that the NLO EW corrections in the similar EW Z + 2 jets
process could contribute negatively to around 5% at high M;; [87] but an MC model of

these corrections is not currently available.

A previous thesis documenting this analysis at 7 TeV [36] utilised the LO SHERPA 1.4.1
MC code [30] to generate samples for the EW signal. These samples were created again for
this 8 TeV analysis before being superseded by the NLO POWHEG samples. The SHERPA

signal samples are used to cross-check the results of the signal extraction.

Further signal cross-checks were performed comparing to the VBFNLO 2.7.0 code [88-
90] which is able to output cross sections at both LO and NLO but only able to generate
LO events at parton level. VBFNLO is used as the theoretical prediction for the extracted

signal cross section.
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EW W — v, + 2 Jets

The EW production of W + 2 jets in the 7 channel is included in the signal definition for
both electron and muon channels and is modelled by the SHERPA 1.4.1 with the CT10 PDF.
As this process is expected to contribute O(1%) of the signal in the measurement region, it

was not updated to POWHEG.

5.1.2 QCD W + 2 jets Modelling

The QCD production of W+ 2 jets presents a large, irreducible background in the search for
EW W + 2 jets. Therefore, the modelling of this background must be accurate in order to
extract the signal component. The POWHEG generator provides events accurate to NLO in
QCD interactions for this background [91]. As in the signal sample, the POWHEG modelling
of this background is accurate to NLO in QCD and uses the CT10 PDF. All leptonically

decaying W + jets channels (e, p and 7) are included.

Due to the POWHEG sample only becoming available in the later stages of this ana-
lysis, most of the analysis was developed using a SHERPA version 1.4.1 sample of this same
background. This sample again used the CT10 PDF but is only accurate to LO in QCD
emissions for inclusive W production. The MENLOPS prescription [92] is used to include
LO real emission diagrams for up to 5 partons. A merging scale is applied to avoid the low

energy divergences.

The POwHEG modelling of this background demonstrates a marked improvement (when
compared to data) over SHERPA, especially in the M;; distribution, due to the consideration
of NLO QCD emissions. As the POWHEG modelling of this process has at least two partons
from the hard-scatter, it omits the modelling of W 4 0 or + 1 jets. It is possible that a W
+ 0/1 jet hard-scatter process could occur in the same bunch crossing as a pile-up collision
that results in further jets. This process is extremely rare and omitted from the modelling
when using the POWHEG QCD W + 2 jets samples. To ensure the missing process is not

important, detector level plots are shown in Appendix [A] for using the SHERPA QCD W + 2



1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

Monte Carlo Modelling 66

jets samples in place of the POWHEG. The SHERPA samples include the W +0/1 jet events

as well as the pile-up collisions.

The POWHEG W + 2 jets normalisation is determined as part of the signal extraction
fit (see Chapter @ To minimise uncertainties, a data based correction is applied to the M;;

distribution, as described in Chapter [§

At a late stage in this analysis a problem was found with the POwWHEG QCD W +
2 jets samples and the decay angles between the W-boson and the leptons. This issue is
explained in Appendix |B|and is found to have negligible affect (0.6%) on the fit variable and

the analysis results.

5.1.3 Z + 2 jets

7 + 2 jets production can mimic the signal final state if one of the charged leptons from
the Z-boson decay is not reconstructed. The detector signature is then one high momentum

lepton with EM* from the missing lepton.

QCD 7 + 2 jets Modelling

As for the W+ 2 jets process, the jets in Z + 2 jets events can be induced by either QCD
or EW processes. The QCD Z + 2 jets MC samples are generated at NLO with POWHEG
and PYTHIAS, using the CT10 PDF set. The theoretical uncertainty on the cross section is

taken from [93].

5.1.4 EW Z 4+ 2 jets Modelling

The EW Z + 2 jets samples are taken from the ATLAS VBF Z-boson analysis [35]. They
are generated at LO with SHERPA using the CT10 PDF. The theoretical uncertainty is

taken from the ATLAS paper [35].
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5.1.5 Diboson

Diboson production, either WW, WZ or ZZ (see Figure , can reproduce the signal
signature as follows. If a WIW or W Z event has one W decaying leptonically and the other
boson decaying hadronically, the final state consists of two jets, a charged lepton and Ess.
Z 7 events produce the signal final state when one Z decays hadronically and the other

leptonically and one of the charged leptons is not reconstructed.

All diboson samples used in this analysis are generated at LO using the Herwig 6 gen-
erator [94] and the CTEQ6L1 PDF [95, 06]. The theoretical uncertainty is taken from
[a1].

5.1.6 Top Pair Production

A pair of produced top quarks will decay with ~ 100% branching fraction, into a WW-boson
and a b-quark. If one W-boson decays leptonically and the other hadronically then we have
a final state with a charged lepton, B2 and four jets. This decay chain can result in top

pair events producing the signal final state and must be accounted for in the analysis.

The tt process is modelled with the POWHEG generator at NLO using the CTEQ6L1
PDEF. A k-factor of 1.199 is applied to the cross section to match the next-to-next-to-leading

order (NNLO) prediction [98]. The uncertainties on this sample are taken from [99].

Accurate modelling of tf is of great importance in regions of high jet multiplicity so an
alternative sample was also investigated and the resulting affect on the signal extraction taken
as an uncertainty. The alternative sample is modelled at NLO with MC@NLO using the

CT10 PDF. Again, a k-factor is applied to bring the cross section to the NNLO prediction.

5.1.7 Single Top Production

A single top quark can be produced in the t-channel (¢qg — tbq'), s-channel (¢ — tb) or in

association with W-boson. The contribution of single-top events to the signal phase space is
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much smaller than for the top pair production due to the smaller cross section.

The t-channel single top samples are simulated with the AcerMC generator [100] with the
CTEQ6L1 PDF at LO. The s-channel contribution is generated at NLO with Mc@QNLO

using the CT10 PDF. The sample normalisation and uncertainties are from [101].

The Wt production process is generated at NLO with Mc@QNLO using the CT10 PDF.

The theoretical uncertainty is taken from [102].

5.2 Data-Driven Multijets Template

By far the most probable outcome of proton-proton collisions at the LHC is multijet pro-
duction due to the high energies of the collisions and the comparatively large strength of
the strong force. This process—designated “multijets”—results in a multitude of strongly-
charged particles being produced which give rise to jets in the final state. The jets can be
misreconstructed as an electron or muon and any energy mismeasurement or loss of particles
outside the detector acceptance will contribute to the missing transverse energy. This pro-
cess is therefore a background to the search for EW W + 2 jets production. The E&M in
these multijets events is peaked at low values. The pr of the final state jets is also peaked
at low values due to the preference for low momentum exchange in the hard-process. As
the final state signature of multijets events tends to have low total momenta it is rare that
a multijets event can mimic our EW W + 2 jets signal, but due to the huge number of

collisions that produce multijets events, it is a background that must be considered.

Whilst it is possible to produce MC events for this multijets background, the accept-
ance into the signal phase-space is so small that a huge number of events would need to
be generated to achieve reasonable statistical uncertainty. Therefore, practically speaking it
is easier to construct a data-driven template for the multijets background rather than use
MC. The data-driven multijets templates are constructed by considering typical detector
signatures for a jet to be misreconstructed as a lepton. Selection cuts are then constructed

which attempt to capture only events where this misreconstruction occurs whilst being or-
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thogonal to the analysis selection. This selection is applied to all data events to produce
distributions dominated by multijet events. It is hypothesised that the shapes in this ortho-
gonal, or “multijets”, selection are similar to the distribution shapes, in all variables, that
the multijets background form in the signal selection. This approach was demonstrated to
be valid in [I03]. In this way we produce a template for the multijets background. The
multijets-selection is chosen via the inversion of a charged-lepton based cut. This means the
variable of most imporatance to this analysis, the M;;, should be unaffected by this reversal
as the M;; in a mutlijet event should be uncorreltated to the the manner in which the jet

fakes the precense of the charged lepton.

A small number of events from MC samples discussed in Section 5.1 will pass the multijets
selection. These events fail the signal selection by definition, as the multijets and signal
selections are orthogonal. Therefore, we know these MC events should not be in the signal
phase space so the multijets selection is thus contaminated by a small number of events from
the MC processes. The multijets selection is therefore run on the MC samples discussed
in Section to find events which we know are from non-multijets origins but pass the
multijets selection. These events are subtracted from the multijets events so we are left with
multijet sample containing events which is not modelled by any of the MC samples. The

subtraction changes the integral of the multijets selection by < 2%.

In addition to the kinematic distributions, the normalisation of the multijets contribution
must be determined. Although the shapes are comparable between the multijets and signal
selections, the number of events passing the multijets selection does not a-priori determine
the number of multijets events that pass the signal selection. A fit is therefore performed
to extract a normalisation factor for the multijets templates. The fits use variables that are
expected to have shape differences between multijets and the other processes. The ERiss
shapes show the multijets peaking at low values due to there being no B from high pr
neutrinos, the other processes have a real W-boson and hence a high pt neutrino. The lack of
W-boson in the multijets can also be seen in the W transverse mass (M) distribution (M

is defined in Equation , so it can also be used to fit for the normalisation. The QCD W
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+ jets normalisation is allowed to float freely in the fits as its normalisation is not precisely
known. The resulting QCD W + jets scale factor is compared between the multijets and
the signal extraction fit (see Chapter E[) All other samples are normalised to their predicted
SM cross sections in this procedure as they have all been measured in previous studies and

are relativly minor contributions.

The normalisation factor for the multijets template may differ depending on the phase
space being considered. Ideally the fit would use a phase space as close to the measurement
region as possible in order to get the scale factor most appropriate to the signal extraction.
As the analysis aim is to measure the contribution from the EW W + 2 jets signal in data, it
cannot be assumed to the signal lies at its SM predicted cross section. Therefore, we cannot
assume the signal template exactly represents the signal contribution in data. Instead we
must find a phase space that is close to the measurement region such that the multijets
kinematics are similar but where any change in the signal contribution will have minimal
effect on the multijets scale factor. The chosen phase space is identical to the measurement
region only with the Mt and EX cuts removed so as to increase the multijets contribution
and improve the statistical precision of the fit. To ensure this phase space does not make
the multijets scale factor dependant on the signal contribution, the signal size is doubled

and halved and a negligible effect is observed on the multijets scale factor.

In each fit used to determine the multijets normalisation a metric of the fit quality is
given by the x? divided by the number of degrees of freedom (NDF) before and after the fit.

The x? is given by:

Bins 2
P,— D,
= AJ(D 2 A)D 2 (5.1)
— (AP)” + (AD;)

)

where P; represents the number of predicted events in bin ¢ and D; is the number of data

events. AP, and AD; are the statistical errors on P; and D; respectively.
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5.2.1 Electron Channel

The signal in ATLAS for an electron is similar to that for a jet, the main difference being
the TRT identification of an electron and the calorimeter shower profile. It is possible
for a jet to mimic these signals, but the jet will not generally be concentrated in a single
particle but rather spread across multiple collimated particles. Therefore, hadronic jets can
be identified by the number of charged particles in the vicinity of the electron candidate.
This is quantified by the track isolation variable defined in Section The multijets

selection in the electron channel is shown in Table [5.2]

Electron Cut Nominal Selection Multijets Selection
Identification requirements “tight” “medium” or “tight”
Track Isolation < 0.05 0.05 < isolation < 0.09

Table 5.2: Electron multijets template definition compared to the nominal selection.

The loosened identification requirement captures more jets misreconstructed as electrons to
increase the number of events in the resulting template. The altered track isolation cut
means the multijets electrons have more, higher pr tracks around them than the nominal
electrons. The isolation cut is made orthogonal to the nominal selection to ensure no overlap
and extends out to close to the trigger upper bound of 0.1. The selection upper bound of
0.09 is purposefully away from the trigger threshold to avoid any edge effects caused by
uncalibrated pr values being used at the trigger level and calibrated pr values used at the

multijets selection level.

Figure [5.1] shows the My distribution for the electron channel before and after the mul-
tijets fit, where the fit is applied across the whole visible range of 0 — 200 GeV. Other fit

ranges are considered to estimate an uncertainty on the multijets scale factor. The improve-

ment in the data to MC agreement is observed in the ratio plot of Figure [5.1(b)|

To quantify an uncertainty on the multijets template, all detector level uncertainties are
varied by one standard deviation in all MC samples and the fit re-done. Table |5.3| shows
the multijets scale factors for the uncertainty variations and the corresponding QCD W + 2

jets scale factors. The QCD W + 2 jets normalisation uncertainty is evaluated in the signal
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Figure 5.1: The fit in W My for the multijets normalisation factor in the electron channel.

extraction so are not propagated from this table, but the scale factors serve as a cross-check

of the fit as the results are consistent with those found in the signal extraction.

The My fit range is altered to 30 — 150, 20 — 100 and 0 — 80 GeV and the largest
resulting change is used in the uncertainty estimate. The fit variable is also changed to E™s
from Mt and fit in the range 0 — 300 GeV. The change in fit variable is a more substantial
test of the kinematic modelling. The largest change from the range and variable fits is
added is quadrature with the detector systematic uncertainties to give the final multijets
uncertainty. Table shows the combination of all uncertainties for the electron channel

multijets template.

The effect of doubling and halving the signal contribution is 8% on the multijets scale
factor. This effect is small compared to the leading error and demonstrates that the signal

contribution does not affect the fit for the multijets scale factor.

5.2.2 Muon Channel

In the same manner as the electron channel above, the muon multijets template was formed

by creating a multijets selection orthogonal to the measurement event selection. The muon
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Systematic Multijets Scale Factor | QCD W + 2 Jets Scale Factor
JES up 1.46 0.99
JES down 1.53 1.01
JER 1.47 1.00
JES Etalntercalibration Modelling up 1.49 0.96
JES Etalntercalibration Modelling down 1.52 1.02
JES Etalntercalibration Stat AndMethod up 1.48 0.99
JES Etalntercalibration StatAndMethod down 1.49 1.00
JES MuOffset up 1.49 1.00
JES MuOffset down 1.48 1.00
JES NPVOffsetTerm up 1.49 1.00
JES NPVOffsetTerm down 1.48 1.00
JES PileupPtTerm up 1.48 1.00
JES PileupPtTerm down 1.48 1.00
JES PileupRhoTopology up 1.48 0.99
JES PileupRhoTopology down 1.49 1.01
MultiJES FlavorComp up 1.48 0.97
MultiJES FlavorComp down 1.52 1.02
MultiJES FlavorResponse up 1.52 1.02
MultiJES FlavorResponse down 1.47 0.97
BTag up 1.50 1.07
BTag down 1.47 0.95
JVF up 1.48 1.00
JVF down 1.48 1.00
MET ResoSoftTerms up 1.48 1.00
MET ResoSoftTerms down 1.49 1.00
MET ScaleSoftTerms up 1.48 1.00
MET ScaleSoftTerms down 1.49 1.00
Ele EnergySmearing up 1.48 1.00
Ele EnergySmearing down 1.49 1.00
Ele EnergyScaling up 1.49 1.00
Ele EnergyScaling down 1.49 1.00
Ele TriggerSF up 1.48 0.99
Ele TriggerSF down 1.48 1.00
Ele tightSF up 1.48 0.99
Ele tightSF down 1.49 1.01
Ele recoSF up 1.48 1.00
Ele recoSF down 1.48 1.00
PDF CT10 NLO up 1.47 0.97
PDF CT10 NLO down 1.50 1.03
Nominal 1.48 1.00
‘ Quadrature Error Sum (%) ‘ 6.12 ‘ 11.95 ‘

Table 5.3: Detector uncertainty effects on the electron channel multijets scale factors. The
QCD W + 2 jets scale factors are also shown. The uncertainties are defined in Chapter [6]
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Source % variation | % uncertainty
Detector Systematics 6.12 6.12
Fit Range 16.9
. . 33.8
Fit Variable 33.8
Total - 34.3
Table 5.4: Uncertainty sources and combination for the electron channel multijets template.
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Figure 5.2: The fit in W My for the multijets normalisation factor in the muon channel.

s and electron templates differ since the way in which a jet can fake each lepton differs. The

1s2. muon multijets selection is shown in Table [5.5]

1513

1514

1515

1516

1517

1518

Electron Cut

Nominal Selection

Multijets Selection

Impact parameter significance (dy/o(dp))
Track Isolation

<3 -
< 0.15

0.15 < isolation < 0.35

Table 5.5: Muon multijets template definition compared to the nominal selection.

The removal of the impact parameter requirement allows the selection to capture heavy-

flavour hadrons displaced from the primary vertex before decaying to a muon. The ortho-

gonal and looser track isolation cut allows the selection to find jets with muons inside.

Fits are performed using the same procedure as for the electron channel with the same

Mt 0 — 200 GeV default fit range. Figures [5.2] show the muon My distribution before and

after the multijets fit.
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1519 The detector uncertainties are evaluated as in the electron channel, and shown in Table
120 0.6, and added in quadrature with the largest variation from the fit range and fit variable
21 tests. The range and variable tests are identical to those from the electron channel. The

152 results of the muon channel multijets uncertainties are shown in Table [5.7]

1523 Doubling and halving the signal contribution has an 11% effect on the multijets scale

1524 factor.

s 0.2.3  Multijets summary

1526 The multijets scale factors for the analysis and their uncertainties are shown in Table[5.8 The

127 uncertainties are symmeterised so they both increase and decrease the multijets contribution.
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Systematic Multijets Scale Factor | QCD W + 2 Jets Scale Factor
JES up 1.07 0.97
JES down 1.09 1.02
JER 1.12 0.99
JES Etalntercalibration Modelling up 1.05 0.97
JES Etalntercalibration Modelling down 1.10 1.02
JES Etalntercalibration Stat AndMethod up 1.09 0.99
JES Etalntercalibration StatAndMethod down 1.09 1.00
JES MuOffset up 1.09 1.00
JES MuOffset down 1.09 0.99
JES NPVOffsetTerm up 1.08 1.00
JES NPVOffsetTerm down 1.09 0.99
JES PileupPtTerm up 1.09 0.99
JES PileupPtTerm down 1.09 1.00
JES PileupRhoTopology up 1.09 0.99
JES PileupRhoTopology down 1.08 1.01
MultiJES FlavorComp up 1.07 0.97
MultiJES FlavorComp down 1.09 1.02
MultiJES FlavorResponse up 1.09 1.02
MultiJES FlavorResponse down 1.07 0.97
BTag up 1.14 1.05
BTag down 1.10 0.94
JVF up 1.09 0.99
JVF down 1.10 1.00
MET ResoSoftTerms up 1.09 1.00
MET ResoSoftTerms down 1.10 0.99
MET ScaleSoftTerms up 1.09 1.00
MET ScaleSoftTerms down 1.10 0.99
Muon Trigger up 1.09 0.97
Muon Trigger down 1.10 1.02
Muon Efficiency up 1.09 0.99
Muon Efficiency down 1.10 1.00
Muon Momentum Scale up 1.10 0.99
Muon Momentum Scale down 1.09 1.00
Muon Momentum ID up 1.10 0.99
Muon Momentum ID down 1.09 0.99
Muon Momentum MS up 1.09 1.00
Muon Momentum MS down 1.10 0.99
PDF CT10 NLO up 1.08 0.96
PDF CT10 NLO down 1.11 1.03
Nominal 1.10 0.99
‘ Quadrature Error Sum (%) ‘ 8.33 ‘ 12.11 ‘

Table 5.6: MC uncertainty effects on muon channel multijets scale factors. The QCD W +
2 jets scale factors are also shown.
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Source % variation | % uncertainty
Detector Systematics 7.0 7.0
Fit :
it Range 22.7 473
Fit Variable 47.3
Total - 47.8

78

Table 5.7: Uncertainty sources and combination for the muon channel multijets template.

Channel

Nominal multijets scale factor

Uncertainty (%)

Electron

Muon

1.48
1.10

34.3
47.3

Table 5.8: Multijets scale factors and uncertainties for both channels.
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Chapter 6

Measurement Uncertainties

Any scientific measurement must carry an associated assessment of the precision of the
result. All experimental measurements have uncertainties which arise from various sources.
Every measurement will have a statistical error, representing the random Poisson nature of
statistics, which can be reduced by increasing the number of events. Systematic errors arise
from two sources in experimental particle physics: first from uncertainties related to detector
measurements and second, from uncertainties on MC theoretical predictions. An overview
of statistical errors is given in Section[6.1] the detector systematic uncertainties are discussed
in Section [6.2] and the theoretical uncertainties are discussed in Section[6.3] The interference
between the signal and backgrounds processes is also considered as an uncertainty and is

discussed in Section [6.4]

The uncertainties affect both the shape and normalisation of the M;; distribution pre-
diction (used in the signal extraction fits) from each MC / data-driven sample. The uncer-
tainties are all evaluated by repeating the analysis with a single uncertainty varied (e.g. jet
energy scale increased by 1 standard deviation). This repeated analysis produces a predicted
M;; distribution which is altered from the nominal predictions. The effect of these variations
are evealuted in Chapter [0} The motivation for each source of uncertainty is explained in

this chapter.
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6.1 Statistical Errors

A hypothetical, ideal experiment would have an infinite number of events with which to
perform a measurement. The finite yields in any real experiment mean the measured data
are only a sub-sample of a hypothetical infinite event data-set. Hence, as we only have a
random slice of this “complete” data-set, the mean of any distribution in the sub-sample
will only approximate the mean of the full sample. The statistical uncertainty is an error
that represents the expected difference between the measured value in the finite sample and

that in the total sample.

Particle physics experiments use Poisson statistical errors since they represent the prob-
ability distributions of discrete experimental outcomes. The use of the Poisson distribution
produces an uncertainty relating to the difference between and expected and observed yield.
Detailed discussions are available in [104], T05]. In the limit of large statistics the uncertain-

ties are:

Data v/ N when N events are measured.

MC />y w3 for N MC events each with weight wy. MC events can be weighted to in-
crease statistics in a phase space of interest while maintaining the correct overall shape

of distributions. Note this formula returns the v/ N error if events are “unweighted”

6.2 Experimental Uncertainties

The modelling of the detector will carry uncertainties due to resolution effects and efficiencies.
These uncertainties are discussed below for electrons in Section [6.2.T, muons in Section [6.2.2]
jets in Section and E in Section m The uncertainty on the integrated luminosity
is discussed in Section [6.2.5
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6.2.1 Electron Uncertainties

The electron calibration has two types of associated uncertainty: the energy calibration
error and the efficiency scale-factors error, see Section [4.2] These uncertainties and the
prescription used to propagate them to the analysis are taken from the central ATLAS
electron recommendations [106]. The analysis is repeated with each correction factor altered
by +10 to quantify the effect on the signal extraction. The electron systematics are found

to have ~ 1% effect.

The energy calibration has two uncertainties arising from the energy scale and resolution.
The method used to derive these calibrations has uncertainties from: event statistics, gener-
ator modelling of samples, and the amount of material the electron has traversed. These vari-
ations are carried through to the electrons resulting in the uncertainties Ele_EnergyScaling

and Ele EnergySmearing.

The electron efficiency factors are found from the tag-and-probe method. The efficiency
factors that account for the electron trigger, identification and reconstruction each have an

associated uncertainty, respectively denoted: Ele TriggerSF, Ele tightSF and Ele_recoSF.

6.2.2 Muon Uncertainties

Uncertainties on the muon calibrations (see Section [4.3]) are derived in the same manner as
for the electrons above. Once again, the uncertainties come from the central working group’s
recommendations [I07] and are individually propagated to the signal extraction by repeating

the analysis with the correction factors altered by +1o.

The calibration of the muon momentum is driven by separate measurements from the ID
and the MS. Each of these measurements has an associated uncertainty from the momentum
resolution, denoted: Muon Momentum ID and Muon Momentum MS respectively, where the lo
error is found by the muon momentum resolution width observed in data. The method used
to combine the ID and MS measurements to the analysis momentum scale also has an error,

Muon_Momentum_Scale, where the 1o error is found from a tag-and-probe method.



1596

1597

1598

1599

1600

1601

1602

1603

1604

1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

1616

1617

1618

[6.2]| Experimental Uncertainties 82

The efficiency scale factors that are applied to the muon are also altered by £1o. The
trigger efficiency is denoted Muon _Trigger and the identification and reconstruction efficiency

errors are combined by the working group and denoted Muon Efficiency.

The total effect of the muon systematics on the signal extraction is ~ 2%.

6.2.3 Jet Uncertainties

Detailed analyses of the detector uncertainties on the ATLAS jets are given in [108] [109].
These uncertainties can be split into three types: uncertainties on the jet energy caused by
the resolution of the detector; errors on the jet energy scale propagated from the methods
used to derive the scale correction, and finally efficiency uncertainties caused by the JVF cut.
The overall contribution to the signal extraction uncertainty from the jet errors is ~ 15%,

although the constraints applied in Chapter [8| reduce this to ~ 9%.

Jet Energy Resolution

Jet energy resolution (JER) represents the random event to event error that a jet of a certain
truth pr will be reconstructed with a different pr given that all other calibrations are correct.
Data dijet events can be used to find the pr balance (pp?/pr™/) where one jet is tagged
as the reference jet (ref) and the other jet’s pr is probed. The width of the pr balance
distribution is related to the jet energy resolution and the uncertainty is determined by the

precision to which the MC models this resolution.

Jet Energy Scale

There are multiple contributions to the jet energy scale uncertainty. The largest ones for this
analysis have been separated out and the remaining errors have been added in quadrature

and classified as a single uncertainty.

There are two errors associated with the extrapolation of the jet energy scale meas-
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Figure 6.1: Summary of uncertainties on the inter-calibration as a function of the jet |n|.
The largest component in the high || region is the uncertainty from differences between
PyTHIA8 and HERWIG++ modelling. Taken from [72].

160 urement, from |n| < 0.8 to the forward region |n| > 0.8. These two systematics are named
120 JES_Etalntercalibration Modelling and JES_Etalntercalibration StatAndMethod. The
121 two contributions are from the MC model used to determine the uncertainty and from
1622 the statistics and the method respectively. The contributing uncertainties to the total
123 JES Etalntercalibration uncertainty, for jets with pp = 35 GeV, are shown in Figure

w2¢ (0. 1]

1625 The pile up correction applied to the jet energy scale has four associated uncertain-
16 ties. These arise from uncertainties on the NPV and (u) values and from the error on the
12z jet area and pr. These uncertainties shift the pr and E consistently up or down for all
128 jets. These are referred to as JES_NPVOffsetTerm, JES MuOffset, JES_PileupPtTerm and

1620 JES_PileupRhoTopology.

1630 The detector response to gluon and quark jets differ. This can be verified by investigating
s MC jets and extrapolating back to the original parton. The extra colour charge of the gluon
162 means gluon induced jets tend to be wider with higher particle multiplicities than quark jets
633 [110]. As the jet energy scale calibration is produced centrally by the calibration group in
1s:a  ATLAS, it must be applicable for all analyses. Therefore, no prior knowledge is assumed

1635 about the relative contributions of quark and gluon jets in an analysis and the default
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assumption of 1:1 is used. The JES FlavourComp and JES FlavourResponse represent the
uncertainties in altering this quark to gluon jet composition to 100% and 0% gluon induced

jets and the associated detector response.

The remaining 50 jet energy scale uncertainties arise from the in-situ calibrations derived
from Z+ jet balance, v+ jet balance, and multi-jet balance events. They are expected to
have minimal effect on this analysis and have been summed in quadrature and symmeterised,
rather than simply summed, to avoid accidental cancellations resulting in an artificially small

uncertainty. These are simply referred to as the JES uncertainty in this analysis.

Jet Vertex Fraction Uncertainty

The impact of rejecting jets with the JVF cut (see Section is to reduce the number
of selected jets from pile-up interactions. The value of the JVF cut is chosen to reject the
highest number of pile-up jets whilst still ensuring a high fraction of the hard-scatter jets are
passed to the analysis. The efficiency of the cut is varied by the centrally provided ATLAS
JVF tool [I11] by +10. The variations are derived from an in-situ method using Z + jets

events. The uncertainty is denoted JVF and alters the final signal extraction by < 1%.

b-tagging Uncertainty

Events are rejected if they are tagged as containing a b-jet. The threshold for a jet to be
tagged comes from a multi-variate combination of variables describing the jet, see Section
[4.4.5] The efficiency of the tagger is varied both up and down by 1o and the analysis repeated
each time. The 1o variations are derived in [78] using a likelihood fit to ¢t events. The BTag

uncertainties have ~ a 3% effect on the signal extraction.

6.2.4 Missing Transverse Energy Uncertainties

The analysis uses the event E in both the selection cut and in the multijets normalisation

fits. The B2 in an event is reconstructed using the negative sum of the observed analysis
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objects, see Section . By altering the analysis objects by their uncertainties (e.g. jets
with energy increased by the uncertainty on the jete energy scale), the effects are propagated
to the Es calculation accounting for the correlation between the two effects. The EMiss
uncertainties are therefore taken care of in the other analysis uncertainties. The exception
to the above is for analysis objects that are not accounted for outside the EM calcula-
tion. An additional Soft term covers all objects not included as specific analysis objects.
The Soft term’s momentum scale and resolution have uncertainties calculated from Z — [l
events, where no real £ is present, and W — v events. The MET ScaleSoftTerms and

MET ResoSoftTerms have a < 1% effect on the signal extraction.

6.2.5 Luminosity Uncertainty

The integrated luminosity is used to normalise the MC predictions to the amount of collected
data, see Section [3.1] The integrated luminosity is calculated from the LUCID experiment
[51] as well as “van der Meer” scans in ATLAS where the beams are progressively scanned
across one another along each axis in the transverse planes. This allows a relationship to be
calculated between the number of proton-proton interactions and the delivered luminosity.
The total integrated luminosity is then determined by summing over all proton collisions.

The uncertainty on this total integrated luminosity value is documented in [112] and is 2.8%.

6.3 Theoretical Uncertainties

This section documents the uncertainties that originate from the theoretical predictions used
in the analysis. These are mostly related to approximations in the mathematical methods

used to produce the MC sample predictions.

The full set of theory errors described below are only explicitly considered for the EW
and QCD W + 2 jets processes. The theoretical errors on other processes are combined

into cross section errors as discussed in Section [5.1] These errors are denoted by the process
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name followed by an “XS” to denoted the cross section, for example QCD ZJets XS.

It should be noted that the renormalisation and factorisation scales and parton shower
uncertainties are not strictly 1o errors but rather are only the adopted procedure for quan-

tifying these errors.

6.3.1 Renormalisation Scale

The scale at which effective particle charges or masses are calculated is known as the renor-
malisation scale up, see Section[2.2.2] In MC calculations g is set to the typical scale of the
process being considered. For example, in the process: ee™ — Z/v* — e”e™ a good scale
choice is the Z-boson mass as this is the scale at which the couplings are probed. The value
of ug is not fixed by the physics of the process but is instead an artefact of the calculation
prescription. The standard prescription for assessing the error related to the chosen value of
pr is to re-do the analysis a scale of 2ug and then again with pg/2. This variation gives a
rough idea of the size of the missing contributions from the omitted orders in perturbation

theory.

The calculation of a cross section for a particular process depends on ug if the calcula-
tion is done to any finite order. The variation of pg in one calculation is uncorrelated to
another process. Therefore, normalisation scale uncertainties are considered independently

for different processes.

Only the EW and QCD W + 2 jets renormalisation uncertainties in the M;; distribu-
tion are explicitly considered in this analysis. They are denoted Signal ur and WJets pug

respectively.

6.3.2 Factorisation Scale

The factorisation scale, i, is the scale at which the hard matrix element process is factorised

from the evolution of the parton distributions. As with ug, if we were able to calculate a
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cross section to all orders in perturbation theory then the result would be independent of
the scale choice. The usual approach again is to double and halve the chosen value of g

and repeat the analysis to observe the effect on the signal measurement.

The factorisation uncertainty errors are denoted Signal up for the signal process and
WJiets pp for the QCD W + 2 jets process. These are again treated as uncorrelated with
one another as well as uncorrelated with the renormalisation errors. The up errors give a

combined error of ~ 7% on the signal extractior[]

6.3.3 Parton Shower

The parton shower modelling is subject to multiple approximations or nonphysical proced-
ures in the calculation. For example, the order in which ISR is produced can be via either pr
(highest first) or by |n| (smallest first). The non-perturbative models used for the underlying
event and hadronisation are based on experimental observation and can vary between gen-
erators. As it is very difficult to quantify the 1o errors for all shower choices, an alternative
prescription is to simply shower the same set of events with a different shower code. The
nominal signal and QCD W + jets background are showered with PyTHIAS [I13] so the par-
ton shower uncertainties are found by re-doing the analysis using the same POWHEG events
showered with HERWIG++ [114]. The main difference between PYTHIA8 and HERWIGH+
is the order in which the partons are showered; PYTHIAS8 showers the highest pr parton first

and HERWIG++ showers the highest |n| parton first.

The parton shower uncertainties are denoted Signal PartonShower for the EW signal
process and WJets PartonShower for the QCD W + 2 jets process. The parton shower
changes are treated as uncorrelated between the EW signal process and QCD W + 2 jets

process. The signal extraction is changed by ~ 9% with these parton shower variations.

*Although this effect is reduced by constraining the QCD W + 2 jets distribution.
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6.3.4 PDF Uncertainties

The particles that initiated the hard-scatter are drawn from the PDF. As the exact parton
content of the proton cannot be derived from first principles, it is constructed from experi-
mental measurements. There are uncertainties on the momentum distribution of the partons
expressed as a fraction z of the proton’s momentum. The PDF groups supply PDF functions
with procedures for calculating the uncertainties on the contribution of each parton at each
x value. This analysis determines uncertainties based on the PDF4LHC recommendations

[T15] using the LHAPDF prescription [116].

As the PDF's relate to real observables, like the fraction of up quarks with a certain
momentum z, any change must be considered across all MC samples. The PDF changes
are therefore completely correlated, and investigated simultaneously, across the EW signal
and QCD W + 2 jets background samples. The other background samples have a small

contribution so the PDF uncertainty for them is folded into their cross section uncertainty.

The CT10 collaboration provide 52 error PDF sets consisting of 26 up and down lo
variations in the parameterisation. The analysis is repeated using each of these PDF sets
and the variations in the signal extraction combined using the “Hessian combination”. The
extracted signal is found for each of the 52 error sets and combined as shown in Equations
and to give the up and down errors respectively. We have used the notation .S; for

the extracted signal for using the PDF error set 7; Sy denotes the nominal result.

] 26
AGPDF+ _ Sai1 — So, S — Sp,0)]” 6.1
0 C’go\;[max( 2i—1 05 02 0,0)]", (6.1)

] 26
AS(E)DF - C'_90\ ; [max (So — S2i—1, S0 — Sai, 0)]2’ (6.2)

where Cgg = 1.64485 and accounts for the error sets being provided at the 90% confidence

level when we wish to use 1o errors (68% confidence level). The PDF error sets also provide
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an error associated with the value of ag. The analysis is repeated twice more using the
nominal CT10 PDF only with the value of ag set to 0.117 and then to 0.119, where the
nominal value is 0.118@ The world-average measured value of ag has a 1o uncertainty of
+0.0012 [9] but the PDF sets are only provided at discrete g values. The signal extraction
results from the ag PDF variations are then modified by a factor of Cs9 = 0.82389 to get

the 1o error as shown in Equation [6.3]

of _ 1 (o
ASYT = o <Sa§ SO> (6.3)

PDF+
So

The error set results, A , are then summed in quadrature with the ag results,

+
ASSYS, to give the total PDF uncertainty at the 1o level.

6.4 Interference

The picture we have used thus far is that the hard-scatter can occur through a Feynman
diagram to produce the particles that form the final state. However, these diagrams represent
probability amplitudes and not individual processes. The QCD and EW production of W +
2 jets have the identical external particles. Thus, the two processes must be combined at the
amplitude level. One must square the amplitude to obtain the probability so these diagrams
can interfere. This can result in the total cross section for a process being significantly
different than the sum of the cross section of the individual diagrams. Mathematically the
amplitude is expressed as the matrix element My; to go from the initial state ¢ to the final

state f:

My =My + My + My + ..., (6.4)

where M, represents the matrix element for diagram n. The cross section is proportional to

TAll ag values are given at the scale of the Z-boson mass.
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| Myi|? so:

oo [My|? 4 | My + | M3|* + My My + MM + ... (6.5)

In certain processes the interference terms (M M etc.) may be large enough to alter oy; sig-
nificantly from > [M,|®. A particular M, term can dominate in a particular region of phase
space, so the interference contribution can depend on the phase space under consideration.
Sizeable interference requires that at least two M,, terms also have a sizeable contribution

in that region of phase space.

QCD - EW Interference

In this analysis the largest concern about the interference is that between the QCD and
EW production of W+ 2 jets. If the interference is large, we cannot separate the processes
and must consider them together. If the interference is small, compared to each individual
squared matrix element, we can use M C templates separately for each production mechanism

and consider the interference as an uncertainty on the result.

To investigate the size of the interference terms, three electron channel W+ 2 jets samples

were simulated with the MADGRAPH generator [117, [T1§].

Interfering All QCD and EW diagrams are considered at once allowing the generator to

include the interference.

QCD Only QCD production diagrams are considered. This sample had exactly 2 EW

vertices, omitting the signal contribution.
EW Only EW production (signal) and diboson diagrams are considered. This sample had

no QCD vertices, omitting the QCD W + 2 jets background.

Hence, the diboson diagrams are included in the EW sample, which differs from the signal

definition in the analysis, however the diboson fraction is expected to be 0.5%. Due to
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(a) The interfering sample compared to the sum of (b) The absolute value of the interference compared
QCD and EW. The size of the interference is ob- to the EW W + jets.

served in the ratio plot. The py and p; values show

the results of a straight line fit to the ratio.

Figure 6.2: The MADGRAPH interference studies showing the difference between the inter-
fering sample and the sum of EW and QCD (left) and the absolute value of the interference
compared to the EW (right). The destructive interference can be seen on the left plot.

practical constraints all samples were generated at LLO. At this point, it is worth defining

some naming conventions:

Sum = QCD + EW, (6.6)

Interference = Interfering — Sum. (6.7)

If there were no interference at all, the sum of the QCD and EW samples would match
exactly the interfering sample. The difference between the QCD and EW sum and the
interfering sample gives the size of the interference term. Considering a histogram of the
samples in M;; allows us to differentially view the interference in this variable. The inter-

ference histograms are shown differentially in M;; in Figure .

The prevalence for the interfering and QCD samples to have low M;; events mean the

limited statistics of these samples cause fluctuations above ~ 2 TeV in Figure|6.2(a)|. Slightly
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(a) The interfering sample compared to the sum of (b) The absolute value of the interference compared
QCD and EW. The size of the interference is ob- to the EW W + jets.

served in the ratio plot. The py and p; values show

the results of a straight line fit to the ratio.

Figure 6.3: The SHERPA interference studies showing the difference between the interfering
sample and the sum of EW and QCD (left) and the absolute value of the interference
compared to the EW (right).

below this point the sum is greater than the interfering sample showing that the interference
is destructive. Figure [6.2(b)| shows the absolute value of the interference (on a log plot we
cannot show negative values) compared to the EW W + 2 jets process. Below 2 TeV the

interference is < 10% of the EW process but increases as M;; increases.

To cross-check the MADGRAPH results, SHERPA was used to generate the same set of
samples and the studies repeated. Figure |6.3] shows the same set of plots as above for
the SHERPA results where the interference is seen to be smaller, though the slopes of the
interfering/sum ratios are comparable to < 2¢. Comparing these p; values shows that

MADGRAPH has roughly twice as much interference as SHERPA. The ratio of the SHERPA

p1 value to the MADGRAPH p; is 2.49 4 0.99. Figures|[6.2(b)| and |6.3(b)| show that statistics

are limited in both studies but due to practical constraints it was not possible to generate

more events.

Recent VBF analyses [34], 35] also investigated this interference effect (although for VBF

Z in both cases) and found the interference caused ~ 7% systematic on the EW signal
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extraction. The theoretical study by Denner et al. [87] suggests that when performing these
studies at NLO (in both QCD and EW) the interference becomes negligible.

In this analysis, the interference uncertainty is taken from MADGRAPH as it is the gen-

erator that shows the largest effect on the extracted EW signal.

Diboson - VBF interference

Another source of interference that affects the EW signal is that between the signal and
the diboson processes. The two samples used in the signal extraction have been generated
separately which assumes negligible interference between them. Physics arguments suggest
the interference in this case should indeed be negligible as the dibosons Mj; spectrum is
sharply peaked about the W and Z-boson masses, both of which is well below the Aj;

Search region cut of 500 GeV. In this case the samples, generated with SHERPA, are:

Interfering All EW signal and diboson diagrams are considered at once, including the
interference. This sample considers the same diagrams as the EW sample in the QCD

- EW interference studies above.
VBEF Only the signal diagrams are consideredﬂ.

Diboson Only the diboson diagrams are considered.

Once again the sum is defined as the VBF + Diboson components and the interference is the
difference between the interfering and sum samples. Figure [6.4] shows the three components
on the left where the diboson component is shown to be at most O(10%) smaller than the
VBF sample. The interference compared to the VBF signal component is shown in Figure

6.4(b)| and is seen to be minuscule in comparison.

No systematic is assigned for the VBF - diboson interference as it is seen to be negligible.

¥This sample is named VBF so as to differentiate it from the EW sample in Section which includes
diboson diagrams.
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Figure 6.4: The SHERPA VBF-diboson interference studies showing the difference between
the three components (left) and the absolute value of the interference compared to the VBF
sample (right). The interference observed on the right plot is expected to be mostly statistical
jitter in the samples rather than true interference.
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Chapter 7

Event Selection

This chapter describes the selection that is applied to the ATLAS events in order to pick
out W+ jets events and maximise the relative contribution of the EW W + jets component.
The aim is to reduce the number of background events as much as possible whilst maintaining
the highest number of signal events. The cuts are applied to kinematic variables such as
jet pr, Efss and M;;, that exhibit differences between the EW W + 2 jets signal and the
backgrounds. The selection cuts are therefore optimised to maximise the value of “signal

significance”, defined as:

Significance = (7.1)

VS+ B’

where S represents the number of EW W + 2 jets signal events and B represents the number

of background events.

7.1 Data Sample

The analysis uses the data sample collected in 2012 with the LHC running proton-proton
collisions at a centre of mass energy of 8 TeV. The collisions were spaced 50 nanoseconds

apart for the entire run. A good runs list (GRL) is applied to the data in order to mask

95
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events collected with un-stable proton beams or when ATLAS was not in a stable, data-
taking state, ensuring accurate measurements from all components. On average there were
20.7 proton-proton interactions per bunch crossing and a maximum instantaneous luminosity
of 7.7 x10% cm~2s7! [64]. The total luminosity collected—after application of the GRL—in

this data sample is 20.281 fb™".

For each lepton channel, events that pass the trigger are analysed after requiring a set
of selection cuts consistent with characteristics of an EW W + 2 jets event. If an event
is significantly more likely to result from a background process than the signal process, it
is discarded from the analysis. The data events that pass this selection are then compared
to the SM prediction to check the modelling and then fit for the signal contribution. We
therefore require some knowledge about the EW W + 2 jets signal characteristics. The MC
sample for the signal is compared to those of the backgrounds to exploit differences between
the two. The event selection has two aims: to remove as many background events as possible
to enhance the signal purity, and to retain as many signal EW W + 2 jets events as possible

to achieve a statistically significant measurement.

7.2 Cuts

This section discusses the selection cuts that are applied in order to maximise the purity of

the EW W + jets events in the data.

7.2.1 W-boson Selection

The triggers used to select events are designed to find the charged leptons from the W-boson
decay. As there are multiple ways to produce charged leptons, further cuts are applied to
ensure a W-boson did in fact produce the identified lepton. A leptonic W decay produces
a neutrino so we remove events with E2 smaller than 25 GeV. The charged lepton pr is

required to be above 25 GeV due to the trigger thresholds (see Chapter |4)) so this EXsS cut
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brings the neutrino into the same energy range as the charged lepton. This cut also removes

charged leptons from non-W backgrounds. The W-boson transverse masg? defined as:

WMy =\ /2B, Era [1 - cos (Ag)), (7.2)

where Er7 is the energy in the transverse plane of the charged lepton and Er 3 is the same for
the neutrino (equal to the E). A¢ is the azimuthal angle between the charged lepton and

the neutrino. W M7y is required to be above 40 GeV, again removing non-W backgrounds.

To reduced the contribution from mismeasured events containing a Z-boson, events are
vetoed if a second, high pr (> 25 GeV) lepton is found. This veto also ensures that events
which are identified in the electron channel measurement phase space are not also considered

in the muon channel.

7.2.2 Number of Jets

Jets are defined in Section with pr> 30 GeV and |n| < 4.4. The number of jets, N, in
a QCD W + jets event is a steeply falling distribution. The signal process has two jets from
the hard-scatter, see Figure 2.5 Therefore, removing events with fewer than two jets can
significantly increase the signal purity of the data. Figure shows the unity normalised
shapes for the EW W + 2 jets signal and QCD W + 2 jets background for the N .

distribution. The analysis rejects events with fewer than two jets.

7.2.3 Dijet Mass

The invariant mass of the two highest pr jets is known as the dijet mass, M;;. This is the
most discriminating variable between EW W + jets and the main background of QCD W
+ jets. Figure shows a truth level comparison of the EW and QCD W + jets M;;. A

*We are unable to reconstruct the mass of the W-boson as we cannot infer the longitudinal momentum
of the neutrino. The transverse mass is the boson mass calculated using only momentum in the transverse
direction.
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Figure 7.1: Unity normalised Njos shapes for EW and QCD W + 2 jets at truth level.
Only jets with pt > 30 GeV are considered.

high M;; cut would increase the signal purity but a compromise must be struck in order to
maintain a high signal yield. An optimisation is done to maximise the significance as defined

by Equation The optimised cut for M;; was found to be M;; > 500 GeV.

7.2.4 Jet pr

Since the LO signal process is quark induced and the two jets are produced from the hard-
scatter rather than from QCD radiation, the signal tends to have higher pr jets than the
QCD W + jets background. Figure |7.2(b)|[ shows the unity normalised pr distributions for
the highest pr jet in each event for the EW and QCD W + 2 jets processes. Rejecting
events that have low-pr jets, preferentially discards background processes, but too high a
cut will remove a large numbers of signal events. Events are required to have a leading jet

with pr > 80 GeV and a sub-leading jet with pr > 60 GeV.

7.2.5 Centrality

At truth level the EW W + jets signal template has a strong relationship between the

rapidity of the W-boson and the two tagged jets, as well as the rapidity position of any
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Figure 7.2: Discriminating variables between the EW W + 2 jets signal and the QCD W
+ 2 jets background.

further hadronic activity relative to the tagged jets. The EW signal process in induced by
quarks at tree level so the high pr events tend to be initiated by two valence quarks. It
follows that the quarks have roughly similar momentum and hence, the tagged jets tend
to have the high rapidity gap and the boson is produced centrally. The QCD W + 2 jets
background process can be induced by two gluons, two quarks or a gluon and a quark. This
allows there to be a larger imbalance in the momenta of the incoming particles and tends to
result in jets with a much smaller rapidity gap and the boson produced at higher rapidities.
This relationship allows signal events to be discriminated from various background processes,

including QCD W + jets production.

Lepton Centrality

The MC predictions of the W-boson kinematics can be probed with a view to finding dis-
criminating variables between EW and QCD production of W + jets. The W-boson in EW
production is produced much more centrally than for QCD production, see Figure [7.3(a)|
The combination of the W-boson rapidity with the preference for EW produced jets to be
more forward than the QCD produced jets, see Figure , leads many VBF analyses to
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quantify the position of the boson in the rapidity gap formed by the tagging jets [34] [119].

This combination of variables in known as the Zeppenfeld vam’abl@lﬂ [120] with the structure:

yJetl + yJetz

Zeppenfeld variable = yposon — 5 (7.3)
which quantifies the distance of the W-boson from the centre of the jet rapidity gap.
W boson rapidity Leading jet rapidity
2 [ Truth Level 2 F Truth Level
01— —— QCDW + 2 Jets 03— ~—— QCDW + 2 Jets
L —— EWW + 2 Jets 025t —— EWW + 2 Jets
0.08— C
C 02—
0.06— =
L 0.15[—
0.04; E
L 01—
o.oz} o.osi
L 0:
v a0 2F
y y

(a) The W-boson rapidity (b) The rapidity of the leading jet

Figure 7.3: Truth level, unity-normalised rapidity distributions for EW and QCD W + 2
jets processes.

In this analysis we modify the Zeppenfeld variable to include information about the size
of the jet rapidity gap. This change normalises the Zeppenfeld variable to the size of the
jet rapidity gap such that the position within the gap is measured relative to the size of the
gap. High pr jets will have a smaller gap but can produce as good discrimination as events
with lower pr jets, where the jet gap is wider. This modified variable is known as centrality

and is defined as:

YJetq +yJet2

Cboson = Yhoson 2 (74)
|yJet1 + yJ6t2|

The normalisation in centrality has the added benefit of giving the variable a simple topo-

tThe Zeppenfeld variable was originally designed to investigate the position of jets in the tagged jet
pseudo-rapidity gap. Instead, rapidity is used in this analysis as the boson has a non-zero mass.
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logical interpretation. If |Cposon| is below 0.5, the boson is inside the jet rapidity gap; if it is

above 0.5 then the boson is outside the gap.

The rapidity of the W-boson is not observable at reconstruction level due to the neutrino
not being detected, so instead the centrality of the charged leptonﬂ (CLepton) 1s investigated
and found to have a similar shape in both EW signal and QCD background processes, to

the boson centrality, see Figure [7.4]
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Truth Level Zo2E Truth Level

QCD W + 2 Jets 0.2 QCD W + 2 Jets
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(a) The W-boson centrality at truth level (b) The lepton centrality at truth level

Figure 7.4: Centrality variables showing EW and QCD W + 2 jets distributions. The
centrality correlations are maintained from the boson to the lepton.

Figure shows that both the boson and the charged lepton from its decay tend to be
very central in the jet rapidity gap for the EW signal. In the QCD W + jets background
they are seen to be much more spread out in the gap and peak around 40.5, i.e. around the
tagging jets. The distributions are symmetric so the absolute value centrality is used in the
analysis. The optimisation studies show that rejecting events with |Ciepton| > 0.4 gives the

highest signal significance.

In summary, the charged lepton is produced in the centre of the tagged jet rapidity gap
in signal EW W + 2 jets events and produced close to the tagging jets in the QCD W + 2

jets background.

tSimply replacing Yposon With Yiepton N Equation
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Jet Centrality

It is also possible to use the centrality of any additional (non-tagged) jets in the event
to discriminate between the EW signal and backgrounds with higher levels of hadronic
activity. The jet centrality variable (Cj.) is designed to give a measure of a jet’s position
in the rapidity gap between the two tagging jets. The low levels of hadronic activity and
lack of colour-flow between the jets at tree level in the EW W + 2 jets process means that
non-tagged jets have a significant probability to result from FSR. The collinear divergence
associated with gluon radiation leads FSR jets to have rapidity values very close to those
of the two tagging jets which corresponds to jet centrality values peaked near + 0.5. The
backgrounds that have higher levels of QCD activity are more likely to have a third jet (or
even more jets) originating from the hard-scatter rather than soft FSR. This leads to the
non-tagged jets being more central in the tagged jet rapidity gap, which corresponds to jet

centrality values close to zero.

Jet centrality

S5 0.12F=
: Truth Level

— QCDW +2 Jets

o
s

o

=3

>
\\\‘\\\‘\\\‘\\\‘\\\‘\\\

EW W + 2 Jets

EW W + 2 Jets
QCDW +2 Jets

2 15 1 w05 0 05 1 15 2
Centrality

Figure 7.5: Unity normalised centrality for all non-tagging jets in EW and QCD W + jets
at truth level.

The truth level Cj.; distributions for the EW signal compared to the QCD background
are shown in Figure[7.5] The EW signal shape is formed of two peaks near the tagging jets
(£0.5) and the QCD background shape is peaked in the centre of the tagged jet rapidity

gap. The shape of the EW signal is modified at the peaks as the jets are of size AR = 0.4,



1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

Phase Space Comparisons 103

so any non-tagged jet that is closer than this to a tagged jet will be “eaten” by the tagged

jet and not appear in the distribution.

7.2.6 Phase Space Definitions

Using the variables outlined above we can split the events into various phase spaces to
attempt to either maximise the purity of the signal or create control regions close to the
measurement region but with low signal fraction. Table summarises the phase space

definitions used in this analysis.

Inclusive ‘ High pr ‘ High Mass ‘ Search ‘ Control ‘ Validation

Njets > 2

Jet pr | > 30 GeV > 80 GeV (Jety), > 60 GeV (Jets)

M;; - > 500 GeV
An(jl,jZ) - > 2

Cret - > 0.4 <04
Clepton - <04 | >04 <04

Table 7.1: Definitions of the phase spaces used in this analysis. The cut values are chosen
to maximise signal significance, see Equation

7.3 Phase Space Comparisons

The Control and Validation regions are used in this analysis to correct the modelling of
the QCD W + 2 jets background process, as discussed in Chapter [§| The modelling in
one region can only be used to correct another region if they have similar kinematics. This
section compared the kinematics of the Search, Control and Validation regions for the QCD

W + 2 jets process.

The Controlregion differs from the Search region by the reversal of the Crepion cut. Forcing
the charged lepton to be away from the centre of the jet rapidity gap affects both the lepton
and the tagged jet n distributions. The Search region Crepton requirement of |Crepron| < 0.4

forced the tagged jets to be separated and so reversing this cut allows the jets to become
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Figure 7.6: Unity normalised An(Jy, J3) distributions for QCD W + 2 jets process in the
Search, Control and Validation regions without and with the An(Jy, J2) > 2 cut. Whilst
the distirbutions are still different after the cut, we have removed the region of largest
disagreement.

close together. Figure shows the An between the tagged jets for the Search, Control and

Validation regions, without and with the An(Jy, J2) > 2 cut.

The Control region is shown to have a component of low An(Jy, J3) events that are not
present in the Search region. This is the justification for the An(Jy, J;) > 2 cut as shown
in Table [7.1] The Validation region has the Cj. cut reversed from the Search region as
so is required to have a jet inside the tagged jet rapidity gap. This forces the An(Jy, J2)
distribution to be wider for the Validation region as compared to the Search region . The
application of the An(Jy, J2) cut removes the area where the three phase spaces diverge the

most.

The effect of this cut on other distributions is also checked. Figure [7.7] shows the unity
normalised shapes for the |n| of the most forward tagged jet with and without the An(Jy, Js)
cut. The Control region again has different kinematics to the Search region without the cut,

but after the cut is applied the distributions become similar.

There are distributions that show increased disagreement after the cut is applied, e.g. the

rapidity of the W-boson. The Control region requires the charged lepton to be forward so
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Figure 7.7: The unity normalised shapes of the |n| of the most forward tagged jet in the
QCD W + 2 jets process.

the W-boson is also seen to be peaked at high rapidity values in Figure[7.8, The application
of the An(Jy, J3) cut forces the jets to be wider apart and thus, the W-boson becomes even
more forward than before. This increased difference is acceptable as we are using the Control
region to correct the M;; modelling of the QCD W + 2 jets process so it is preferable that the

jet distributions agree across the regions even at the cost of the lepton based distributions.

The M;; distributions are shown in Figure for the three phase spaces both with and
without the An(Jy, J2) cut. The effect of the cut is small in this distribution but it is shown

to slightly improve the Control and Search region shape agreement.

The application of the An(Jy, J3) > 2 cut is justified by improving agreement between

the Control, Validation and Search regions.

7.4 Pre-fit Distributions

To validate the modelling of the MC templates the shapes of kinematic distributions are
compared to data. The plots shown in this section are the summed electron and muon

channels in the Search region where all template predictions have not been modified in any
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Figure 7.8: The unity normalised shapes of the rapidity of the W-boson in the QCD W + 2
jets process. These distibutions demonstrate that the An(J;, J;) cut makes some distibutions
disagreement increase. This is seen as an acceptable compramise as we are now extrapolating
in the leptons inly and not the jets, i.e. in the weak force and not the strong.
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Figure 7.9: The unity normalised shapes of the Mj;;in the QCD W + 2 jets process.
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way from the generator predictions.

Physics processes are grouped in the legends of the reconstruction plots as follows:

EW W — v — The signal EW W 4 jets process, summed over both lepton channels
(e + p). If a single channel is shown, the entry will be explicit
(e.g. EW W — uv).
QCD W — v — The QCD W + jets background process. Again, (v denotes both
channels summed.
Top — The single top, Wt and tt background processes.
Other — Other background processes: EW and QCD Z + jets and dibosons.

Multijets — The high jet multiplicity background, see Section [5.2]

Please note; in the plots and tables [ and v refer to the charged leptons, e and p, and

neutrinos, v, and v, respectively. The 7 channel contributions are separated.

The detector uncertainties are shown on the following plots along with the statistical
uncertainty of the prediction. These sources are uncorrelated so are added in quadrature
and shown on the summed predictions on the main plots as a hatched grey band. In the ratio
plots the detector uncertainties are shown as a yellow band and the combined detector and
statistical uncertainty on the prediction is shown as a green band. The statistical uncertainty
on the data is shown as the vertical black line about the data points. Please note that no

theoretical uncertainties are shown on the detector-level plots.

Figure shows reconstruction-level distributions for jet-based variables. The jet pr
is well modelled for the leading, sub-leading and third jets. The jet n distributions have
only slight disagreement between data and prediction at |n| > 3.5, although the differences

are within the systematic bands. The jet centrality distribution, shown in Figure [10.1(f)

requiring the cut of > 0.4, agrees between data and prediction. An increased fraction of top
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processes is expected and observed in the three jet distributions.

The lepton distributions are shown in Figure[7.13] The lepton pr shows data-to-prediction
agreement at low pr, but the MC has a harder distribution than is observed in data at high
pr. This disagreement is common across both lepton channels and is thought to stem from a
common mismodelling of the W-boson pr as the same shape is observed in the ratio plot for
E{Pisﬂ As the data are seen to have a softer W-boson pr spectrum than the MC prediction,
is it possible the disagreement comes from the lack of EW corrections modelled in the pre-
diction. A high pr photon may be radiated from the charged lepton where the M C samples
only model this emission well for the soft photon case. The addition of EW corrections
(when the become available) may therefore improve agreement between data and prediction
in lepton and W-boson pr distributions. The lepton n and W-boson transverse mass distri-
butions are well modelled. The lepton centrality distribution shows the contribution of the
EW signal peaked at low values and the QCD W + 2 jets background peaking around 0.5,

as expected from the truth studies.

Remaining important distributions are shown in Figure [7.14] including the fit variable,
M;; which shows a slope in the ratio plot where the prediction overestimates the data at high
M;;. As the high M;; region is the most sensitive to the EW W + 2 jets signal contribution,
this data-prediction disagreement suggests the EW W + 2 jets signal contribution will be
scaled down from the SM prediction in the signal extraction. The An (Ji, J3) plot shows
that the M;; disagreement is not localised to any one An region as there is good agreement
across the whole ratio plot. The mismodelling at high M;; values is a region where the
EW W + 2 jets signal dominates, suggesting the signal extraction fit will scale down the
signal contribution. Figure |7.14(c)|shows the minimum AR between the third jet and the
tagged jets, demonstrating the localisation of the EW signal at low values where the third

jet is radiated from a tagging jet and a broader distributions from the backgrounds. The pr

8 A known problem in the POWHEG W + 2 jets samples is shown to not be responsible for this mismod-
elling in Appendix @



2056

2057

2058

2059

2060

2061

2062

2063

2064

2065

2066

2067

2068

2069

2070

[7.4] Pre-fit Distributions 109

Inclusive Region Event Yields JQCDW —Iv

B Other

H Top

| Multijets
BEWW -lv

Figure 7.10: Contributions to the Inclusive region from different physics processes.

balance describes the percentage imbalance of the total event pr and is defined:

. 12
\/Ei:X,Y [pl‘dep + B+ Zj'\ggts (Pf)}

PP+ B 4 S ()

pr balance = ) (7.5)

where p; denotes the momentum in direction ¢ of a particle and Lep refers to the charged
lepton from the W-boson decay. This is shown in Figure with an increased fraction of
EW signal at low pr balance due to limited QCD radiation, whereas in background events
the spread is wider due to objects that are not reconstructed. The Nj.s plot shows the
prevalence of the signal in the 2-jet bin and increased contribution from top processes in the
higher jet multiplicity bins. There is an overestimation from the prediction in the higher
jet multiplicity bins but the 2-jet bin shows excellent agreement with data. Figure [7.14(f)]
shows the pr of the W-boson divided by the leading jet pr. The ratio shows a trend for the
MC to be shifted to higher values than the data, this is caused by the same trend on the

W-boson pr.

Pie charts show the contributions from different processes to the Inclusive region and the
Search region respectively in Figures and [7.11] Both charts are summed over lepton
channels. The effect of the selection cuts can be seen from these charts, showing the increase

in signal fraction.
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Search Region Event Yields OQCDW —lv
W Other

B Top
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Figure 7.11: Contributions to the Search region from different physics processes.

on 1.4.1 Pre-fit Event Yields

202 Yields tables are shown for the separate channels, electron in Table [7.2] and muon in Table
203 [7.3] and for the sum of the channels in Table The MC event yields have been rounded
272 to the nearest integer. The MC event yields have been normalised to the SM, generator

215 predicted cross sections.
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Figure 7.12: Reconstruction level jet distributions summed over both lepton channels in the
Search region.
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Figure 7.13: Reconstruction level lepton distributions summed over both lepton channels in
the Search region.
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Chapter 8

Control Region

The cuts applied in the event selection significantly reduce the contribution from the back-
grounds and increase the purity of the EW signal in the Search region. Despite this, there
is still a sizeable contribution from the dominant QCD W + jets background. The signal
extraction in this analysis relies on a fit in the M;; variable where we observe discrimination
between the EW W + 2 jets signal and the QCD W + 2 jets background. As the Search
region is dominated by QCD W + 2 jets we rely on the modelling of this background to be
accurate in M;;. This chapter describes the use of a Control region to ensure the shape of

this background is modelled well. This procedure was also applied in [35], 121].

The large contribution of QCD W + jets at low M;; is useful to fix its normalisation.
With this normalisation, the high M;; region quantifies the amount of EW W + jets signal.
In the case where the QCD W + jets M;; template shape is biased towards high M;;, signal
yield will be biased low. Conversely, if the QCD W + jets M;; shape is biased to low M,;,
the signal yield will be biased high. The shape of the QCD W + jets M;; template spectrum

is therefore crucial to this analysis.

The choice of the Control region definition is important so as to achieve similar particle
kinematics to the Search region to allow a small extrapolation of the observables. This
analysis uses a Control region defined by the reversal of a lepton based cut which corresponds

to an extrapolation in the weak force coupling constant. A Validation region is also defined
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via the reversal of a jet based cut, corresponding to an extrapolation in ag. This Validation
region is used to validate the Control region correction procedure and provide a cross-check

of the analysis results.

8.1 Control Region Correction

The QCD W + jets M,; shape can be determined from data to correct possible mismodelling
in the MC. The procedure to correct the QCD W + jets M,; shape is to find a phase space
with a high yield and purity of QCD W + jets events (designated the Control region),
subtract all other predictions from the data in this phase space, and modify the QCD W
+ jets template shape to match the subtracted data shape. This procedure benefits if the
QCD W + jets process has similar kinematics in the Control and Search regions; if the M;;

shapes are different, the correction only partially corrects for the possible mismodelling.

We cannot compare the QCD W + jets shape to data in the Search region where the
signal contribution is measured. Instead, we use phase spaces close to the Search region
where a signal cut is reversed. The chosen reversed cut is the lepton centrality to create the
Control region. A second phase space is defined as the Validation region when reversing the
jet centrality cut, see Table [7.1, The Control region is used as the default correction phase
space and the Validation region is used as a cross-check of the method. The M;; spectrum
is shown in the Control region in Figure and in the Validation region in Figure .
Figure shows a large data-to-prediction disagreement in the bin around 2 TeV, this is

due to a single highly weighted MC event in the “Other” backgrounds sample.

The variables used to form the Control and Validation regions are Crepton, and C e re-
spectively. The |Crepton| distribution is shown in Figure for the High Mass region and
for the Control region in Figure 8.2(b)] The |Cj| distributions are shown in Figure
for the High Mass region and in Figure for the Validation region. In Figure a
tail can be seen for non-tagged jets with |Cje| > 0.4, this is because the plot shows the |C |

values for all non-tagged jets. This tail corresponds to events where one non-tagged jet has
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Figure 8.1: Control and Validation region M,; distributions before the QCD W + jets
correction is applied.

|Cjet| < 0.4 and hence the event fulfils the Validation region requirement, but additional jets

can have higher Cj.; values.

Correction functions for the QCD W + jets distributions are derived from these two phase
spaces. Considering both the electron and muon channels together, predictions from other
processes in the Control region are subtracted from the data to create a “data-driven tem-
plate”. The W-boson decay exhibits “ltpon universality” meaning the physics are identical
between the electron and muon channels. This template is divided by the QCD W + jets
MC template to give a ratio of QCD W + 2 jets events in data to the MC prediction for
QCD W+ 2 jets that can be used to correct the modelling of this prediction. This procedure
is desingned to correct any systematic bias in the QCD W + 2 jets modelling so the ratio
is fit with a second order polynomial function. This function is applied in the Search region
to correct the QCD W + jets modelling. The ratio plots and fitted functions are shown in
Figure for Mj; in both the Control and Validation regions.

The Control region has a flatter correction function than the Validation region, although
it has large statistical errors above M;; ~ 2 TeV due to the softer M;; spectrum in the

Control region (as seen in Figure . The values and errors of the second order polynomial
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Figure 8.3: The jet centrality distribution. The plots show |Cj| for all non-tagged jets.
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Figure 8.4: Control and Validation region QCD W 4 jets correction functions for M;; from
a fit to (data - other processes ) / ( QCD W + jets). First and second-order polynomial
fit results are shown in red and blue respectively. The error bars are statistical only. The
x? values show the consistency of the ratio points with a flat line (i.e. no correction being
required).

’ Phase Space ‘ Do ‘ Apyg ‘ p1 (GeV™!) ‘ Ap; (GeV™1) ‘ p2 (GeV™2) ‘ Apy (GeV™2) ‘
Control | 1.021 | 0.08 | 0.11 x 10~* 1.7%x107™* | 1.6 x107% | 83 x 1078
Validation | 0.969 | 0.08 | —0.38 x 1074 1.5x107% | =36x107%| 58x 1078

Table 8.1: Second-order polynomial correction function parameters and errors from Valida-
tion and Control regions.

correction functions are shown in Table 8.1l

The individual parameters in both functions are in agreement within the statistical errors.
The parameters are correlated so this does not translate into statistical consistency between
the functions. This can be better checked by fitting with a straight line. The parameters

and errors for such fits are shown in Table [8.2} the p; values differ by 1.8¢.

Phase Space | po | Apo | p1 (GeV™Y) | Apy (GeV™)
Control | 1.034 | 0.03 | —0.20 x 10~* | 0.44 x 10~*
Validation | 1.015 | 0.04 | —1.27 x 1074 | 0.41 x 107*

Table 8.2: Cross-check, first-order polynomial correction function parameters and errors
from the Validation and Control regions.
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Figure 8.5: Validation region (data - other processes ) / ( QCD W + jets) M,; distribution
after the Control region second-order correction function has been applied to QCD W +
jets. First and second-order polynomial fit results are shown in red and blue respectively.
The error bars are statistical only.

The second-order correction function from the Control region is applied to the QCD W +
jets in the Validation region to cross-check the consistency of the correction functions. Figure
B.5] shows the ratio of subtracted data to QCD W + jets in the Validation region after the
Control region constraint has been applied to the QCD W + jets. First and second-order
polynomial fits to the ratio are shown. The individual parameters of the second-order fit
are all consistent with a flat line. The first-order fit gives a gradient which is 1.90 from flat,

p1 = (—9.833 £5.17) x 1075,

The QCD W + jets distributions in the Search region can be corrected using the above
procedure. The Control and Validation region M;; distributions after the second-order cor-

rections from their respective regions are applied are shown in Figure

The correction function from each phase space is applied to the QCD W + jets M;; dis-
tribution in the other phase space and the results are shown in Figure 8.7 The distributions
are approximately flat, though there is some mismodelling of the normalisation in each re-
gion. The QCD W + 2 jets normalisation is fit for in the signal extraction, so mismodelling
of the normalisation in the Control or Validation region does not affect the result. Therefore,

the normalisation of the QCD W + jets is allowed to float and the distributions are again
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Figure 8.6: M,; distributions in the Control and Validation regions after applying the second-
order QCD W + jets corrections derived from the respective region. The Data/MC agree-
ment is shown to be improved as compared to the un-corrected case shown in Figure [8.1

shown in Figure [8.8] where the QCD W + jets has been scaled up by 9.2% in the Control

region and down by 10.2% in the Validation region.

The second order Control region correction function is used as the nominal correction

and the other functions are used to cross-check the results.

8.2 Control Region Constraints

Alongside correcting possible mismodelling of the QCD W + jets background, the Control
region correction also reduces the uncertainties on this process. The residual uncertainties
in the Search region are uncertainties on the extrapolation of the shape constraint from the

Control region to the Search region.

The procedure to constrain the QCD W + jets uncertainties is complex so an example
case is given below to demonstrate the principle. Consider a case with a single uncertainty;,
for example the jet energy scale. If the ATLAS jet energy scale had a systematic bias such

that the M;; distribution were incorrectly reconstructed, this bias would be present in both
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Figure 8.7: M;; distributions in the Control and Validation regions after applying the second-
order QCD W + jets corrections derived from the other region.

the Search and Control regions. The correction function will mitigate the bias completely
in the Control region. Applying the correction to the Search region corrects the bias to the
extent that the source of the bias has a common effect on the M;; distributions. The residual

uncertainty is the difference in the effect of the jet energy scale in the two regions.

To calculate the residual uncertainty, a double ratio is used. The effect in the Search
region is given by the M;; distribution calculated with the systematic raised by 1o divided
by the nominal distribution. The same ratio is formed in the Control region and the ratio of
the effect in the Search region to the effect in the Control region gives the reduced systematic

uncertainty.

The calculation of the double ratio is demonstrated in Equation [8.1] showing the effect

of the uncertainty on M;; in the Search region (E]S\jfjmh), the effect in the Control region
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Figure 8.8: M;; distributions after the second order QCD W + jets corrections are applied
from the other region. The QCD W + jets normalisation has been adjusted to match the

data.
2183 (E](\j/;;‘;t“ﬂ), and finally, the constrained effect in the Search region (E]S\/'f;‘jrf’}éonstrained).
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8.2.1 Control Region Choice

It is important to note that the choice of Control region affects the constraints on the QCD

W + jets uncertainties. If the Control region is affected by the uncertainties in the same

manner as the Search region, the uncertainties will be reduced. However, if the Control and

Search regions are affected in opposite ways by an uncertainty, the resulting constrained

uncertainties will actually increase. Therefore it is important to choose a Control region
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Figure 8.9: The differential cross section in M;; and effect of an example uncertainty com-
pared to the nominal distribution, in the Search and Control regions.

where the particle kinematics match those in the Search region.

Figure shows how an example uncertainty may affect the Search and Control regions.
The systematic affects the two regions slightly differently but in magnitude rather than in
direction. The resulting constrained uncertainty, from Equation (8.1} is shown in Figure|8.10]
In the case where the uncertainty affects the two phase spaces oppositely, the constrained

systematic is larger than the original, as seen in Figure |8.11]

8.3 Analysis Effects

In this analysis the Control and Validation regions both have similar kinematics to the
Search region. It is therefore expected that the correction from either region will reduce the
uncertainties on the Search region. The correction and constraints procedure is applied to
the Search region in Figure and compared to the original Search region distribution.
The signal yield shown is that of the SM prediction. The fit for the signal yield will modify

the slope of the data/prediction ratio.



Analysis Effects 127

14

—— Search Region

— Control Region

12

Systematic
Nominal

0.8

0.6

0.4

1.4 ——— Constrained Systematic

—— Oiriginal Systematic

12

Systematic
Nominal

0.8

Search region

0.6

0.4

M;

Figure 8.10: The resulting uncertainty effects in the Search and Control regions for an
example systematic uncertainty that affects the two regions in similar ways (top panel) and
the constrained systematic uncertainty compared to the original (bottom panel).
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Figure 8.11: The resulting uncertainty effects in the Search and Control regions for an
example systematic uncertainty that affect the two regions differently (top panel) and the
constrained systematic uncertainty compared to the original (bottom panel).
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Figure 8.12: The effect of the Control and Validation region corrections and constraints on
the Search region M;; distribution. The yellow bands in the ratio plots show the reduction
achieved from the QCD W + jets uncertainty constraints in Figures [8.12(a)| and [8.12(b)|
compared to the original band in Figure . The signal process is shown normalised to

the SM prediction.
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Chapter 9

Signal Extraction

This chapter describes the methods developed to extract and measure the EW signal from

the data.

9.1 Fitting Procedure

To extract the signal contribution from the data, a fit is performed in M,;, the variable
with the best discrimination between the signal and background. The fit procedure uses
the ROOFIT package [122] to maximise a log-likelihood function using MINUIT [123] [124]. A

brief overview of the maximum log-likelihood method is given here.

Given the low signal purity after selection we must use statistical methods to extract
the signal. The Poisson distribution is a discrete probability distribution that describes the

number of observed events. The distribution is defined by:

pre””

f(nip) =

. (9.1)

where f(n;p) is the Poisson probability to observe n events, given a mean of p expected

events.

130
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Figure 9.1: Unity normalised M;; shapes that are used in the fit procedure.

The unity normalised M,; distributions are shown in Figure [9.I|for the EW signal, QCD

W + jets background and other backgrounds.

The fits in this analysis are used to extract three parameters of interest, the best fit
number of events for:
Ngw  (The EW W + jets signal),

Nocp  (The QCD W + jets background), and
Np (The other backgrounds).

The total number of events in the fitted results, IV, is thus,

N:NEW+NQCD+NB- (92)

Since we have differential information for each component, we perform the fit in bins

with index 7, with total content n;. The “likelihood” L is defined:

Bins D, _p.
n;le "
L (Npw, Nocp, Ng) = [[ ==

o (9.3)
i=0 v
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The likelihood is interpreted as the probability the observed, binned data (D;) could
arise given a model with binned content n;. The fit determines the maximum value of the
likelihood by varying the parameters Ngw, Nocp and Np. In practise it is more convenient

to deal with a sum rather than a product so the natural log of Equation [9.3|is taken:

Bins
InL =Y [Dilnn; —n; —In (D;))]. (9.4)

=0

This last step is valid because the natural logarithm is a monotonic function, so the maximum
of £ is equivalent to the maximum of In £ and the minimum of (—InL). As we are only
concerned with maximising In £ relative to changes in n;, the final term in Equation (9.4
can be ignored as it is independent of n;. Finally, a term is added to the likelihood that
constrains N to a gaussian, centred at the predicted cross section with a width of the cross
section error og. This step constrains the “other backgrounds” to their cross section as
otherwise the similar M;; shapes of the “other backgrounds” and the QCD W + jets (see
Figure allow little distinction. A penalty term is added to (—In L) such that Np is
allowed to float in the fit but any movement away from the predicted number of events Nj
increases the value of (—In £), disfavouring this fit. The function that is minimised in the

fit is then:

Bins (NB—NIB)2

~InL =) (n—D;lnn;)+ 307 (9.5)
=0

The uncertainty on this fitting procedure is calculated using the profile likelihood ratio
A. For example, when considering the error on Ngy:

L (Npw, Njep, Njar)

EMaac

A:

, (9.6)

where N5¢%5 and Nj'** are the values that maximise £ for the particular Ngy under con-
sideration and Ly, is the maximum possible value for £ when all parameters are varied.

The denominator is effectively providing a normalisation. The standard 1o error band is
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‘ Generator ‘ Cross section (fb) ‘ Scale Error (f) ‘ PDF Error (fb) ‘ Total Error (fb) ‘ Total Error (%) ‘

VBEFNLO 99137 +2.63 +3.82 +4.64 +2.10
-1.17 -4.22 -4.38 -2.00

44 2.11 4.04 1.
PowHEG 229.49 td + +4.0 +1.76
-3.21 -2.14 -3.86 -1.68

Table 9.1: Predicted EW W 4 2 jets fiducial cross sections and associated errors for a single
lepton channel.

found when the value of the likelihood changes by one half, AX = 1/2. This uncertainty is
denoted “fit-stat.” in the rest of this thesis. Examples of expected fit-stat. uncertainties

can be seen in Figure [9.2

It is often useful to quantify the fit results relative to the SM prediction. The change in

the signal is denoted:

Fit
NEW

IEW = ~7ar (9.7)
N

with values of pgep and pp defined in the same manner. It should be noted that the

fractional uncertainty on pgy is found with:

i 2 Y 2
- NFit NSM ) :
HEW EW EW

where the value ANEL, is found from the fits and ANZY. comes from the theoretical uncer-

tainty on the EW W + 2 jets cross section. The error on N2} is found using the signal
POowHEG samples and compared to the errors found from VBFNLO calculations. Table

9.1 shows the theoretical uncertainties on the fiducial signal cross section.

The error on the predicted fiducial cross section is taken as +2.1%,—2% from the VB-
FNLO prediction as it shows the largest error. This error is always added in quadrature

with the ANAfter it fractional error when quoting uncertainties on gy .

The fits are performed using six input histograms representing the M;; spectra of the
electron and muon channels for the EW signal, QCD W + jets background and the other

combined backgrounds. These template histograms are normalised to cross sections and the
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Figure 9.2: Expected fitting results using pseudo-data for the EW signal and QCD back-
ground using the Control region. The blue curves show the (—In £) function. The red lines
show the In(\) = 0.5 fit stat. error. As expected Ngy and Ngcop show a negative correlation
maintaining the normalisation in the fits.
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Figure 9.3: Example fit results when fitting nominal templates to pseudo-data created from
themselves.

luminosity of the data sample. The fit is performed simultaneously in both lepton channels
stipulating that the scale factors in both channels must be the same for each component (e.g.
plfectron —  Muon) “We justify this requirement by the SM stipulation of lepton universality
under the weak force, in effect expecting the cross-section of the electron and muon channels
to be identical. The results of an example fit where pseudo-data are created from the nominal

input templates are shown in Figure [9.3] The fit passes the basic closure test of returning

scale factors close to 1.0 for all templates when fitting to Poisson fluctuated pseudo-data.

9.1.1 Pseudo-Data Sets

The analysis in this chapter relies on pseudo-data-sets used to extract expected uncertainties
and predictions on the signal extraction. This section describes these pseudo-data-sets and

how they are used.

Throughout the signal extraction process it is useful to quantify how the predicted
changes in QCD W + jets, EW W + jets and other backgrounds template shapes, due
to uncertainties, can affect the amount of signal that is extracted from the final fit. The
affect of the uncertainties is found by repeating the analysis for each of the measurement

uncertainties mentioned in Chapter [6] to produce modified histograms. A pseudo-data-set is
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constructed by adding the predicted templates together. This can then be used to fit the
nominal samples and to view variations in extracted scale parameters from the fit. Unless
specifically stated, throughout this thesis varied samples are put into the pseudo-data-sets
and the nominal templates are fitted to them. This construction was used so as to mimic

the final signal extraction, where the nominal templates will be fitted to the data.

9.2 Fit Uncertainties

This section describes the effect of the experimental and theoretical uncertainties on the

signal extraction.

9.2.1 Fit Constraints

As discussed in Section [§], a re-weighting is applied to the QCD W + jets background from
the Control region in order to correct the mismodelling. This Control region reduces the
uncertainties on the QCD W + jets shape. The Control region constraint is applied for all

fit results unless explicitly stated otherwise]

9.2.2 Statistical Uncertainties

The finite number of events in the input templates results is an uncertainty on the fit results.
The statistics uncertainties are completely uncorrelated between samples and the statistics of
each bin in a template histogram are uncorrelated with the next bin. Each sample is therefore
considered separately. The bin content of each bin is drawn from a Gaussian distribution
with mean equal to the nominal bin content and width of the statistical error in that bin. A
pseudo-data-set is constructed from this statistically varied template and the other nominal
templates, the Search region templates are corrected by the Control region correction, and

the nominal templates are fitted to the corrected templates. This process is repeated 1,000

*Cross-checks are also performed using the Validation region in place of the Control region.
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times and the width of the resulting distribution of u values gives the standard error from

the statistics of the template under consideration.

The statistical errors are shown separately for the signal events and for the combined

QCD W + jets and other background templates.

9.2.3 Experimental Uncertainties

Systematic uncertainties originating from detector reconstruction, such as the jet energy
scale, are completely correlated across signal and background as well as between electron and
muon channels. To quantify their effect on the signal extraction, the 1o varied templates are
summed in each channel to create a pseudo-data sample for each systematic, the templates
are corrected using the Control region and the nominal templates fitted to the corrected

Search region templates.

9.2.4 Theoretical Uncertainties

Only the theoretical errors from the EW and QCD W + 2 jets processes are explicitly
considered. The small contribution of the “other backgrounds” in the Search region mean
we neglect their shape changes due to theoretical uncertainties but theoretical uncertainties
on their cross sections are considered. The exception to this is the ¢ background where
the above errors are considered as well as replacing the default POWHEG tt sample with
one produced by Mc@NLo. This additional check is carried out as the ¢f background is

relatively large and the modelling os such events shows some generator differences.

The errors arising from theoretical sources are uncorrelated between samples, for example,
a change in the factorisation scale of the EW signal should not affect the QCD W + jets
in any way as the scale is not a physical property but a mathematical artefact representing
the lack of higher order corrections to a specific process. Therefore, to gauge the standard
errors for each theoretical uncertainty we alter one sample at a time. The bin-to-bin changes

are correlated due to changes in normalisation and to the bin migrations of events. The
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procedure entails creating pseudo-data for one altered template, applying the Control region

constraints, and fitting with the nominal templates to find the resulting scale factors.

PDF Uncertainties

PDF errors account for physical differences in the initial state, e.g. a higher percentage of
strange quarks in the proton at a certain momentum fraction, so the errors are applied to
all samples at once to find the standard error. The default PDF for the EW signal and
QCD W + jets background is CT10. The CT10 collaboration provides sets of error PDFs
that allow us to find the standard error using a Hessian combination (see Chapter [6]). The
value of ag is also varied and the resulting uncertainty is summed in quadrature with the
Hessian combination to get the CT10 standard error. As a cross-check the templates are also
re-weighted to the NNPDF and MSTW2008NLO nominal PDFs but the resulting difference

is observed to be much smaller than the CT10 variations.

9.3 Background Exclusion

To achieve an observation of a new process we must investigate the possibility that back-
ground fluctuations led to non-zero signal in the fit. To gauge the probability of this hap-
pening, a background exclusion text is performed where pseudo-data is created from the
background processes only, and the background and signal templates are fitted to it. In each
pseudo-experiment the background templates are gaussian-fluctuated by each systematic
uncertainty using a different set of random numbers for each experiment. The resulting tem-
plates are then Poisson-fluctuated to mimic the statistical fluctuations in the data. Equation

shows how the bin content C; for bin ¢ is altered for a given pseudo-experiment:

Uncertainties
OiFluctuated — Poisson CZNOInlnal + E RZU(SZU , (99)

U=0

where U is summed over all uncertainties. RY is the random number for bin i and uncertainty
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U; this could be the same or across bins or different samples depending on whether U is

correlated or uncorrelated. §Y is the standard error for U in bin .

Each pseudo-experiment returns a set of scale factors for the templates. The spread in
the ugw values tells us how much signal was fit in the pseudo-data-sets that did not contain
any signal. The mean of this distribution is expected to be close to 0 whereas the means
for poep and pp are expected to be 1, as these templates were included in the pseudo-data
construction. To quantify the expected ability of the analysis to exclude the background-
only case we count the number of pseudo-experiments that gave a ugw equal to or greater
than the expected value of gy, which by definition we expected to equal 1.0. The fraction

of pseudo-experiments that return a signal scale factor > 1.0 is designated the py value:

NPseudos

po = Szl (910

Total

The py value can then be converted into a significance zy using:

20 = V2erf ™1 (1.0 — py) (9.11)

where erf ' is the inverse error function. Evaluating Equation we need O (107) pseudo-
experiments to achieve the 5o significance required for an observation. Results for the
pseudo-experiments are shown in Figure 0.4 The spread of pgw does not get close to
pew = 1.0 so we can only say that the background exclusion significance is larger than some

value.
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Figure 9.4: p values for EW signal and QCD background from pseudo-experiments with no
signal in the pseudo-data using the Control regionto correct and constrain the QCD W + 2

jets.
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9.4 Signal Measurement

If the EW W + 2 jets signal is present in the data, we must quantify the precision with which
we are able to measure it. A similar procedure to the background exclusion techniques in
Section [9.3]is used, only this time we include the signal in the pseudo-data. This procedure
uses only the template predictions (MC and the multijets data-driven sample) and no data

is used from the Search or Control regions.

The effects of all the uncertainties on gy are shown in Figure|9.5 The horizontal bands
show the change in the pgy value for each systematic contribution; the quadrature sum of
all contributions is shown at the bottom of the figure. The systematic uncertainties when
using the unconstrained QCD W + 2 jets templates are shown in red. The improvement
from constraining using the Control region is shown in blue, and using the Validation region
is shown in green. The values of the bands plotted in Figure [9.5 are explicitly shown in

Table [9.2] for the Control region case.

Figure (9.5 shows that the smallest total uncertainty on pgy comes when applying the
Control region constraint, justifying our use of it as the default region with which to constrain
the QCD W + jets templates. The same uncertainties are shown in Figure and Table
for their effects on pgep. Again the smallest total uncertainties occur in the case of the

Control region constraint.

To ensure we are correctly considering the correlations between the uncertainties a cross-
check of the total uncertainty is performed with pseudo-experiments by allowing simultan-
eous variations of all uncertainties. The pseudo-data-set is constructed starting from the
nominal templateéﬂ and adding a systematic shift for each uncertainty to the bin content
of the templates. The same gaussian random numbers are used across bins and templates

where appropriate to account for correlated uncertainties.

In this manner, a pseudo-data-set is created which represents the templates varied about

all systematics. The nominal templates are then fit to this pseudo-data-set and the scale

fThis time including the signal contribution.
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Figure 9.5: Expected uncertainties on pgy from detector and theoretical effects. The un-
constrained case is compared to the constraints from the Control and Validation regions.
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EW Systematic Variations

Systematic Up variation | Down variation
Fit Stats +3.72
Sig Stats +0.91
Background Stats +4.08
Luminosity +2.88
Interference +6.44
JER +0.20
JES Etalntercalibration Modelling 6.03 -4.29
JES Etalntercalibration StatAndMethod 0.65 -0.44
JES MuOffset -0.50 0.80
JES NPVOffsetTerm -0.30 0.32
JES PileupPtTerm 0.08 -0.26
JES PileupRhoTopology 0.98 -0.85
JES 1.67 -2.03
JVF 0.00 -0.09
MET ResoSoftTerms -0.33 0.01
MET ScaleSoftTerms -0.14 0.01
MultiJES FlavorComp 4.84 -3.07
MultiJES FlavorResponse -3.10 4.63
Ele EnergyScaling 0.00 0.08
Ele EnergySmearing -0.05 0.01
Ele TriggerSF 0.12 -0.12
Ele tightSF 0.36 -0.35
Ele recoSF 0.12 -0.12
Muon Trigger 0.94 -1.00
Muon Efficiency 0.19 -0.23
Muon Momentum Scale 0.00 -0.10
Muon Momentum ID 0.00 -0.16
Muon Momentum MS -0.91 0.02
BTag -2.97 0.43
PDF CT10 NLO 3.05 -4.03
Top Modelling +3.32
Ttbhar XS +0.04
SingleTop XS +0.04
Diboson XS +0.03
QCD ZJets XS +0.03
QCD WletsTau XS +0.21
Multijets XS +2.27
EW ZJets XS +0.13
Wlets PartonShower +2.21
Wlets ugr 0.00 0.67
Wlets pp 0.00 2.89
Signal PartonShower +2.27
Signal ug -0.73 0.72
Signal pup -1.34 1.29
Ao pw -2.10 2.00

Total quadrature sum

+14.81, —13.56

Table 9.2: Expected uncertainty effects on pugy using Control region constraints.
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Figure 9.6: Uncertainties on pgcp from detector and theoretical effects. The unconstrained
case is compared to the constraints from the Control and Validation regions.



Signal Measurement

QCD Systematic Variations

Systematic Up variation | Down variation
Fit Stats +1.47
Sig Stats +0.22
Background Stats +1.72
Luminosity +0.45
Interference +1.95
JER +0.77
JES Etalntercalibration Modelling -0.59 0.36
JES Etalntercalibration StatAndMethod -0.11 0.00
JES MuOffset 0.03 -0.23
JES NPVOffset Term 0.09 -0.18
JES PileupPtTerm 0.02 -0.09
JES PileupRhoTopology 0.00 -0.29
JES 0.25 -0.19
JVF 0.00 0.01
MET ResoSoftTerms -0.02 0.00
MET ScaleSoftTerms 0.12 0.00
MultiJES FlavorComp 0.00 -0.08
MultiJES FlavorResponse 0.00 -0.26
Ele EnergyScaling 0.00 -0.05
Ele EnergySmearing 0.02 -0.03
Ele TriggerSF -0.07 0.07
Ele tightSF -0.05 0.05
Ele recoSF -0.01 0.01
Muon Trigger 0.15 -0.16
Muon Efficiency 0.01 -0.02
Muon Momentum Scale 0.00 0.03
Muon Momentum ID 0.00 0.09
Muon Momentum MS 0.16 0.00
BTag -0.25 2.15
PDF CT10 NLO -0.06 0.36
Top Modelling +1.51
Ttbar XS +0.08
SingleTop XS +0.02
Diboson XS +0.01
QCD ZJets XS +0.06
QCD WletsTau XS +0.01
Multijets XS +0.49
EW ZJets XS +0.01
Wlets PartonShower +3.01
Wlets ug 0.00 0.85
Wlets up 0.00 -0.98
Signal PartonShower +0.58
Signal pug 0.19 -0.21
Signal pp 0.34 -0.35
Total quadrature sum +6.20, —5.67

Table 9.3: Expected uncertainty effects on pgop using Control region constraints.
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Figure 9.7: p values for EW signal and QCD background from pseudo-experiments using
the Control region.

factors are recorded. This procedure is repeated a large number of times to build up distri-
butions of both pgw and pgep. The widths of these distributions are the 1o error on each
scale factor and are equal to the precision to which the analysis can measure each process.
Figure shows the ppw and pgep distributions from these pseudo-experiments when us-
ing the constraints from the Control region. The total uncertainties from Tables 9.2 and

can be seen to agree with the widths (RMSs) of the p distributions in Figure

Table |9.4]shows the final uncertainty on the p gy measurement from the various fits. The

Fit Channel
Constraint Region Both | Electron | Muon

Control 13.7 15.7 14.1
Validation 14.7 16.8 15.2
No constraint 19.1 21.3 19.2

Table 9.4: Uncertainties on extracted pugy, derived from the pseudo-experiment procedure.
The various QCD W + 2 jets constraints are shown, as well as the errors from fitting in
both channels compared to a single lepton channel.
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Control region constrained case shows the smallest measurement error.

9.5 Signal Strength Measurement

The nominal M;; templates are fitted to the ATLAS data to measure the observed contri-
bution from the EW W + 2 jets and QCD W + 2 jets processes. The results of the fit
using the Control region constraint are shown in Figure 0.8 the Validation region constraint

in Figure 0.9 and no constraint in Figure [9.10]

Table [0.5] shows the scale factors returned from all the fits. In each case a metric of the
fit quality is given by the x? divided by the number of degrees of freedom (NDF) in the fit,

where y? is calculated as in Equation .

The fit was performed in all constraint cases and for the lepton channels individually and
combined. The ppy values and their errors (from Table are shown in Figure The
corresponding set of pugcp observed values are shown in Figure [9.12] The extracted signal

yields are consistent within uncertainties for all cases.

9.6 Alternative Signal Sample

To provide a cross-check to the pgy results found in this chapter, the POWHEG signal
sample was replaced with the SHERPA generated samples and the procedure repeated. The
SHERPA samples are at LO and so have larger theoretical errors than the NLO PowHEG

samples. Table shows the fit results using the SHERPA signal samples.

When comparing the Naite it we see they are similar between Tables and demon-
strating the POWHEG and SHERPA signal sample fits give similar results. The difference
between the POWHEG and SHERPA Control region constrained results for Naber it is < 4%
which is well within the 1o error of the measurement. The pgy values for the Control region

constrained fits across both channels differ between the tables as SHERPA predicts fewer sig-
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Figure 9.8: The results of the fit to ATLAS data when constraining the QCD W + 2 jets
distributions using the Control region. The fit is performed in both channels simultaneously
and the p values are required to be the same across both channels.
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Figure 9.9: The results of the fit to ATLAS data when constraining the QCD W + 2 jets
using the Validation region distributions.
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Figure 9.10: The results of the fit to ATLAS data when not constraining the QCD W + 2
jets distributions.

2

Constraint Region | Channel ‘ LEW ‘ NEE ‘ HocD ‘ LB ‘ o ‘
Both | 0.833 | 4,183 | 1.003 | 0.961 | 41.7 / 31
Control Electron | 0.868 | 2,1780 | 1.020 | 0.989 | 18.2 /14
Muon | 0.798 | 2,003 | 0.982 | 0.989 | 18.5/ 14
Both | 0.922 | 4,628 | 1.089 | 0.961 | 45.8 / 31
Validation Electron | 0.944 | 2,371 | 1.056 | 0.988 | 154 / 14
Muon 0.896 | 2,250 | 1.102 | 0.991 | 23.8 /14
Both | 0.803 | 4,031 | 1.029 | 0.960 | 39.9 / 31
No constraint Electron | 0.861 | 2,162 | 0.990 | 0.988 | 155/ 14
Muon | 0.744 | 1,867 | 1.056 | 0.989 | 18.1 / 14

Table 9.5: Fit results from various regions used to constrain the QCD W + 2 jets background.
The x?/NDF is shown to give a metric of the fit quality.
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Figure 9.11: The results of the fits to ATLAS data for pugw. The single channel fits
are compared to simultaneous fits in both channels. Constraining the QCD W + 2 jets

distribution can be seen to reduce the errors.
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Figure 9.12: The results of the fits to ATLAS data for ugep. The single channel fits
are compared to simultaneous fits in both channels. Constraining the QCD W + 2 jets
distribution can be seen to reduce the errors.
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Alternative Signal Sample

X2

Constraint Region | Channel | ppw | Npo | poep | s oy

Both | 0.962 | 4,345 | 0.988 | 0.959 | 39.5 / 31

Control Electron | 1.010 | 2,281 | 1.002 | 0.988 | 17.2 / 14
Muon | 0.912 | 2,059 | 0.970 | 0.987 | 17.1 / 14

Both | 1.058 | 4,782 | 1.068 | 0.959 | 42.4 / 31

Validation Electron | 1.086 | 2,452 | 1.033 | 0.987 | 16.1 / 14
Muon | 1.027 | 2,318 | 1.082 | 0.989 | 20.7 / 14

Both | 0.951 | 4,296 | 1.015 | 0.959 | 39.1 / 31

No constraint Electron | 1.017 | 2,297 | 0.976 | 0.988 | 16.0 / 14
Muon | 0.883 | 1,995 | 1.042 | 0.988 | 17.2 / 14

Table 9.6: Fit results when using the SHERPA signal samples.

give a metric of the fit quality.
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The x?/NDF is shown to

nal events (4,517, with pgy = 1) than POwHEG (5,022). This difference is caused by the

different orders of the samples, the SHERPA being LO and the POWHEG is NLO.

The errors on the SHERPA fits are +18.6, —16.4% for the Control region constrained fits

in both lepton channels.
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Chapter 10

Results

This chapter discusses the results of the analysis and shows the effect of the normalisation
factors extracted from the fit for the signal yield in Section [I0.1] The results are shown in a
high EW W + 2 jets purity Confirmation region in Section [10.2] The cross section for EW
W + 2 jets is then calculated in Section [10.3] The results are put in context in Section [10.4]

10.1 Post-fit Distributions

The extracted ppw and pgep from Chapter @ are applied to the reconstructed distributions.
The QCD W + 2 jets MC events are re-weighted using the Control region M;; correction
function as discussed in Chapter [8| The uncertainties are on the M;; distribution are also

constrained by this procedure.

Figure shows jet distributions for the Search region. The distributions are altered
from those shown in Figure by the application of the EW and QCD W + 2 jets scale
factors extracted from the fit in Chapter [0} Good data-to-MC agreement is observed in all
distributions. Appendix |C| shows y?/NDF values for the data-prediction comparison and

how these are affected by the fit scale factors.

Figure [10.2] shows good agreement is also observed for the lepton-based distributions.
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The lepton and W-boson pr distributions show the same disagreement that was observed
in the pre-fit distributions in Figure [7.13] The lepton centrality in Figure [10.2(e)| shows
good agreement between data and the prediction in a region with small uncertainties and

relatively high signal fraction.

The remaining distributions shown in Figure show good modelling in the high-
statistics regions. The M;; distribution in Figure shows markedly improved data-
MC agreement in the tail of the distribution as a result of the signal fit scaling down the
EW signal contribution. The Ny plot in Figure shows an overestimation of the
data for high jet multiplicities, as it is not significantly affected by the fit. The individual

lepton channel distributions for the variables sensitive to EW W + 2 jets production, M;;
and Crepton, are shown in Figures and [10.5]

The post-fit yield tables are shown in Tables [10.1], and for the electron, muon,
and combined channels respectively. The tables differ to those shown in the Section [7.4.]]
by the 2nd order polynominal applied to the QCD W + 2 jets background and the fit scale

factors applied to the EW and QCD W + 2 jets processes.

10.2 Confirmation Region

In order to compare the analysis results to data with minimal contribution from background
processes, an additional phase space—the Confirmation region—is defined which isolates the
EW W + 2 jets process and maximises its purity. The Confirmation region is exactly equal
to that of the Search region (see Table except with the M;; cut increased to M;;> 1.5
TeV. This additional cut allows us to view distributions with the EW W 4 2 jets signal
dominating as it now contributes 56% of the events (see Figure [10.6). The Confirmation

region event yields are shown in Table [10.4]

The Confirmation region has fewer events than the Search region so the errors are in-
creased but still small enough to test the agreement between data and the prediction. The

M;; spectrum is not fit in this phase space because there is no QCD W + 2 jets dominated
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Figure 10.1: Reconstruction-level jet distributions summed over lepton channels in the Search
region. The EW signal and QCD W + 2 jets processes have been scaled by the fit normal-
isation and the latter also has the Control region correction.
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Figure 10.2: Reconstruction-level lepton distributions summed over lepton channels in the
Search region. The EW signal and QCD W + 2 jets processes have been scaled by the fit
normalisation and the latter also has the Control region correction.
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Figure 10.3: Reconstruction-level distributions summed over lepton channels in the Search
region. The EW signal and QCD W + 2 jets processes have been scaled by the fit normalisa-
tion and the latter also has the Control region correction. The M;; systematic uncertainties
have been constrained.
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Figure 10.6: Contributions to the Confirmation region from different physics processes.

Process Channel Electron | Muon | Both
QCD W(— lv) + 2 jets 205 250 | 455
QCD W(— 1v) + 2 jets 0 0 0
Z7 0 0 0
w2z 1 1 2
Ww 2 2 4
Multijets 44 25 69
QCD Z(— IT17) + 2 jets 9 9 18
QCD Z(— 7777) + 2 jets 0 0 0
tt 6 4 10
Single top ) 6 11
EW Z(— 1117) + 2 jets 4 5 9
EW W(— lv) + 2 jets 358 383 | 741
Data 637 657 | 1,294
Total Prediction 633 686 | 1,319
Data / Prediction 1.01| 096 | 0.98
Signal / Total Prediction 0.57 | 0.56 | 0.56
Signal / v/Background 21.57 | 22.03 | 30.82

Table 10.4: Event yields for the Confirmation region. The QCD W + 2 jets are corrected
to the Control region fits and the pgep from the signal extraction is applied. The EW W
+ 2 jets process has been scaled by ppw = 0.833 from the signal extraction.
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region to constrain its normalisation resulting in Augep = 40%. However, if the QCD W
+ 2 jets contribution is constrained to the normalisation extracted from the Search region
fits, a fit in the Confirmation region returns pgw = 0.790 £ 0.24. The fit results are there-
fore consistent between the Search region and the Confirmation region as expected as one
is a sub-set of the other. The possibility remains that both regions are biased in the same
manner or a consistent systematic offset affects the two. The detector-level distributions are
shown for the Confirmation region for the jet variables in Figure [10.7] the lepton variables

in Figure [10.8, and the remaining distributions of interest in Figure [L0.9|

The jet variables shown in Figure [10.7) show that after the high M;; cut we see good
agreement between data and prediction. The leading jet pt shows some slope in the ratio
plot, where the data starts above the MC at low pr and then goes below at about 150
GeV, although this disagreement in almost always within the uncertainties. The remaining
jet distributions show agreement within errors. Figure shows the number of jets
within the 1 gap formed between the two tagged jets. For this high M;; cut we see very few
additional jets. This plot also shows the overall normalisation in the Confirmation region is

matched very well between data and MC.

The lepton variables in Figure [10.8| also show good agreement, even improving on that
seen in the Search region for the £ in Figure . The W-boson and charged lepton
pr distributions still show a trend in the ratio plot for the prediction to overestimate the
data at high prt although this discrepancy is reduced as compared to the Search region.
The lepton centrality distribution shown in Figure shows excellent agreement for the

scaled signal and background.

The M;; plot in Figure is unremarkable as this is a sub sample of the Search region
M;; plot but is included for completeness here. Figure shows the An between the two
tagged jets where again good agreement between data and SM prediction is observed. The
minimum AR between the third jet and the tagging jets is shown in Figure [10.9(c), where
the peak is in the towards the low AR region that corresponds to FSR. The pr balance

distribution is not well modelled in the Search region even with the fit scale factors applied
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Figure 10.7: Reconstruction-level jet distributions summed over lepton channels in the Con-
firmation region. The EW signal and QCD W + 2 jets have been scaled by the fit normal-
isation results and the latter also has the Control region correction.
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Figure 10.8: Reconstruction-level lepton distributions summed over lepton channels in the
Confirmation region. The EW signal and QCD W + 2 jets have been scaled by the fit
normalisation results and the latter also has the Control region correction.
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Figure 10.9: Reconstruction-level distributions summed over lepton channels in the Confirm-
ation region. The EW signal and QCD W + 2 jets have been scaled by the fit normalisation
results and the latter also has the Control region correction. The M;; systematic uncertain-

ties have been constrained.
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(see Figure, but in the Confirmation region this distribution is well modelled around
the peak, as shown in Figure . This improvement is most likely caused by the large
reduction in QCD W + 2 jets events because the QCD colour-flow makes modelling the
exact pr balance difficult and sensitive to higher order corrections. The N, plot in Figure
shows the high M;; cut has reduced the previously observed trend in N . for high
jet multiplicities to be overestimated by the MC, although this is affected by lower statistics

in high-jet multiplicity bins.

10.3 Cross Section Calculation

This section discusses the extraction of cross sections for the EW W + 2 jets process. A
fiducial cross section is calculated in Section [10.3.1] and the total EW W + 2 jets cross

section is calculated in Section [10.3.2]

10.3.1 Fiducial Cross Section

The visible cross section for the EW W + 2 jets process is:

]\]Pﬁt
Ovis = ZW, (10.1)

The fiducial cross section corrects the visible cross section for detector response and is

defined as:

Fit
NEW

OFid — W, (102)

where C' accounts for the EW signal events that are not reconstructed by ATLAS but are
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Channel | W-boson charge C
W= 0.539
Both W+ 0.534
W= 0.548
W= 0.540
Electron W 0.536
W= 0.547
W= 0.538
Muon w+ 0.532
W= 0.548

168

Table 10.5: C' factors for the EW W 4+ 2 jets split by lepton channel and W-boson charge.
The W¥ factors are a cross section weighted combination of the individual W+ and W~

factors.

2500 present in the truth-level fiducial phase space (see Section . C' is defined as:

2510

2511

2512

2513

reco, fid
C o NEW

- truth, fid
NEW

(10.3)

The C' factors do not depend on the QCD W + 2 jets correction are derived for the EW

W + 2 jets signal from the POWHEG signal samples. Table shows the break down of

the C' factors for the EW W + 2 jets POWHEG samples.

As the detector systematics are included in AN5fY, the fractional uncertainty on C' is

s accounted for. The resulting fiducial cross section, for EW W + 2 jets (e and p channels)

2515

for the Search region as defined in Table is:

opia =387.9 +20.4 (stat.) + 5.4 (lumi.) F305 (syst.)

=387.9 23 (total) fh,

+34.9
—34.6

(theo.) fb, 10.4)

16 where the QCD W + 2 jets has been corrected using the Control region.

2517

2518

Table [10.6] shows the fiducial cross section for separate and combined lepton channels

and the corresponding errors.
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Channel Cross Statistical Luminosity Systematic Theoretical
Section (fb) | Uncertainty (fb) | Uncertainty (fb) | Uncertainty (fb) | Uncertainty (fb)

4. 4.

Both 387.9 +20.4 +5.4 38 349

—27.3 —34.6

22.1 18.1

Electron 202.7 +13.6 +5.3 + +18

—18.1 —17.7

14. 16.

Muon 184.3 +14.2 +5.3 +14.0 1168

—14.6 —-16.9

Table 10.6: The extracted fiducial cross section results for individual lepton channels and
the combined channel measurements, all using the Control region correction.

Ch | Cross Scale PDF Generator
anne
Section (fb) | Uncertainty (fb) | Uncertainty (fb) | Uncertainty (fb)
Both 458.98 5.26 .04 +16.24
—2.34 —8.44
El : :
ectron 999 49 +2.63 +3.82 1819
or Muon —1.17 —4.22

Table 10.7: Predicted EW W 4+ 2 jets fiducial cross sections and associated errors from
PowHEG. The generator uncertainty is the POWHEG to VBFNLO difference.

The extracted, fiducial cross sections shown in Table [10.6] are compared to the predicted

fiducial cross sections from VBFNLO and POwHEG in Table The “Both” fit shown

in Table is done which considering the prediction from both lepton channels to all the

data rather than the sum of the single channel fits. The single channel fit results are shown

to be consistent with the “Both” fit result.

10.3.2 Total Cross Section

The total cross section extrapolates the fiducial cross section found above, to as inclusive a

phase space as possible. It is defined:

(10.5)
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A Scale PDF Total
Uncertainty (%) | Uncertainty (%) | Uncertainty (%)
0.029 +1.3 +2.4 +2.7
—-0.9 —2.7 —2.8

Table 10.8: A factors for the EW W+ 2 jets inclusive cross section, derived using VBFNLO.

2507 where A is the acceptance factor, defined as:

truth, fid
NEW

A= ——"— (10.6)
truth, tot
Npy ™™
2528 Niuth values are not affected by detector systematic uncertainties at all so the only

20 Uncertainties to consider for A are theoretical. The predicted, inclusive cross section summed

2530 over lepton channels, is found from VBFNLO to be:

Ugl&lfusive, Predicted —15.209 -1—8(1)51) (scale) J_rggg (PDF) pb’

(10.7)
=15.209 752 pb.

2531 Table [10.§ shows the A factor and associated uncertainties calculated using VBFNLO
%2 which provides that cross sections summed over W*. The values are calculated using the

»3  electron channel but assumed to be identical for the muon channel.

2534 The total, extracted cross section for the EW W + 2 jets process, decaying through the

x3  combined electron and muon channels is found to be:

g peusive, Bxtracted 13 375 4 (.70 (stat.) 4 0.18 (lumi.) ©529 (syst.) T120 (theo.) pb,
=13.375 513 (total) pb.

(10.8)

2536 The extracted total cross section is consistent with the predicted total cross section at
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Analysis Predicted obidneial fly | Extracted o5ids@ fb | upw (%) | ANgw (%)
ATLAS VBF W 459 238 23 +15
V5 =8 TeV, 2012 14
ATLAS VBF W 195 395, 7 +26
V5 =7 TeV, 2011 97

CMS VBF 7 903 174 34 +20
/5 = 8 TeV, 2012 —20
ATLA BF Z 2

S5V 46.1 o4.7 119 +23
/5 = 8 TeV, 2012 25
M BF 20.

CM5 vV W 500 420 84 +20.0

/5 = 8 TeV, 2012 20,6

Table 10.9: Summary of LHC MS VBF type analyses results.

the 1o level.

10.4 Reflection

The analysis has found the EW W + 2 jets process to occur at 83.3 *13% % of the rate
predicted by the SM. This puts the SM prediction at just over 1o away from the observed
value. This low measurement qualitatively agrees with the 77 T3¢ % rate observed in [36] for
the same process. The CMS analysis for the EW Z + 2 jets process found the rate to be
84 +£20 % [34]. The ATLAS measurement of the EW Z + 2 jets production found a rate
119 122 % that predicted by the SM [35]. All measurements are consistent with the SM at
about the 1o levelf] These results are summarised in Figure [I0.10] and Table [10.9] As the
statistical component of the error in these analyses is considerable, although in the current

analysis it is sub-leading, further analyses of VBF W and Z production at the LHC in Run

2 are expected to provide more accurate measurements.

A tendency is observed for the exclusive muon-channel measurements to result in a lower

cross section than the electron-channel in ATLAS W and Z measurements though the

*Between the submission and examination of this thesis the CMS collaboration published a measurement
of the EW production of W + 2 jets, the same signal process as searched for in this analysis [125]. The
measured rate was found to be 84 +20.6 % of the SM prediction. This result has been added to Figure[10.10

and Table
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Vs = 8 TeV, 2012

; é ATLAS VBF W

Vs = 7 TeV, 2011
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Figure 10.10: pupw values for VBF analyses from the LHC. The bands show the quoted 1o
uncertainties and the crosses show the central values.
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consistency is within 1.1¢ [35] [36]. This difference is not observed by the CMS analysis [34].

Future studies of higher energy collisions may be able to use an increased M;; cut and
tighter Crepton cut to isolate a high statistics, high purity EW W + 2 jets event sample,
with reduced uncertainties for a cross section measurement. If the disagreement with the
SM prediction observed in this analysis were to persist, it could point towards BSM physics
affecting the production cross section. It is possible that a heavy W' boson, as hinted at
in [126], could reduce the signal cross-section in this analysis from the SM prediction. The
VBF diagram (Figure [2.5(a))) contributes negativly to the interfering sum of EW W + 2
jets processes. This is confirmed by calculating the EW W + 2 jets cross-section with the
triple boson coupling rates set to zero, resulting in the predicted cross-section increases by
a factor of 4. If a heavy W’ boson did exist, it would be present in the t-channel exchange
of Figure and suppressed in the other EW W + 2 jets diagrams due to its high mass.
The result could be a reduction in the EW W + 2 jets cross-section, as is observed by this,

and other, analyses.

The techniques used in this analysis have shown a high M; cut and small Crcpton value can
be used to isolate the EW W + 2 jets process. This information can be used in future VBF
studies and may be especially useful for Higgs boson analyses. Studies in the upgraded LHC
runs will have some sensitivity to the H — u*u~ decay (see [127] for a previous analysis)
where the topological Crepton Will be useful in reducing backgrounds as well as identifying the
irreducible background contribution from VBF Z — u*p~ which could be calibrated using
VBF Z — ete™ events where the Higgs contribution is negligible. A truth level study using
SHERPA is able to show, in Figure the centrality of the Higgs boson is more sharply
peaked than that of a Z-boson, most likely due to the higher mass of the Higgs. A fit to
boson centrality after a high M;; cut could therefore be used to measure the contribution

from the Higgs boson to EW ptu~ + 2 jets production.
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Figure 10.11: Unity normalised, truth level boson centrality distributions for H — u*u~ and
Z — ptp~ EW prodcution in association with two jets. The Higgs distribution is observed
to be more peaked about zero than the Z-boson case.
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Chapter 11

Conclusions

This thesis has presented the first observation of the EW production of the W + 2 jets final
state. The process is observed with a significance of > 50 using the ATLAS 2012 data-set

amounting to 20.2 fb~ 1.

The analysis uses a Control region to correct the modelling of the dominant background
contribution. The correction procedure also constrains the systematic uncertainties of the
background allowing a more precise signal cross section to be extracted. The signal extraction
is repeated using an alternative control region as well as omitting this correction and the

results are shown to be consistent with the nominal Control region.

The fiducial cross section for EW production of W + 2 jets where the W-boson decays

leptonically in both the electron and muon channels, is found to be:

opia =387.9 +20.4 (stat.) £ 5.4 (lumi.) *37% (syst.) 7330 (theo.) fb, )

=387.9 T328 (total) fb,

where the SM prediction from VBFNLO is 443 *33 (scale) 1% (PDF) fb. The fiducial

175
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cross section is extrapolated to an inclusive cross section of:

OTotar =13.38 + 0.70 (stat.)  0.18 (lumi.) *}2) (syst.) T2 (theo.) pb,

(11.2)
=13.38 7125 (total) pb,

where the SM prediction from VBENLO is 15.21 599 (scale) 020 (PDF) pb.

In the upcoming LHC Run 2 at /s = 13 TeV, the fiducial cross section for EW W + 2
jets is expected to increase by a factor of 2.9 as compared to the /s = 8 TeV cross section.
If this analysis were to be repeated on the expected 30 fb™! of data in Run 2, the statistical

uncertainty would be reduced by a factor 2 as compared the current uncertainty:.

The dominant analysis uncertainties are the jet energy scale at high |n| and the theor-
etical uncertainty on the QCD-EW W + 2 jets interference. The former will hopefully be
reduced during the LHC Run 2 where the expertise gained in Run 1 can be built upon. The
interference term could be constrained using higher statistics samples that were unfeasible
due to time constraints in this analysis, but the main obstacle to reducing the interfer-
ence uncertainty is the current inability to calculate it at NLO. An accurate prediction of
the interference could be incorporated into the fit procedure rather than considered as a
systematic, removing the current 6.5% uncertainty. The measurement error also has a sig-
nificant contribution from the jet flavour composition uncertainty which can be reduced by

quantifying the relative fraction of gluon-to-quark jets in the signal.
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Appendix A

Sherpa QCD Detector Plots

It is possible for a W-boson event with associated 0 or 1 jets to occur in the same bunch cross-
ing as a pile-up event that provides an additional jet or two. This combined process could
fulfil the Search region requirements of W-boson + 2 jets, although it would be extremely
rare for a pile-up jet to have pr > 60 GeV and be able to combine with the hard-scatter jet

or a second pile-up jet to produce M;; > 500 GeV.

The W + 0/1 jet events are not included in the POWHEG QCD W + 2 jets modelling
as the MC produces at least two partons in the hard-scatter. To ensure the combination of
W + 0/1 jet events with pile-up is not important to this analysis, the POWHEG QCD W
+ 2 jets sample is replaced by the SHERPA QCD W + jets sample. The SHERPA samples
includes W + 0 — 5 jets events at the matrix element level, although it is not used as the
nominal QCD W + jets sample due to fewer statistics than the POWHEG and POWHEG

has NLO accuracy for W + 2 jets.

The pre-fit POWHEG QCD W + 2 jets detector distributions show some data-prediction

disagreement at low W-boson pr (see Figure[7.13(f)|) and low pr balance (see Figure|7.14(d))).

A low pr W-boson event alongside some pile-up jets would have a low pt balance value and so
it is possible the SHERPA QCD W + jets sample will improve the data-prediction agreement

in these variables.
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[A] Sherpa QCD Detector Plots 178

The detector plots are shown in the remainder of this chapter for the Search region, using
the SHERPA samples in place of the POWHEG QCD W + jets. The plots show the “out-
of-the-box” MC with no corrections, constraints or fit scale factors applied to any sample.
The data-prediction agreement will therefore improve if the Control region correction or fit
scale factors were applied, but we use these plots to investigate qualitative changes between

POowHEG and SHERPA QCD W + jets.

Distributions that show mismodelling in the POWHEG QCD W + 2 jets detector plots
are shown in Figure for the SHERPA QCD W + jets. The M;; distribution shown in
Figure shows a steeper data-prediction ratio slope than that observed in the POWHEG
case but this could be cancelled by applying the Control region correction. The Ny plot
shown in Figure [A.1(b)| shows better data-prediction agreement for high jet multiplicities
than the POWHEG case suggesting that SHERPA is modelling the parton shower better than
POWHEG + PYTHIAS. The lepton pr, B2 and W-boson pr distributions show a similar
level of data-prediction ratio slopes to the POWHEG case. The pt balance distribution shown
in Figure [A.1(f)| shows the same low value disagreement to using the POWHEG QCD W
+ 2 jets sample. These disagreements cannot be removed by applying the Control region
correction or fit scale factors. It is therefore concluded that the pr balance and W-boson pr
disagreements observed when using the POWHEG QCD W + 2 jets sample are not caused

by the lack of W + 0/1 jet events.
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Figure A.1: Reconstruction level lepton distributions summed over both lepton channels in
the Search region using the SHERPA QCD W + jets.
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Appendix B

PowHeg Polarisation Issues

At alate stage in the analysis, another analysis group started to use the same QCD PoOwHEG
W + 2 jets samples used in this analysis. While investigating the angle between the W-boson
and the charged lepton decay they discovered POWHEG was modelling this incorrectly. This
bug has now been corrected in the POWHEG code but there was not sufficient time to re-

generate these MC samples. This appendix discusses the bug and its effect on the analysis.

The variable used in these investigations is designated cos (6*) where 6* is the angle
between the charged lepton and the W-boson when the lepton is boosted in the rest frame
of the W-boson. It is calculated as follows:

Pl + o) + Pl

cos (0%) = "] ; (B.1)

where [ denotes the charged lepton 4-vector after being boosted in the W-boson rest frame,
W denotes the W-boson, p denotes the magnitude of a particle’s momentum and p; denotes

the momentum along the axis 1.

In the case of a W boson, the boosted, positively-charged lepton, with p*, tends to
decay in the opposite direction to the boson’s trajectory (p", in the lab-frame), leading to
a peak in the cos (6*) distribution at —1. The opposite is true of the W~ case where the

negatively charged lepton tends to decay in the same direction as the boson’s trajectory and
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QCD W Jets, Charged Lep + QCD W Jets, Charged Lep -

>
2016

—PowHeg
— Sherpa 0.14

—PowHeg
— Sherpa

(a) W (b) W~

Figure B.1: QCD W+ 2 jets cos (6*) distributions for POWHEG and SHERPA muon channel,
separated by W-boson charge.

260 thus cos (6*) peaks at +1.

w1 B.0.1 QCD W+ 2 jets

w62 Figure shows the cos (#*) distribution for QCD W + 2 jets production where
w63 POWHEG is compared to SHERPA and the distribution peaks at —1 in both generators.
w64 Figure shows that whilst SHERPA correctly decays the negative lepton in the same
x6s  direction as the W~ boson, POWHEG does not. The POWHEG distribution is the same

»e6  shape as that seen for the W™ case.

2667 This difference is observed in both the charged lepton and neutrino decay angles where
w68 POWHEG is decaying a W~ boson as if it were a W*. The difference is only observed in the
60 muon channel; the electron channel has the correct decay angles for both the W+ and W—,

0 and SHERPA and POWHEG agree on these shapes.
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EW W Jets, Charged Lep + EW W Jets, Charged Lep -

— PowHeg < o2
— Sherpa

—PowHeg
— Sherpa

15 2 2 15 1 @05 0 05 1 15 2
cos(6 *) cos(6 %)

(a) W (b) W~

Figure B.2: EW W + 2 jets cos (6*) distributions for POWHEG and SHERPA muon channel,
separated by W-boson charge.

wn B.0.2 EW W—l— 2 jets

w2 In the EW W + 2 jets signal, the faulty POWHEG decay was observed in both the electron
3 and muon channels for the W7 case. Figure show the cos (6*) distributions for the

x74  electron channel as an example.

«» B.1 Affect On Dijet Mass

76 ' The most important consideration for this analysis was the effect this bug would have on
277 the Mj; distribution. If the bug were to cause a mismodelling of the M;; distribution then
s7s  the signal extraction fits could be biased. As the W-boson decay is largely independent of
s the hard-scatter, the faulty decay angle was not thought to have a large effect on the dijet
0 mass. To quantify this effect, the POWHEG events were re-weighted to the SHERPA cos (6*)
261 distributions and the M;; distribution was compared before and after re-weighting. Figure

s [B.3]shows the Mj; shapes for the QCD W + 2 jets and the effect of the re-weighting.

2683 Only a subset of the total POWHEG QCD W + 2 jets events were used in this cross-check
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Figure B.3: QCD W + 2 jets M;; distributions for POWHEG muon channel before and
after correcting to the SHERPA cos (6*) shapes. The distributions are shown separated by
W-boson charge to compare to Figure The parameters of a 2nd order polynomial fit to
the ratio are shown along with their errors.

so the shapes do not match those used in the detector level distributions. A second order

polynomial:

MRe-Weighted
Jj _ 2
= Do +p1ij +p2M (BQ)

Nominal Jj’
M P

was fitted to the ratio of the re-weighted to nominal M;; shapes and the parameters are errors
are shown in the plots. The effect of the re-weighing in Figure is seen to be minimal
and never outside the statistical error of the events. The fitted p; and p, parameters for the
re-weighting function are seen to be smaller than their errors. It was therefore concluded
that the cos (6*) bug did not affect the QCD W + jets M;; shapes and the signal extraction

was insensitive to this bug.

The same re-weighting was done for the EW W + 2 jets POWHEG samples and the
effects are shown in Figure The re-weighting has no effect on the W~ M;; shapes, as
the re-weighting as shown by the ratio plot of Figure [B.2(b)|is very flat and the fit to the

ratio shows the p; and py values are smaller than their errors. Figure |B.4(a)| does show
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EW W + Jets, M, w* EW W + Jets, M, W

A.U.

PowHeg (nominal) PowHeg (nominal)

PowHeg (reweighted) PowHeg (reweighted)

p, = 0.98 +/-0.00
p,= (376 +/- 0.56) x 10°
p, = (-7.09 +/- 2.69) x 10

P, = 1.00 +/- 0.00
p,=(0.27 +-0.58) x 10°
P, = (0.71+-301)x 10°

PowHeg (reweighted)
PowHeg (nominal)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
M, [GeV] M; [GeV]

(a) W (b) W~

Figure B.4: EW W + 2 jets M;; distributions for POWHEG muon channel before and after
correcting to the SHERPA cos (6*) shapes. The distributions are shown separated by W-boson
charge to compare to Figure [B.2] The parameters of a 2nd order polynomial fit to the ratio
are shown along with their errors.

some effect from the re-weighting are the corrected M;; distribution is shifted to higher M;;
than the faulty POWHEG and this time p; and p, are larger than the errors. The analysis

therefore may be dependent on the EW W + jets POWHEG bug.

B.1.1 Effect On Signal Extraction

The nominal signal extraction fit was repeated using the POWHEG EW and QCD W + 2
jets samples after re-weighting them to the SHERPA cos (6*) shapes. The number of extracted
Ngw events was found to change by 0.6% for the Control region corrected fits in both lepton
channels. This is much smaller than the total uncertainty of the analysis and so the POWHEG
bug in the lepton decay angles is shown to have a negligible effect on the analysis. Table
shows the effect on the extracted number of EW signal events as compared to the nominal

fits.



2707

2708

2709

2710

2711

2712

2713

2714

2715

2716

2717

2718

2719

2720

2721

W-boson pr 185

Constraint Region | Channel | Nominal Ngy | Re-weighted Ny | % Difference
Both 4,183 4,158 0.6
Control Electron 2,180 2,167 0.6
Muon 2,003 1,992 0.6
Both 4,628 4,594 0.7
Validation Electron 2,371 2,353 0.7
Muon 2,250 2,233 0.8
Both 4,031 3,987 1.1
No constraint Electron 2,162 2,139 1.0
Muon 1,867 1,846 1.2

Table B.1: Fit results using the re-weighted POWHEG Mj; spectra for both the EW and
QCD W + 2 jets samples from the SHERPA cos (6*) re-weighting,.

B.2 IW/-boson pr

Given the mismodelling of the W-boson pr spectrum it is worth checking whether it is related
to the POWHEG bug in the W + 2 jets samples. The W-boson pr distribution is shown in
Figure for the High pr region where we have high statistics, and for the Search region

were the same data-MC trend is evident.

Considering the kinematics of the process, there is no obvious reason that the leptons
decaying in the wrong direction should alter the reconstructed W-boson pr. The angle
between the charged lepton and neutrino is modelled well as evidenced by the good modelling
of the W-boson transverse mass. The QCD W + 2 jets sample is re-weighted to the SHERPA
cos (0*) shape and the W-boson pr spectrum compared before and after this re-weighting.

The W-boson charge-separated distributions are shown in Figure [B.6]

The re-weighting is observed to have very little effect on the W-boson pr distribution,
especially in the low pr region where the data-M C mismodelling is observed. It is therefore
concluded that the POWHEG W + 2 jets cos (6*) bug is not responsible for the W-boson pr

mismodelling or for the charged lepton pr and EF mismodelling.
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Appendix C

Distribution Quality

To quantify the improvement in the detector-level distributions that is achieved from the
signal fits, the x?/NDF values are found using Equation . Table shows the x?/NDF
values for various distributions in the Search region, both pre and post-fit, and the post-fit
Confirmation region. Only the statistical errors are considered in the calculations. The
ratios of x?/NDF values demonstrate that the data-prediction agreement improves with the

signal fit and that the post-fit Confirmation region has good data modelling.

The boson pr is observed to be have a high x?/NDF value in all measured regions. This is
responsible for the high values for lepton pr, p'¥ / p%l, and pr balance. The N, distribution

also demonstrates poor modelling specifically an overestimation at high jet multiplicities.

The NDF values in Table are found from the number of bins in the distributions
with either data or prediction content. The post-fit Search region and Confirmation region

M;; values have three degrees of freedom subtracted for the three extracted scale factors in

the fit.
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[C] Distribution Quality

‘AToA1poodsox

‘AAN/ X wordor younag 1g-1s0d 03 uorsor uoyvwiifuoy) 1g-1sod pue JAN/ X 1g-01d 0} 1g-1sod yo4nag JO OIYRI O} MOYS SUTWN[OD OM) ISB]
oy, [z 01 uoroeg ut syord 1-1sod o1y woIy owod senea uoyvuLILfuoy) oY) pue|1 ()T uoroeg ut sjord o) WOl ow0d senyeA (3-S50 ) y240ag

oYL

ﬂ uo1o0g ut s10[d o) 03 spuOdsor1od sonfeA (3Y-01J) y240ag Y, "SUOIMYLIISIP [0A9] 1030939D 9} 10§ sonfea J(AN/ X 1D O[qRL
79°0 68°0 GT'T 7RG 86°C oFeIoAy
6z°0 201 9g / 6¢ 9¢ / GGl 9¢ / €S1 i/ id
Ge0 30'T 7/8 9/ 9¢ 9/ ¥¢ SPLN
910 LT1 8T / ¥ ¢z / 61¢ 6o / TLT oourereq Ld
770 €60 L1/ 01 6z / 9¢ <z / 6¢ (PPPPPLp )3y wnUIIUL
G0'T L9°0 LT/ 91 AEa LT/ 78 (e ‘1)l
QLT 7S50 ¢ /et o1 / ¢ 8T / 67 “w
€70 760 ¢ / c¢ ot /| vh1 cc /[ ¥aT Ld wosoq-
87’1 LV0 8/ 7 8/ ¢ 8/ L Uy
0£°0 860 0z / €1 12 / s ¢ / 6 Lpy wosoq-y
80°0 860 c1/ ¢ ¢l / ce er /¥ ssrie
€9°0 €8°0 et / 1¢ €c / 9¢ ¢z /e lw woydog
1.0 98°0 8T / 96 0z / 18 0z / €01 Id uoyder]
Ge0 260 er/ L e1 /18 e1 / ve )
20T L6°0 0z / Lt ¢ / €¢ 6z / v¢ L 3ol pary,
89°0 L8°0 €c / Lg Sz / €F Gz / 09 lu 90[ Surpesar-qng
€L 0 060 e / Gt 7o / L€ Ve /v lu 30[ Sutpeor]
20T 76°0 11/ 21 71/ 91 vT /LT Id 3ol pary,
08°0 96°0 LT/ 91 LT/ 02 LT/ ¢C Ld yol Surpes]-qng
LE0 08°0 LT/ %1 LT/ 0F LT/ 168 Ld yol Surpeor]

e o | G ey | (WrIsodD) wompuefuc) | (yy-wod) yamwag | (gord) g | o T T




. (zFlossary of abbreviations

a3s ALFA absolute luminosity for ATLAS
a3 @TGC anomalous triple gauge coupling
a0 BSM beyond-the-standard-model

21 CB Combined Muon

a2 CERN European Centre for Nuclear Research
o3 EM Calo Electromagnetic Calorimeter
e EW Electroweak

s FSR final state radiation

s GRL good runs list

o gsw Glashow-Salam-Weinberg

aus HLT High Level Trigger

om0 ID Inner Detector

a0 ISR initial state radiation

st JVF jet vertex fraction

a2 LEP Large Electron-Positron

a5 LHC Large Hadron Collider

s LO leading order

55 LUCID luminosity measurement using Cerenkov integrating detector
a6 IMC Monte Carlo

a5z MDT Muon Drift Tubes

ass M, dijet mass

a5 IMIS Muon Spectrometer
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2760

2761

2762

2763

2764

2765

2766

2767

2768

2769

2770

2771

NLO next to leading order
NNLO next-to-next-to-leading order
PDF parton distribution function
PS Parton Shower

QCD Quantum Chromodynamics
Rol Region Of Interest

RPC Resistive Plate Chambers
SCT Semiconductor Tracker

SM Standard Model

TGC Thin Gap Chambers

TRT Transition Radiation Tracker

VBF vector-boson fusion
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