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Supervisor’s Foreword

Manchester has developed a strong tradition of joint Ph.Ds in theoretical and
experimental particle physics. This Ph.D. thesis contains new research in both
areas, making important contributions in each. Two analyses of collision data from
the ATLAS experiment at the LHC are presented, as well as two phenomenological
studies of heavy-coloured resonances that could be produced at the LHC.

The first data analysis was the measurement of top quark—antiquark production
with a veto on additional jet activity [1]. Not only is this an important measurement
for understanding properties of top quarks and the events they are produced in, but
as the first detector-corrected measurement of jet activity in top—antitop events it
played an important role in constraining the theoretical modelling. This ultimately
reduced the modelling uncertainties for ATLAS’s other top quark measurements by
a factor of two. The detector-corrected data were published for open-access future
analysis.

The second data analysis was the measurement of Z + 2 jet production and the
observation of the electroweak vector boson fusion (VBF) component [2]. The VBF
process has long been proposed as an important channel for studying the Higgs
boson quantum numbers and couplings. As the first observation of VBF at a hadron
collider, this measurement demonstrated new techniques to reliably extract VBF
processes and paved the way for these future Higgs measurements. The detector-
corrected data were again published for open-access future analysis.

The first phenomenological study [3] developed a new technique for identifying
the colour of heavy resonances produced in proton-proton collisions. As a
by-product of this study, an unexpected and previously unnoticed correlation was
discovered between the probability of correctly identifying a high-energy top quark
(using so-called boosted jet tagging algorithms) and the colour structure of the
event it was produced in. The second phenomenological study [4] explored this
relationship in more detail, and could have important consequences for the iden-
tification of new particles that decay to top quarks, if any hints are found in the next
run of the LHC.
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The thesis also describes the author’s work on the ATLAS isolated muon event
filter trigger, an important contribution to the detector operation, which qualified
him as an ATLAS author.

I write this foreword as Dr. Joshi’s theory supervisor, but I would like to record
my gratitude to his experimental supervisor, Dr. Andy Pilkington, as well as to
Kiran himself, for making this such a successful project and a pleasure to co-
supervise.

Manchester Prof. Michael Seymour
April 2015
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Abstract

This thesis presents precision measurements and phenomenological studies of
quark and gluon radiation in tt and Z + jets final states. A measurement of tt
production with a veto on additional jet activity is performed using 2.1 fb~' of
proton—proton collision data with a centre of mass energy of 7 TeV, collected by the
ATLAS detector. Jet veto efficiency measurements are performed in several regions
of rapidity and corrected for the effects of finite detector resolution and efficiency.
A total experimental uncertainty of less than 5 % is achieved in all distributions.

Two phenomenological studies are performed on the additional quark and gluon
radiation produced in association with boosted tt systems. In the first study, it is
shown how a measurement of the jet veto efficiency can be used to identify the
colour of a TeV-scale resonance decaying to tt. The second follow-up study
describes how the performance of several top-tagging algorithms is affected by the
colour structure of an event.

Measurements of the electroweak production of dijets in association with a
Z-boson and distributions sensitive to vector boson fusion are performed using 20.3
fb~'of proton—proton collision data collected by ATLAS at 8 TeV. Detector-
corrected differential cross-sections, and distributions sensitive to radiation pro-
duced in addition to the Z; system, are measured in five fiducial regions with
varying sensitivity to the electroweak component of the Z;; cross-section. Data are
compared to MC predictions and are in reasonable agreement in the majority of
cases. The electroweak Z; cross-section is extracted and found to be in good
agreement with theory predictions. Limits are also placed on anomalous triple
gauge couplings. The commissioning of an event filter isolated muon trigger is also
presented. The trigger became one of the primary muon triggers used during the
2012 data taking.

vii



Preface

Every measurement and search for new physics performed at the Large Hadron
Collider is affected by aspects of Quantum Chromodynamics (QCD) in some way.
The uncertainty associated with the modelling of quark and gluon emissions can be
large, and it is therefore crucial to perform precision measurements in a variety of
final states that are sensitive to these emissions. Such measurements assist the
particle physics theory and phenomenology communities in understanding the
properties and features of QCD. They also allow the uncertainties associated with
the QCD modelling to be constrained, which ensures that experimental measure-
ments can be made with as much precision as possible.

The work presented in this thesis focusses on the quark and gluon radiation
produced in association with tt and Z + jets final states using proton—proton col-
lision data collected by the ATLAS experiment at both ¥'s = 7 TeV and vs = 8 TeV.
Phenomenological studies were also performed that demonstrate how quark and
gluon radiation can be exploited to discriminate between the production of differ-
ently coloured heavy resonances, and also how some aspects of QCD can disrupt
such attempts.

This thesis is organised as follows. In Chap. 1, a brief review of the Standard
Model is given and the concept of jet vetoing is introduced, which is a recurring
theme in the analyses and phenomenological studies presented. Chapter 2 intro-
duces the Large Hadron Collider and the ATLAS detector, and Chap. 3 details how
the physics objects required to perform an experimental analysis are reconstructed
from the output of the various tracking detectors and calorimeters. The commis-
sioning of an event filter isolated muon trigger is presented in Chap. 4. In Chap. 5
the analysis of tt production with a veto on additional central jet activity is docu-
mented, which is a precision measurement of the hadronic jet activity produced in
association with a tt system. Additional quark and gluon emission in tt systems is
again the subject of the phenomenological studies presented in Chap. 6. A jet veto
is shown to be a useful tool in determining the colour of a new heavy resonance,
and in a follow-up study the efficiency of tagging top-jets produced in the decay of
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X Preface

such a resonance is shown to depend strongly on the event colour structure. In
Chap. 7, measurements of the quark and gluon emission produced in association
with a boson are made, and the extraction of the electroweak component of the
Z + 2 jet production cross-section is presented. Finally, Chap. 8 provides a summary
of the work presented.
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Chapter 1
Introduction to the Standard Model
and Jet Vetoing

1.1 History

It is often said that modern elementary particle physics was born in 1897, with J. J.
Thompson’s discovery of the electron. Although correctly assuming that the electrons
were an essential part of what made up atoms, it wasn’t until 1911 that Rutherford
discredited Thompson’s “plum pudding” model by proposing his own, now-famous,
model of the atom after analysing the results of the Geiger-Marsden experiment
performed at the University of Manchester two years earlier. The mass concentrated
in the nucleus of the hydrogen atom was given the name profon by Rutherford, and
was used by Bohr in 1914 in his remarkably successful model of hydrogen, consisting
simply of a single electron orbiting the proton. The final discovery within this so-
called classical period of particle physics was made by Chadwick in 1932 when his
discovery of the neutron gave a satisfying description of the helium atom.

For a brief period elementary particle physicists would have been forgiven for
thinking that their work was done. In 1932 the answer to the question “What is
everything made of” could simply have been: electrons, protons and neutrons. How-
ever, questions were already being asked whose answers would complicate this clean
and simple picture. The question entering the forefront of people’s minds was one of
Rutherford’s nucleus itself, and how it manages to hold itself together. How was it
that the electric repulsion between the positively charged protons, packed so closely
together, wasn’t forcing the nuclei to simply break apart?

Before answering that question it is worth taking a step back to 1905, and to Ein-
stein. His proposed solution to explain the photoelectric effect was to suggest that the
electromagnetic field itself was quantised, and the little packets of light proposed by
Planck in 1900 were excitations of the field. Although initially met with scepticism,
the particle-nature of light became much more widely accepted after Compton’s
experiment of 1923 described how light scattered from particles at rest. The particles
of light became known as photons, and were eventually incorporated into quantum
field theory. Photons are now recognised to be mediators of the electromagnetic
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2 1 Introduction to the Standard Model and Jet Vetoing

force, or gauge bosons, and it is the exchange of photons that is responsible for the
attraction or repulsion between two electrically charged particles.

Returning now to the question regarding the nucleus, the imaginatively named
strong force was proposed as a solution; a force strong enough to bind protons
together but sufficiently short-ranged that we do not experience its effects in our
every-day life. It was Yukawa, in 1934, who proposed the first convincing theory for
the strong interaction. Yukawa proposed that the proton and neutron are attracted
to each other by some sort of field, and that the particle mediating this force, given
that the force was so short-ranged, must be rather heavy. He named this new particle
the meson. Yukawa himself knew no particle such as this had been observed before,
however by 1937 two separate groups had seen particles which seemed to match
Yukawa’s description. Unfortunately, further investigation of the cosmic ray particles
originally identified as Yukawa’s mesons revealed that some of the particles had
the wrong mass. It was not until 1947 that the mystery was resolved when it was
discovered that there were two particles present in the cosmic rays— Yukawa’s meson,
which was named the pion (7) by the Bristol researchers who discovered it, and an
unexpected addition which was completely unrelated to the strong interaction, the
muon (u).

Taking another brief step backwards, it was in 1927 that Paul Dirac made the first
major progress in tackling the problem of relativistic quantum mechanics. The Dirac
equation, as it is now known, was supposed to describe free spin-1/2 particles but had
a troubling feature that it allowed solutions corresponding to particles with negative
energy. Dirac’s original interpretation was that all of the negative energy states are
filled by an infinite sea of electrons, which prevent any further electrons running-away
into increasingly negative states. In the 1940s Stuckelberg and Feynman proposed
an interpretation that physicists were more comfortable with. They suggested that
solutions of the Dirac equation with negative energy can be re-expressed as positive-
energy states of a different particle—the anti-electron, or positron, which had been
discovered back in 1930. This interpretation came with the implication that for not
just the electron, but for every particle there must exist an anti-particle with the
same mass but opposite charge. The negatively charged anti-proton was discovered
in 1955, and the (neutral) anti-neutron the following year.

Returning to 1930 again, the problem of radioactive beta decay was prompting
Niels Bohr to consider abandoning the law of conservation of energy. The neutrino,
which carries away the missing energy in the case where a neutron decays to a proton,
was finally proposed by Pauli in 1930 as a solution to the problem. We now know that
it is the so-called weak nuclear force that is responsible for this decay, with a down
quark being transformed into an up quark accompanied by the emission of an electron
and its associated electron neutrino. We will return to the weak interaction shortly,
but suffice it to say that the weakly interacting anti-neutrino was finally discovered
in 1955 with the observation of the inverse beta decay reaction.

With the discovery of the existence of anti-particles and neutrinos, the collection
of fundamental particles was looking increasingly complicated. It was made more
so in the 1950s, when a whole host of slowly-decaying particles known as baryons,
as well as additional mesons known as kaons, were discovered. To explain their
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production and decays a new property was assigned to each particle. Proposed by
Gell-Mann [1] and Nishijima [2] the strangeness of a particle was defined to be
conserved in the strong interaction, but not conserved in the weak interaction.

The abundance of strongly-interacting particles was now divided into two
groups—baryons and mesons—and each of the particles in the group distinguished
by their charge, mass and now strangeness. It was Gell-Mann [3] once again, in
1961, who restored some order when he arranged the particles into an equivalent of
chemists’ periodic table, known as the Eightfold Way. In doing so he boldly pre-
dicted the existence of a particle which fit his pattern but had not yet been observed,
and sure enough the omega-minus [4] particle was discovered shortly after in 1964.
An understanding of the Eightfold Way was to follow when Gell-Mann and Zweig
proposed, independently, that all hadrons are in fact made up of even smaller, and
more elementary particles which Gell-Mann called quarks. The quarks came in three
flavours: up, down and strange, had fractional units of charge (+2/3, —1/3 and —1/3
respectively) and integer units of strangeness (0, 0, —1 respectively) which enabled
them to be combined to form the various baryons and mesons observed so far. The
composition rules proposed were that (1) every baryon is made up of three quarks
(and every anti-baryon made up of three anti-quarks) and (2) that every meson is
made up of two quarks.

Despite explaining Gell-Mann’s Eightfold Way and the multitude of observed
baryons and mesons, by the 1960s and 1970s the particle physics community was
growing sceptical of the quark model. The main objections were that nobody had seen
an individual quark, and that some combinations of quarks appeared to violate Pauli’s
exclusion principle—the AT particle is supposed to consist of three up quarks in
the same state. A solution was proposed by Greenberg in 1964 [5]. He suggested that
not only do quarks come in three flavours (u, d, s) but each also comes in three colours
(red, green and blue). This means that each of the up quarks comprising the AT
come in one of the three colours, and the Pauli principle is safe; the total wavefunction
of the particle is antisymmetric under exchange of the quark indices. This idea of
colour can also be used to explain the property of colour confinement, or why we
don’t see quarks anywhere other than bound up inside hadrons. The proposal is that
all physical, observable particles are colour neutral. The colourless combinations
that make up the hadrons of the Standard Model are three quarks ggg (the baryons),
three anti-quarks ggq (the anti-baryons) and one quark with one anti-quark g¢g (the
mesons). Particles made up of larger numbers of quarks are in principle allowed,
with recent measurements hinting at the first observation of a tetraquark [6, 7].

It wasn’t until 1974 that the particle physics community really began to accept the
quark model. The J /¢ meson, which was extremely heavy and had an incredibly
long lifetime (compared to any of the other known particles), was discovered to be
a bound state of a new quark—the charm quark (J /¢ = cc). Between 1975 and
1977 a series of new baryons and mesons were discovered with varying amount of
charmness, providing strength to both the interpretation of the J /vy as a cc state and
the quark model as a whole.

1975 also brought the discovery of another lepton—the tau (7), and the inference
of its associated neutrino. Shortly followed by the discovery of a new meson, the
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upsilon, which implied the existence of yet another quark, the bottom (b). The first
bottom baryon (Ag = udb) and meson (B”) were observed in the 1980s.

The existence of a sixth quark was predicted by many, to restore the symmetry
between the number of quarks and leptons (e, u and t plus their neutrinos). The
top (#) quark was eventually discovered in 1995 by the experiments at the Tevatron
collider at Fermilab, and turned out to be exceptionally heavy (over 40 times heavier
than the b quark).

We return again now to nuclear beta decay. It was widely considered that the
original theory, which assumed that the interaction occurred at a single point, was
incomplete and would need to be reformulated with the inclusion of a new particle
to mediate this weak force. It took until Glashow, Weinberg and Salam’s unification
of the electromagnetic and weak forces before precise predictions of the masses of
the intermediate vector bosons, as they became known, were obtained. The predicted
masses of the two charged (W%) and one neutral (Z) bosons were:

My =82+2GeV Mz =92+2GeV.

Then in 1983 the UA1 and UA2 experiments, analysing data from proton-antiproton
collisions produced by the SPS at CERN, announced their discoveries of the W
[8, 9] and Z [10, 11] bosons with (combined) measured masses of:

My =821+£17GeV Mz =93.0£1.7GeV.

The particle mediating the strong force is called the gluon. Given that they carry
colour charge (in fact gluons carry both colour and anti-colour—a gluon could be of
colour red anti-green (rg)) they cannot be detected directly, but there is substantial
indirect evidence that gluons exist.

The remaining piece of the puzzle that we must consider is the Higgs mecha-
nism and the associated force carrier—the Higgs boson. In his paper submitted in
1964 [12], Peter Higgs proposed the idea of a new field with which the fundamen-
tal particles would interact to acquire their mass. Related papers were published by
Englert and Brout [13], and Guralnik, Hagan and Kibble [14] the same year. Glashow,
Weinberg and Salam included Higgs’ ideas in their formulation of the electroweak
theory a few years later (cf. Sect. 1.3), and so once the W and Z bosons had been dis-
covered the Higgs boson became the next particle in the sights of the particle physics
community. The discovery finally came in July 2012, when the ATLAS [15] and
CMS [16] experiments at the LHC announced that they had observed a new particle
consistent with a Standard Model Higgs Boson, with a mass of around 125 GeV.
Higgs, Englert and Brout were awarded the Nobel Prize for their work in October
2013 [17].

The Standard Model, then, is the name given to the theory describing the properties
of and interactions between the three types of elementary particle discussed so far: the
quarks, leptons, and force-carrying bosons, whose basic properties are summarised
in Tables 1.1, 1.2 and 1.3 respectively.
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Table 1.1 Quarks of the Standard Model [18]

Particle Generation Charge Mass

Up quark u 1 +2/3 2.3f8:; MeV
Down quark d 1 —1/3 4.8f8:§ MeV
Charm quark c 2 +2/3 1.275 £ 0.025 GeV
Strange quark s 2 —1/3 95 £5 MeV

Top quark t 3 +2/3 173.1 £ 0.977 GeV
Bottom quark b 3 —2/3 4.18 £0.03 GeV

The u-, d-, and s-quark masses are estimates of the so-called ‘current masses’ in the ‘M scheme,
atascale yu &~ 2 GeV. The c- and b-quark masses are also the “running” masses in the M S scheme,
at scales equal to their own masses. The top quark mass is based on direct measurements using data
from the Tevatron Run-1 and Run-II and the LHC at /s = 7 TeV

Table 1.2 Leptons of the Standard Model [18]

Particle Generation Charge Mass

Electron e 1 —1 511.0 keV

Electron neutrino | v, 1 0 <2eV

Muon "o 2 —1 107.5 MeV
Muon neutrino vy 2 0 <2eV

Tau T~ 3 -1 1.777 GeV

Tau neutrino Ve 3 0 <2eV
Table 1.3 Force-mediating bosons of the Standard Model [18]

Particle Force Charge | Mass

Photon y Electromagnetic 0 <1 x10718ev
W-boson w* Weak +1 80.385+£0.015GeV
Z-boson V4 Weak 0 91.188 £0.002 GeV
Gluon g Strong 0 0

While undeniably a triumph of modern physics, providing countless predictions
that have been validated by experimental measurements, the Standard Model is not
a complete answer to the questions of understanding the universe around us. The
Standard Model does not incorporate gravitation as described by Einstein’s general
relativity, nor does it contain a particle which could be a candidate for making up the
large proportion of dark matter known to exist in the universe. Many solutions have
been proposed that address some or all of the problems (supersymmetry being one
of the more popular), but thus far no physics beyond the Standard Model has been
observed by the experiments operating at the LHC. Searches will continue once the
LHC begins operating once more at its design energy of around 14 TeV.
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1.2 Quantum Electro- and Chromodynamics

The mathematical basis of the Standard Model is founded on the principles of sym-
metry. The Lorentz symmetry, which implies that the laws of physics look the same
to any observer regardless of their frame of reference, is believed to be an exact
symmetry of nature. For example in special relativity the Lorentz symmetry implies
that the scalar product between two space-time four-vectors,

v
x'u)’u = nuuxMy ,

where 1, = diag(l, —1, —1, —1) is the Minkowski metric, is invariant when trans-
forming to a new coordinate system x'*,

= X = ARXY,

where A} represent a Lorentz transformation along some direction.

A transformation such as this is said to be global. If we were to perform some
simple measurement and then move our entire laboratory and all of the experimental
equipment it contained 500 m along the road, we would expect to obtain the same
result when repeating our measurement.

Alternatively, we find that the Lagrangian (which summarizes the complete
dynamics of a system) for non-interacting spin-1/2 fields (for example a free elec-
tron),

Lairac = iy y"duy — miyrip, (1.1
is invariant when making the global phase transformation
v — w/ — eié ,

where 6 is any real number, and we have ¥ — ¥ = e % which causes the

exponentials to simply cancel out in each half of the equation.
However, if we now require that the phase transformation is local, and takes a
different value at each point in space-time

Y — ¢ =Wy, (1.2)

we find that, on substituting into the Eq. (1.1), the Lagrangian no longer remains
invariant and gains an extra term from the derivative of A(x)

aﬂ(eiq)»(x)) = iq(%)»(X))eiq)‘(x)w + eiqk(x)auw

> Ldirae = i%/“a/“ﬂ - m%ﬂ - Q(auk)%/“lﬂ
= Lairac — qg@u)Yy*y. (1.3)
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In order to restore the invariance of the Lagrangian under local phase transformations
another term must be added to cancel the extra piece present in Eq. (1.3). Specifically,
the Lagrangian must become

L= £dirac - (CIW)/”W)AM, (14)

where A, is some new field which, under the local phase transformation, must
become
Ay = Ay — 9. (1.5)

However we must now also include an additional ‘free’ term to account for the A,
field itself. It turns out that the only term it is possible to add is the so-called kinetic
term

1 wy —
~1 w 1Y Fup = 0,A, — 0,A,, (1.6)
where F),, is the so-called field strength tensor and is also invariant under the local
phase transformation given in Eq. (1.5).

The field A, is in fact the electromagnetic potential. So by starting with the free
Dirac Lagrangian and requiring that it remains invariant under local phase trans-
formations, we have ended up with a Lagrangian that permits interactions between
the spin-1/2 fields v and the massless vector field A,,. The field A, is forced to be
massless by the invariance requirement. A mass term such as

m? v
—A"A,
2
is not invariant under the transformation given in Eq. (1.5), and so we must have
m = 0.
An alternative method of producing the locally invariant Lagrangian in Eq. (1.4)
is to introduce the covariant derivative,

D,=0,+igA,.

then by making the replacement 9,, — D,, in Eq. (1.1) we recover the crucial piece
which keeps the Lagrangian invariant after performing the local transformations in
Egs. (1.2) and (1.5).

Jumping back again to the phase transformation in Eq. (1.2), we can consider this
instead as a multiplication by a 1 x 1 unitary matrix

Y — Uy where UU" =1 and U =¢" inthis case. (L.7)

The group of all unitary 1 x 1 matrices is called U(1) and the symmetry involved is
U(1) gauge invariance (the transformations in Egs. (1.2) and (1.5) are often referred to
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as gauge transformations). Given that a 1 x 1 matrix is just a number it seems trivial
to introduce this additional terminology. However similar ideas can be applied to
other symmetry groups. Indeed once the idea is extended to colour and the group
SU(3) we can produce quantum chromodynamics (QCD)—the theory describing the
strong interaction.

1.2.1 QCD

Similar methods can be used to construct a Lagrangian for QCD that also obeys the
principle of invariance under local gauge transformations. In this case however itis the
symmetry group SU(3) that must be used, and the transformations analogous to those
in Eq. (1.7) are now represented by 3 x 3 unitary matrices with unit determinant. In
general a3 x 3 matrix can be specified in terms of 9 complex numbers, or eighteen real
parameters. The condition of unitarity imposes 9 constraints on the parameters and the
requirement of unit determinant imposes another. The eight remaining parameters
correspond to eight directions about which rotations can be made and the eight
rotation matrices can be expressed in terms of the generators, T2, which define the
gauge transformations for SU(3)

Y — et Ty (1.8)

where the repeated index a is summed-over and the generators T? can be written in
terms of the eight Gell-Mann matrices A%, T? = %A”.

The objects being transformed in the case of QCD are three-component vectors
representing the quark fields in colour space. Le. ¥ = (-, ¥p, 1//(/)T.

The generators obey the commutation relation

[Ta’ Tb] — ifabCTc,

which defines the Lie algebra of the group. The £b¢ are called the structure constants
of the group. The Lie algebra and structure constants contain the information required
to completely reconstruct the entire group, in a similar way that DNA encodes the
genetic information used to develop an organism.

Following a similar procedure to the U(1) case above, we can introduce a covariant
derivative that contains necessary pieces to ensure that the QCD Lagrangian remains
invariant after applying the local transformation in Eq. (1.8). The covariant derivative
for the case of QCD is

Dy =0, + igSTaGZ,

where g; is the coupling strength and the G, are eight fields associated with the eight
gluons, the mediators of the strong force.
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The final piece we need is the equivalent of the kinetic term in Eq. (1.6). Since
QCD is a non-Abelian (not commutative) theory, the field strength tensor contains
an additional term,

F, =0,G4% — 3,G% — g, f*** G GS,

which produces important differences for QCD compared to QED—when the kinetic
term in the Lagrangian is evaluated with the QCD field strength tensor we find
terms that correspond to gluon self-interactions at three and four-point vertices. It
is these self-interactions that give rise to the properties of asymptotic freedom—the
observation that at high energies quarks behave as if they were free particles—and
colour confinement—that individual free quarks are never observed, and can only be
detected experimentally when bound inside hadrons.
The coupling parameter g; is often replaced by defining the strong coupling,

2
w=2

47
To first order QCD is scale invariant. That is, the strong coupling «g is constant and
used to describe the strength of the quark-gluon vertex at all energies. However at
higher orders of perturbation theory the presence of loop diagrams spoil this simple
picture.

Integrating over the momentum of particles in the loops leads to ultraviolet diver-
gences, which must be cancelled using renormalisation techniques. Renormalisation
involves replacing the bare parameters—some of which have already been intro-
duced such as the QED and QCD couplings, the electric charge and mass etc.—with
renormalised versions that take into account loop corrections to the physical parame-
ters themselves. The renormalisation scale, ug, is introduced as a way of truncating
calculations at some finite scale, though this also introduces an uncertainty in the
calculations due to higher order terms that are being omitted. There is no correct
choice for the scale ur though sensible choices can be made, related to the some
physical scale of the process under investigation, in order to keep the higher order
uncertainties to a minimum. iR is often varied in calculations to estimate the size of
these uncertainties.

Using the strong coupling as an example; the way in which «g varies with energy
scale Q7 can be calculated (in the one-loop approximation) to be:

as(Ug)
as(Q?) = e (19
I+ as(ug)foln =
MR
where fp = 331_2277Nf , and Ny is the number of quark flavours that can appear in the

loop diagrams. We can see from Eq. (1.9) that as Q2 increases, o s decreases, which
is exactly the property of asymptotic freedom mentioned above.
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1.3 Electroweak and Higgs Sectors

We now turn to the electroweak interactions that give rise to the nuclear beta decay
reaction and processes in which quarks can be converted from one flavour to another.
Our previous approach of constructing a Lagrangian that is invariant under local
gauge transformations worked well for the cases of U(1) and SU(3), theories that
both include massless gauge bosons—the photon and gluon respectively. We already
know, however, that the carriers of the weak force—the W= and Z boson—are
definitely not massless.

The solution to this problem was provided by Glashow, Weinberg and Salam
(GWS) [19-21]. Their theory was a unification of the electromagnetic and weak
forces. It incorporates the Higgs mechanism and marries the concept of spontaneous
symmetry breaking with local gauge invariance.

Beginning with the SU(2) symmetry group and following the same procedure as
we did for QED and QCD, we say that our Lagrangian must be invariant under the
gauge transformation

Y —> e Ty, (1.10)

The T are the three generators of the SU(2) group which can be expressed in terms
of the Pauli spin matrices,

T=-o,

and obey the commutation relation
[T, T/] = *T%, (1.11)

with the structure constants of the group being given by the totally anti-symmetric
tensor €k,

Before introducing the fields that are being transformed in this case, it is important
to introduce the concept of handedness, since only left-handed fermions couple to
the charged weak bosons. The helicity of a particle is defined as the projection of its
spin along the direction of its momentum,

S-p 1 f6-p O
h= —=— .
p 2p 0 o-p

For spin-half particles, the component of spin along any axis is quantised to be
+1/2, therefore the eigenvalues of helicity are £1/2. Fermions with helicity 4-1/2
are called right-handed, while those with helicity —1/2 are left-handed.

Helicity is only an intrinsic property for massless particles. For particles with
mass it is always possible to transform to an alternative frame of reference in which
the momentum is in the opposite direction, reversing the sign of the helicity. The
chirality of a particle is a more general concept which is identical to the helicity for
massless particles. The left- or right-handed components of a fermion spinor can be
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obtained using the corresponding projection operator,

1
yrL =%y (1.12)

Since the W= bosons couple fermions with different flavour, the fields are written
as doublets in weak isospin space, e.g.

v =(20):

In weak isospin space the v, and e~ have total weak isospin Iy = 1/2 and third
component of weak isospin Iy 3(v,) = —1—% and Iy 3(e”) = —%. The weak isospin
is related to the electric charge Q and so-called weak hypercharge Y by:

Y =2(0 — Iw;3).

The experimental observation that the charged weak current only couples to left-
handed particles is achieved in the theory by assigning the right-handed particles to
a singlet with total weak isospin Iy = 0, thus being unaffected by the SU(2)., gauge
transformation.

The covariant derivative required to keep the Lagrangian invariant under the trans-
formation in Eq. (1.10) is

. w3 Wl+iw?
D# = 8# + thT . W#()C) = (BMI+ (Wll _M;Wl% M—Wl’j 'u))

w3 2w
=(8,LI+(\/ZVI{,M+ _Wé*)), (1.13)

where we define

1
Wi=—
M ﬁ

The Wji(x) are the three gauge fields required to keep the Lagrangian invariant.
As we have alluded to in the final line of Eq. (1.13), the WE(x) will eventually be
associated with the physical W-bosons. As we will see after introducing the Higgs
mechanism below, the Z-boson will manifest itself as a mixture of fields associated
with the U(1)y and SU(2), local gauge symmetries.

The crucial pieces which we are still missing are terms that provide masses to the
bosons associated with the weak force. As we saw in the case of QED, a mass term
of the type

(WL Fiw)). (1.14)

1 2
EmWA/LA”
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transforming according to Eq. (1.5) would become
l 2 Ko qu 1 2 n
sz(AM +aux)(A M x) # 2mWAMA .

We therefore turn to the Higgs mechanism to help us solve this problem of a massless
Standard Model.

1.3.1 The Standard Model Higgs

The minimal Higgs model consists of two complex scalar fields placed in a weak

isospin doublet:
(¢ _ L (4 tis
= (¢°) V2 (¢3 +i¢4)' (1)

Since we are aiming to generate masses for the electroweak gauge bosons, one of
the scalar fields, labelled ¢° must be neutral while the other must be charged.
The corresponding Lagrangian can be written as

Lhiges = (D) (D) — V(9) ,

with the necessary covariant derivative
. ./ Y
Dy=0,+igwT -W,+ig EB“

where the W, and B, are the 3+1 fields needed to keep the Lagrangian invariant
under the now combined SU(2); x U(1)y gauge transformations.
The Higgs potential,

V(p) = 12 ¢ + a9 $)%, (1.16)

is shown in Fig. 1.1 and defined by the choice of parameters ;> and A. The vacuum
state is the lowest energy state of a field, and in the Higgs case corresponds to the
minimum of the potential in Eq. (1.16). The parameter A must be greater than zero
to ensure that V (¢) — 00 as ¢ — oo, otherwise the theory would be unstable. 11>
however could be positive or negative. When u? > 0, as in Fig. 1.1a, the potential
has a minimum only at the origin. However when ? < 0 (Fig. 1.1b) the potential
has an infinite set of degenerate minima described by a circle of radius
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(a) V‘f’) 2> 0
A>0
Im(e)
Re(¢) Re(¢)

Fig. 1.1 The Higgs potential for a u? > 0 and b 4> < 0

The physical vacuum corresponds to choosing a particular point on this circle. This
non-zero vacuum expectation value is said to have spontaneously broken the gauge
symmetry. We can now re-express the field in terms of excitations about the vacuum.
We choose to work in the unitary gauge, which corresponds to choosing the complex
scalar field ¢ (x) in Eq. (1.15) to be completely real,

1 0
P(x) = NG (V+h(x)) . (1.17)

The h(x) is the Higgs field, and is the physical field in the unitary gauge.
It is the (DM¢>)T(DH¢) term in the Lagrangian that generates the masses of the
gauge bosons:

¥ 1
(Dpd)' (Dug) = z(auh)(a“h)
1
+ gggv(w,gh +iWE) (WD — i WPy + h)?
1
+gowW? =g BowW" — g BHv T (L18)

and in particular the terms that are quadratic in the gauge boson fields determine
their mass. The corresponding term for the W-boson ultimately appears as

P S
Zng WHW“‘,

where we have used the definition of W from Eq. (1.14), and identify the mass of
the W-boson as |

mw = —gwv,
w 29W
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which is determined from the strength of the coupling to the Higgs field, gw, and the
vacuum expectation value of the Higgs field, v.

The photon and Zy gauge bosons are identified as mixings of the neutral W
and B fields,

3
_ g/W,ﬂ ) + gw By

V9w +9?
(3) ’
W, —gqgB 1
ZM=M with mz = v /@, + g2

VI + g2

A, with m =0,

Interactions between the electroweak gauge bosons are described by the kinetic
term of the Lagrangian,

1 . . 1
Eint,bosons = _ZW;’“U Wy — ZB;wBlw

where the field strength tensors can be written as

Xi, =0, X} — 9,X!, — g fUFXT X (1.19)
X stands for W or B, ¢ is the relevant coupling strength and f*/* are the relevant
structure constants of the group (i.e. the €//% of Eq. 1.11).

The Lagrangian requires that interaction vertices exist that involve three and four
electroweak bosons. We focus here just on the interaction between three bosons,
the so-called triple gauge coupling (TGC) (such as the vector boson fusion process
studied in Chap. 7). The interaction must conserve charge, and the Abelian nature
of the U(1) group means that the photon cannot interact with itself. Interactions
such as ZZZ or ZZy are forbidden by the structure of the field strength tensor in
Eq. (1.19). The term €k will only allow a TGC vertex of the form wiwzw3 (or
cyclic permutations) where W' and W2 form the W bosons and W3 contributes to
forming the Z-boson and photon. Therefore the only allowed TGCs in the Standard
Model are of the form WYW~Z and WTW ™ y.

Masses for the fundamental fermions can be included in a similar manner. It is
not possible to simply add a fermion mass term to the Dirac Lagrangian, since the
different transformation properties of the left- and right-handed chiral states violate
the required gauge invariance of the SU(2); x U(1)y symmetry group. However, a
term in the Lagrangian of the form

—gr(LeR+ RP'L) (1.20)

can be constructed, which does satisfy the SU(2); x U(1)y gauge symmetry.
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For the case of the electron, this corresponds to

v, e ¢+ > +x 0% [ Ve
Le=—ge|(Vee), o0 ) €r R (6" ( , (1.21)
L

where g, is known as the Yukawa coupling of the electron to the Higgs field. After
applying the spontaneous symmetry breaking prescription and setting ¢ (x) as in
Egs. (1.17), (1.21) can be written

L. =—mee — —e,

where the first term gives us the electron mass, m, = %, and the second term gives
rise to the coupling between the electron and Higgs boson.

Yukawa interactions can also be included that introduce mass terms for the other
fermion fields. Analogously to the doublets created for the leptons, quark doublets

can be written,
t
() () )

In order to provide mass terms to the up-type quarks, the conjugate doublet must first
be formed from the fields in Eq. (1.15),

- —¢% 1 (—¢3+¢*
= —ion¢* = _)=—— .
be=—ing (¢ NACEL S
then, in general, gauge invariant mass terms can be constructed from either Eq. (1.20)
or

£=g;|LocR + TocR)'|

and as before the Yukawa couplings of the fermions to the Higgs boson are related
to the fermion masses by
my
9r = */57-

The down-type quarks in Eq. (1.22) were denoted with primes because they refer
to the weak eigenstates of the quarks, which differ from the mass eigenstates (i.e. the
physical d, s, b quarks). The idea of weak eigenstates was introduced by Cabbibo to
explain the difference between the strength of the u — d and u — s weak vertices.
The weak eigenstates are related to the mass eigenstates via the Cabbibo-Kobayashi-
Maskawa (CKM) matrix

d d Vud Vus Vub d
S = VCKM ) = Vcd VCS VCb N 5
b b Via Vis Vip b
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and the current values of the real parts of the elements of the CKM matrix are [18]:

0.97427 £ 0.00015 0.22534 £ 0.00065 0.0035170 00013
Vexu = | 0.22520 £ 0.00065 0.97344 £ 0.00016  0.041270 0072
0.00867£15:90029 00404700001 099914670 SO0
By requiring invariance under local gauge transformations, which provides the
necessary fields, and by including a spontaneously broken symmetry to provide
masses to the gauge bosons, we have arrived at the Standard Model of particle
physics. The symmetry group transformation which our theory—or theories, those
of QED, QCD and the Electroweak theory—is invariant under can be summarised as
SUB) x SUR2)r x U(l)y. We turn now to some of the practicalities of performing
calculations and producing theoretical predictions for use at a hadron collider such
as the LHC.

1.4 The Physics of Hadron Colliders

In particle physics at hadron colliders one of the most important quantities for testing
the validity of the Standard Model is the cross section for a particular set of final-state
particles to be produced from a given initial state. The cross section is an expression of
the quantum-mechanical probability for a particular interaction to take place. Often
it is the differential cross section that is measured. This describes the variation of
the cross section as a function of kinematic properties of final-state particles. The
cross section for the process where two initial-state particles interact to produce N
final-state particles is given by:

1 —
do = —S|Myi|?d®y,
2s '
where M s; is the Lorentz invariant matrix element, or amplitude, for producing the
final state f from initial state i, and the ¥ implies a sum over all unobserved quantum

numbers in the final state and an average over quantum numbers in the initial state.
The variable s is the centre-of-mass energy, defined as

s = (p1 + p2)>,

where p; and pj are the 4-momentum of the two incoming particles.
The Lorentz invariant phase space for the final state, d®y is given by

N N 4
d .
doy = s (pi+ pr = > p [ 523 @8 (p} —m}) .
i i
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(b)

Fig. 1.2 Examples of Feynman diagrams for some of the fundamental interaction vertices in the
Standard Model. a Shows an electron interacting with a photon, b shows an up quark interacting
with a gluon and ¢ shows an electron interacting with a W™ -boson and changing into an electron
neutrino. In all diagrams time runs from left-to-right

where p; is the 4-momentum of each outgoing particle and m; is its mass. The
d-functions ensure that all final-state particles are on mass-shell and that energy and
momentum are conserved in the interaction.

The matrix element can be calculated using Feynman diagrams. Examples of
the Feynman diagrams corresponding to the fundamental QED and QCD interac-
tion vertices are given in Fig. 1.2. Each piece of the Feynman diagram represents a
mathematical object relevant to the theory describing the interaction. Each external
(i.e. only attached to one vertex) initial- or final-state (anti-)fermion line represents a
plane wave Dirac spinor. External vector boson lines represent a polarisation vector,
e.g. €., and internal lines, which are connected at two vertices and neither enter or
leave the diagrams, represent so-called propagator terms. Anti-particles are typically
drawn as lines with arrows pointing backwards in time, from right-to-left.

Feynman diagrams can also be helpful in elucidating the colour structure of a
scattering process. At leading order we can draw colour lines to represent the flow
of colour through a diagram, as shown in the examples in Fig. 1.3. In the example
on the left the quarks in the final state are colour connected to each other, since the
colour singlet photon carries no colour charge. In contrast, in the example on the

Fig. 1.3 Examples illustrating processes with different colour structure
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right hand side the colour carried by the initial-state quarks flows through the gluon
and into the final-state b-quarks. The W-boson, being a colour singlet, produces a
pair of quarks which are colour connected to each other. The colour structure of a
process affects the way in which additional radiation is produced. Typically more
QCD radiation is produced in the region between two colour connected partons. It
is possible to exploit this property by requiring or vetoing additional radiation in
specific regions of phase space in an attempt to distinguish between processes with
different colour flow (cf. Sect. 1.6 and Chaps. 5, 6 and 7).

A scattering process may proceed through multiple Feynman diagrams. The com-
plete matrix element for a process is therefore the sum of the individual diagrams.
For example if two Feynman diagrams can be drawn for a scattering process then
after squaring the total matrix element,

Mot = My + Ma|? = |My > + |Ma|* + M Ma + My M3, (1.23)

interference between the diagrams, as in the final two terms of Eq. (1.23), will result
and should be carefully considered (cf. Sect.7.1).

Life at the LHC is complicated by the fact that it is protons that are brought
to collision. The protons are composite particles made up of quarks and gluons,
collectively referred to as partons, and at high-enough energies (and therefore short-
enough distances) the partons interact as if they were free particles. The interaction
represented by the matrix element is assumed to take place between the partons.
Fortunately it is possible to separate, or factorise the calculation of the cross section
into a hard-scattering process which occurs on short time scales, and a long-range
part which takes into account the interaction of the partons inside the hadrons and
other lower energy (‘softer’) non-perturbative physics which occurs on time scales
much longer than the hard scatter. The cross section for a scattering process initiated
by two hadrons Py and P, and producing some final-state X, dop, p,—x, is given
by [22]:

dop, py>x = Z/dxld)in/P] (1, w5) £/ py (X2, 13)d6i i x.
i,j

&m, pi—X is the partonic cross section for the interaction p;, p; — X, calculable
using perturbation theory and the Feynman diagram techniques presented above.
The fu/p(x, ) are the so-called parton distribution functions (PDFs) and give
the probability of obtaining a parton a from hadron b entering the hard scatter with
momentum fraction x (i.e. parton p; carries momentum x P;). The PDFs are defined
at a factorisation scale u%. The factorisation scale is just an arbitrary parameter and
can be thought of as a scale that separates the high- and low-energy (short- and long-
distance) physics. For example a parton emitted with a small transverse momentum,
less than the scale ,u%, can be considered part of the structure of the hadron and is
absorbed into the PDFs. A high transverse momentum parton is part of the short-
distance cross section. The more terms included in the perturbative expansion, the
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weaker the dependence on the scale p g will be. In practice, as was the case for the
renormalisation scale mentioned in Sect. 1.2.1, the factorisation scale is varied when
producing theoretical predictions, to estimate the uncertainty introduced by ignoring
higher-order corrections.

1.4.1 Next-to-Leading Order Corrections

We have been assuming so far that we are working with leading order (LO) matrix
elements and taking just the first relevant term of the perturbative expansion. By
including higher-order terms we can greatly improve the accuracy of predictions and
reduce the effects of scale uncertainties. However with improved accuracy comes
greatly increased difficulty in performing the calculations. In recent years much effort
has been focussed on evaluating matrix elements at next-to-leading—or higher—
orders (NLO, NNLO, N3LO etc.)

An NLO cross section is made up of three parts. The LO, or Born-level, part and
two corrections—the virtual and real-emission parts. Example diagrams for the LO,
virtual and real emission parts for the case of tt production are shown in Fig.1.4.
Schematically, the differential cross section is given by [23]:

doNt0 = d®, [B(®,) + o, V(®@n)] + dPps 10, R(Pugr) (1.24)

where B, V and R are the Born, virtual and real emission parts, and d 5,, stands
for integrals over the n-particle final state and incoming partons. The main difficulty
in working at NLO is dealing with the divergences that appear in the calculations.
Divergences are encountered in both the low-energy and collinear (infrared), and
high-energy (ultraviolet) limits of the calculation. The ultraviolet divergences are
taken care of by regularisation and renormalisation procedures. The infrared diver-
gences appear in both the virtual and real-emission parts of the calculation, which
involve integrals over an n- and n 4+ 1-particle final-state, respectively. In order
to make sure that these divergences cancel and produce sensible results so-called
infrared subtraction algorithms [24-31] are used. This involves subtracting terms

Fig. 1.4 Example Born-level, virtual correction and real-emission Feynman diagrams for the pro-
duction of tt. a Born-level, b virtual correction, ¢ real emission
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from the real-emission part of the calculation such that it becomes finite and can be
integrated over the full n + 1-particle phase-space. The integrated subtraction terms
are then added back in and combined with the virtual correction term.

1.5 Monte Carlo Event Generators

Performing calculations of cross sections by hand is a difficult and time-consuming
business, and the prospect of automating the procedure is a highly attractive one.
Once the relevant matrix elements have been calculated for a process of interest,
the problem remains of dealing with the divergences that arise, before integrating
them and ultimately producing a final-state that is typically made up of hundreds of
physically observable particles.

General-purpose Monte Carlo event generators are an integral part of modern
particle physics. Describing the complex final states of the high-energy proton-proton
collisions at the LHC is a problem that is ideally suited to computer simulation
using Monte Carlo techniques. The accuracy of Monte Carlo integration improves as
1/+/N,where N is the number of phase-space points, or events, generated, regardless
of the dimension of the integral. Given that the dimension of the integrals that must be
evaluated is proportional to the number of particles in the final state, an integration
technique whose accuracy does not depend on dimension is obviously a perfect
candidate.

1.5.1 Matrix Elements

The generation of an event by Monte Carlo (MC) methods is split up into several
steps. First is the evaluation of the matrix elements, calculated to some fixed order
in perturbative QCD, typically LO or NLO in «s. As discussed earlier, all Feynman
diagrams that contribute to the process of interest must be calculated and summed
coherently. Modern MC generators have had for some time the ability to automati-
cally calculate all relevant leading order Feynman diagrams contributing to a specific
process. NLO calculations are typically performed by hand, before putting the results
into MC programs for general use.

1.5.2 Parton Showers

Figure 1.5 shows a comparison between a Feynman diagram that would contribute to
the matrix element calculation for a dijet event at the LHC, and an actual dijet event
detected by ATLAS. The differences are clear: we do not detected isolated, high-
energy partons, but sprays of low-energy hadrons which align themselves along the
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(a) (b)
CATLAS

JLEXPERIMENT g

Fig. 1.5 From [32]. a Shows an example of a leading-order Feynman diagram contributing to the
production of dijet events. b Shows an actual dijet event recorded by the ATLAS detector

approximate directions of the original partons. We also see the presence of additional
jets of particles, emerging from real-emission corrections to the diagram in Fig. 1.5a
and changing the topology of the event compared to what we might expect from our
naive 2-to-2 picture.

The parton shower is a process-independent tool that can help to transform the
simple partonic picture of an event into a more realistic one, and accounts for both
real and virtual corrections that are encountered in next-to-leading order calcula-
tions. Rather than calculating the NLO pieces exactly, approximations are used that
take into account only the dominant contributions at each order. The real-emission
corrections are formulated as series of 1—2 (or 2— 3 in the case of so-called dipole
showers) splittings. The partons resulting from the splitting are each split again,
and the process is iterated to produce a cascade of partons with successively lower
energies. Strictly speaking the parton shower takes care of the soft and collinear
emissions. These emissions are logarithmically enhanced, i.e., if a given term in the
perturbative expansion contributes at order &, a logarithmically-enhanced term may
contribute' with a; In?". Therefore even though oy may be small, if the logarithms
are sufficiently large they may prevent the perturbative series from converging. The
parton shower overcomes this problem by including such logarithmically-enhanced
terms to all orders in as using so-called resummation techniques.

The virtual corrections encountered at higher orders are taken into account in the
parton shower by estimating the probability of not splitting during the evolution,
given by the so-called Sudakov form factor.

‘We now have a mechanism through which the hard partons appearing in Feynman
diagrams can evolve down in scale until a point at which «g becomes large and per-
turbative QCD is no longer applicable (~1 GeV). Parton showering is used to evolve

10Other logarithms are also encountered, for example o}/ In2n—1, al In?"=2 etc. In so-called leading-

logarithmic parton showers it is typically the case that the oy In*" and o In?*~! terms are included
correctly. The notation used here, of a logarithm without an argument, represents general logarithmic
functions. In practice the logarithms have arguments involving ratios of scales relevant to the
physical process being calculated. See for example Sect. 1.6, where logs of the form In(Q/ Qo) are
encountered.
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the hard matrix elements both forwards and backwards in time. In the case of the
forward, or time-like, shower the initial energies of the final-state partons are known,
and partons with a range of momenta can result as the event generation proceeds. The
partons entering the initial state of the hard process, however, could be the results of
the nth splittings of the unknown partons that originally emerged from the proton.
A space-like parton shower evolution therefore also takes place (backwards in time)
from the known final energies of the initial-state partons. Partons resulting from the
time-like shower are referred to as making up the final-state radiation (FSR) and
those from the space-like shower as initial-state radiation (ISR). However the split
is purely for ease of implementation. The separation between radiation arising from
the initial and final state is gauge dependent and therefore scheme dependent, and
therefore in principle the two are not separable.

1.5.2.1 Matching Matrix Elements to Parton Showers

Fixed-order matrix element calculations provide accurate descriptions for final states
involving hard and well-separated partons. Nowadays they are also relatively easily
automated, and leading order calculations can be performed with several additional
partons in the final state. (e.g. tt + 3 partons). Including NLO contributions further
improves the accuracy of predictions and reduces dependencies on non-physical
scales. Parton showers are exact in the soft and collinear limits—where the fixed-
order calculations diverge—and so in recent years a lot of effort has been put into
methods of combining these techniques to enable the generation of events with as
much precision as possible.

The main problem one encounters when attempting to match fixed-order calcula-
tions to parton showers is one of double counting. Following the same example given
in [33]; suppose we want to generate events containing a Z-boson and one additional
parton (Z + 1j). We could get a good estimate of the cross-section by asking for Z+1j
events as the initial hard process in our MC generator. The Z + 2j rate, however,
would be poorly estimated. A naive solution would be to generate Z + 2j events with
our LO generator, pass the matrix elements to our parton showering algorithm and
then combine the resulting events. Proceeding like this however, would lead us to the
problem depicted in Fig. 1.6. In some events (left,middle) applying the parton shower
to the matrix element partons leads to just soft and collinear emissions. However,
since it is probabilistic in nature, it is possible for the parton shower to produce hard,
wide-angle emissions (right). These events are in the same region of phase space as
the showered Z + 2j events. Therefore if we simply added the showered Z + 1j and
Z + 2j events we would end up with twice the number of events shown in the middle
and right panels that we would expect to find in reality.

Several techniques exist to match LO matrix elements with parton showers while
accounting for this double counting. So-called MEPS (Matrix Element plus Parton
Shower) events are produced. Currently the two most commonly used methods fall
into the category of slicing techniques. The CKKW [34] and MLM [35] matching
schemes proceed by separating the phase space into two regions—one that is meant
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Double counting
4 q
q g q
0600000
z z
Showered Z+1j Showered Z+2j Showergd Z+1j,
hard gluon from shower

Fig. 1.6 Adapted from [33]. Cartoon showing the double counting problems that can arise when
naively attempting to combine events after parton showering

to be well described by the hard matrix elements and the other by the parton shower.
The separation between the two regions is adjusted via a matching scale. Physics at
energies well above the matching scale should be independent of the scale chosen,
and distributions at scales around the matching scale should be reasonably smooth,
providing the matching scale has been chosen sensibly and the parton shower can be
expected to give a reasonable description of the emissions.

Matching NLO calculations to parton showers results in double counting of a
similar kind, this time between the real emission pieces of the NLO calculation
and hard emissions produced by the shower. Two matching techniques have been
developed—the MC@NLO [36] and POWHEG [37] methods—both can be thought
of as subtraction techniques.

The MC@NLO (Monte Carlo at Next-to-Leading Order) method involves ana-
Iytically calculating how the first branching in a parton shower starting from an
n-particle final-state would populate an n + 1-particle phase space. These terms are
an approximation of the actual NLO corrections. The parton shower expression is
then subtracted from the n 4 1-body NLO matrix element. The two pieces agree
with each other in the soft and collinear limits and the singularities there cancel,
leaving finite cross sections for the n and n 4 1-particle final states. Drawbacks of
the MC@NLO method are that it requires a deep understanding of the parton shower
used. NLO matrix elements calculated with the MC@NLO technique can only be
interfaced to one parton shower since the relevant terms of the parton shower expan-
sion must be calculated in advance. MC@NLO also produces events with negative
weights, since there is no guarantee that the parton shower terms will be smaller in
magnitude than the NLO ones.

Avoiding the negative weighted events produced by MC@NLO was one of
the motivations for developing the POWHEG (POsitive Weight Hardest Emission
Generator) formalism for matching NLO MEs with parton showers. The basic idea
of POWHEG is to calculate the hardest real emission in the event in such a way to
be sufficient to give the correct NLO result. It does this by introducing a modified
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Sudakov form factor which essentially gives the probability of no real emissions with
transverse momentum, pt, above some scale k;. Subsequent emissions are left to the
parton shower algorithm, with some additional vetoing implemented to ensure that
the shower does not produce any radiation harder than the POWHEG emission. The
POWHEG method, as the name implies, is able to generate event with no negative
weights (although in practice a tiny percentage of events with negative weights can
result). It also allows matrix elements to be interfaced to any shower MC.

Both MC@NLO and POWHEG are formally equivalent at NLO, but not beyond.
Any differences in predictions made using the different techniques would be inter-
esting probes of higher-order corrections.

1.5.3 Hadronisation and Underlying Event

Once the partons have reached an energy of (~1 GeV) the value of « is too large to
produce a quickly-converging perturbative expansion. At this point we must turn to
models, rather than calculations from first principles, to attempt to describe features
of the underlying physical processes. Although perturbative QCD can no longer
be used, we still have the general principles of Lorentz invariance and unitarity to
help guide the solutions. Several models exist that attempt to confine the post-shower
partons into physically observable hadrons. The two most popular are the Lund string
model [38, 39] and the cluster model [40].

The underlying event, or multiple parton interactions (MPI) are typically soft
collisions between additional partons that were not involved in the hard scatter. MPI
is usually modelled as low-pr QCD 2 — 2 scatters. Although the fraction of multiple
interactions resulting in reconstructible jets is quite small, they can give significant
corrections to the overall colour flow of the event. This can produce major changes
to quantities like the overall particle multiplicity of the final state.

1.5.4 Event Generators

General purpose Monte Carlo event generators make use of the full suite of tech-
nologies listed above to produce events containing stable final-state particles that
can be analysed in the same way as events recorded by a detector. The most well-
used MC event generators are PYTHIA [41, 42], HERWIG [43, 44] and SHERPA [45].
These generators automatically calculate all relevant leading-order Feynman dia-
grams for a user-requested process. The required phase-space integrations are then
performed, before applying parton shower algorithms and models of hadronisation
and the underlying event. It is also possible to take matrix elements generated using
external programs and interface them with the parton shower, hadronisation and
underlying event models of these so-called shower Monte Carlos (SMCs). Indeed it is
often required to perform this step. The events produced by the NLO event generators
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MC@NLO and POWHEG and the multi-leg leading order generators MADGRAPH [46]
and ALPGEN [47] contain partons in the final state of their event records. These events
cannot be compared to experimental data until the partons have been showered and
hadronised into physically observable particles.

Recent developments include the automatic generation of NLO matrix elements
and matching to parton showers in aMC@NLO + MADGRAPHS [48], SHERPA [49],
and MatchBox in HERWIG++ [50]; and the merging of NLO predictions for the
production of multi-jet final states with parton showers, with the MEPS@NLO [51]
technique in SHERPA.

1.5.5 Theoretical Uncertainties

Uncertainties in the theoretical predictions arise due to scales introduced to trun-
cate or separate parts of the calculation. The factorisation scale, ug, for example
was introduced as an arbitrary parameter that separated the short and long-distance
physics. However, although it is in principle arbitrary, a sensible parameter value
should be chosen in order to minimize the truncation error.

For example [32], for processes like Drell-Yan production (¢g — Z/y* —
£%¢7) which are characterised by a single well-defined energy scale—the dilepton
invariant mass in this case—the choice of ur is easy to make, and choosing up too
far from this scale would lead to large missing higher-order terms. In processes in
which multiple objects are produced (e.g. Z+ jets) there are several equally-valid
choices of scale that can be made by combining the various final-state objects, then
taking either the highest or lowest QCD scale involved.

Similar arguments apply to the renormalisation scale, ur, and it is often the case
that R and wp are set to the same value. Conventionally the uncertainty in the choice
of uRr and ur is estimated by varying the scales individually up and down by a factor
of two.

Uncertainties associated with the matching of matrix elements with the parton
shower are often estimated by varying the corresponding matching scales, and uncer-
tainties in the modelling of MPI are also assessed by varying relevant parameters.
An example of a comprehensive evaluation of the uncertainties associated with event
generation and comparisons of the uncertainties to experimental data can be found
in [52].

1.5.6 Jets

The term jet has already been used without giving a definition of what we mean
by such an object. An equally valid interpretation of the dijet event in Fig. 1.5b,
if we were to slightly change our definition of what we mean by a jet, could be a
tri-jet event with the third jet being made up of the particles colour-coded in light
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blue. Deciding between these interpretations means deciding exactly how hard and
separated in angle an emission must be for it to be considered a unique jet.

A jet, then, is something that we define, rather than some pre-existing object
that we attempt to find. The aim is to choose a definition that gives us jets that as
closely as possible resemble the underlying partons that took part in the hard scatter.
Hadronisation and the underlying event should therefore not have a large effect on
the definition of our jets. Indeed for us to have any confidence in the jets we define
the application of the jet definition to the partons produced at the end of the matrix
element calculation, the hadrons we’re left with at the end of the event generation, or
the tracks and calorimeter hits we obtain after a simulation of the detector, should all
yield the same set of jets. A crucial property of the jet algorithm is that it should be
soft and collinear safe. That is, if we add an infinitely soft parton to our event it should
not affect the jets we produce at all. Similarly, our jet algorithm should be capable
of producing the same set of jets in an event where a hard parton splits collinearly,
with the resulting partons taking approximately equal shares of the energy.

These properties were not satisfied in early cone-based jet-finding algorithms [53].
Nowadays so-called cluster algorithms are used almost exclusively for theoretical
and experimental studies alike, the k¢ [54] and anti-k; [55] being two of the most
popular. The cluster algorithms work by iteratively combining constituents—be they
partons, hadrons, calorimeters cells—into jets based on two distance measures:

AR?
dij = min(kz} . k7)) —5"
dip = k%’; )

where AR% =i—y j)2 + (i — ¢ j)2, y; is the rapidity and ¢; is the azimuthal
angle of object i. dj; gives the distance between two objects, and d;p the distance
between the object and the beam. The two measures are calculated for all pairs of
objects, if the smallest value is a dj; then objects i and j are combined, otherwise
the object i is removed from the list and considered as a complete jet. The process is
repeated until all objects in the event are called jets. R defines the approximate size
of the jet. If R is large then the dj; will be smaller and more objects are combined
before the jet is complete.

The difference between the types of cluster algorithm comes from the choice of
p. For the k; algorithm p = 1. Softer particles are merged first, leaving any hard
structure in the jet until the last combination. In the anti-k algorithm p = —1; harder
objects are merged first, and the jets are built up starting from a hard core.

An attractive feature of anti-k; jets is that they tend to be much more regular in
shape. However information about any hard structure within the jet is lost. Techniques
that aim to explore this sub-jet structure usually proceed by reversing the order of
the clustering of the jet constituents. Performing this task with a jet produced using
the k¢ algorithm is like separating a pair of chopsticks—we can immediately see
whether any structure is present inside the jet. The decay of a boosted W-boson to
two quarks might produce this chopstick-like or two-pronged topology. Attempting
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to look inside an anti-k; jet, however, would be more like peeling a vegetable. In
reversing the clustering sequence we would just be removing soft partons from the
edge of the jet and learn nothing about any substructure hidden within.

A third alternative is the Cambridge-Aachen algorithm in which p = 0 and the
jet constituents are clustered according only to their spatial separation. Cambridge-
Aachen jets also provide useful substrucure information, and are used extensively in
the studies presented in Chap. 6.

1.6 Jet vetoing

The proton-proton collisions produced by the LHC provide a fantastic test bed
for a wide range of aspects of QCD. The cross section for inclusive production
of QCD jets and dijets is huge. Predictions of these quantities from perturbative
QCD have been compared to experimental data and found to be in remarkable
agreement [56, 57].

A direct probe of the colour structure of a hard process is the probability that it
does not emit any additional radiation into some well-defined region of phase space.
For example a widely-studied process is that of dijet production with a veto on the
emission of additional QCD activity in the rapidity interval between the two jets.
The process has been studied at HERA [58-60], the Tevatron [61] and also more
recently at the LHC [62].

The quantity that is often measured is the jet veto efficiency, or gap fraction and
can be written as a ratio of cross sections,

gap
fgap — Ofid.
Ofid.

where o7q. is the fiducial cross section for the production of the system of interest
(e.g. dijets with average pr greater than some value Q, or a tt system), and Uﬁg(?) is
the fiducial cross section for the production of the same system with the requirement
that there be no additional jets with pt greater than some scale Qg, in a chosen region
of rapidity.

Using the property of unitarity, we can write

gap gap
Ofid. = Ofg. t Ogq.
o P
for — 1 — fid (1.25)

Ofid.

where ? is the fiducial cross section for the production of the system of interest
with at least one additional jet in the defined region of rapidity. Equation 1.25 is
more tractable theoretically and is often used when studying the properties of the

gap fraction analytically [63].
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By studying the gap fraction it is possible to gain insight into a wide range of
perturbative QCD phenomena. For example, as the separation in rapidity between the
two jets defining the dijet system becomes large BFKL-like dynamics are expected
to become increasingly important [64—70].

Although it is possible to measure the gap fraction with high precision due to
many experimental uncertainties cancelling when taking the ratio of cross-sections,
the gap fraction is prone to quite large theoretical uncertainties. The restriction of the
additional emission to a corner of phase space when computing the ‘gap’ cross section
leads to a miscancellation between the real and virtual corrections in the calculation.
This in turn leads to logarithms of the form [asln(%)] (cf. Sect.1.5.2). If Q is

significantly larger than Qg then these logarithms will be large, and the perturbative
series will no longer converge. Therefore these large logarithms must be resummed
to all orders. This is not a straightforward task, and much work has been invested in
it. Developments include the discovery of non-global logarithms [71, 72], which can
appear when gluons emitted outside of the gap region then radiate back into it, and
super-leading logarithms [73] of the form o} In"+! (%) which appear at higher orders
(n > 4) but are formally more important than the leading logarithms. Theoretical
predictions of the gap fraction and other non-global observables are an active and
challenging area of research, and indeed with precise experimental measurements
having already been performed, it is clear that “the accuracy of the experimental data
already demands better theoretical calculations” [63].
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Chapter 2
Experimental Apparatus

2.1 The Large Hadron Collider

2.1.1 Design

The Large Hadron Collider (LHC) [1] was constructed between 1998-2008 at CERN,
the European Centre for Nuclear Research. It occupies the same 27 km circumfer-
ence tunnel, 100 m below ground, that originally housed the Large Electron-Positron
(LEP) [2—4] collider. It accelerates counter-rotating beams of protons to speeds much
greater than 0.999¢ before bringing them to collision at one of four main interaction
points (IPs) positioned around the ring. The LHC is the largest, highest energy and
highest luminosity particle accelerator ever constructed.

There are four main experiments operating at the LHC. ATLAS (cf Sect.2.2) and
CMS [5] (Compact Muon Solenoid) are general-purpose detectors designed with a
broad physics programme in mind. From performing precision measurements that
test and constrain the Standard Model, to discovering the long-sought Higgs boson
and searching for new physics such as Supersymmetry and new heavy particles, these
detectors are able to observe a wide range of particles and physical phenomena. The
LHCD [6] (LHC beauty) experiment is a single arm forward spectrometer whose
main goal is to study heavy flavour physics and the parameters of CP-violation.
These studies aim to help explain the matter-antimatter asymmetry in the universe.
ALICE [7] (A Large Ion Collider Experiment) is focussed mainly on the study of
heavy-ion (lead-lead and proton-lead) collisions. The quark-gluon plasma produced
in the extremely high density conditions is of great interest. The main experiments
are situated in four of the eight octants that make up the LHC. ATLAS and CMS are
located in newly excavated caverns at IP 1 and IP 5. LHCb and ALICE can be found
in caverns at IP 2 and IP 8 respectively.

Before entering the LHC itself, beams of protons pass through a series of accel-
erators in the CERN complex (cf. Fig.2.1) Once the protons have been accelerated
to an energy of 450 GeV they are injected into the LHC ring, and over the course
of around 20 minutes are accelerated further until they reach an energy sufficient for
© Springer International Publishing Switzerland 2015 33
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Fig. 2.1 A schematic layout of the accelerator complex and some of the detectors operating at
CERN

collisions. The LHC is designed to be capable of colliding proton beams each with
energies of 7 GeV.

Protons in each beam are arranged in bunches. One bunch consists of around
1 x 10'! protons, with each LHC ring capable of holding 2808 bunches. The bunches
travel in trains, with bunch trains being brought to collision with a design frequency
of 40 MHz. The luminosity, £, of a pp collider can be expressed as [8]

_ Mpfrminz @1
b DINDIN

where nj, is the number of colliding bunches, f; is the LHC revolution frequency

(11245.5Hz), ny and n, are the number of protons per bunch in colliding beams 1

and 2, and ¥, and X, characterise the horizontal and vertical beam widths.
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2.1.2 Performance

The LHC was designed to operate with a centre-of-mass energy of 14 TeV. However
after a very brief nine-day commissioning period in 2008 a faulty electrical connec-
tion led to a ruptured liquid helium tank and caused around 6 tonnes of liquid helium
to escape into the vacuum pipe. This caused damage to over fifty of the LHC’s super-
conducting magnets and delaying the start of the detectors’ data-taking programme
by fourteen months.

After the repairs, a short run of collisions with centre-of-mass energy 900 GeV
began in November 2009. Following this, high-energy data-taking started again on
30th March 2010 at a centre-of-mass energy of 7 TeV. The LHC continued operating
with 3.5 TeV beams throughout 2011 and by the end of its initial data-taking period
the LHC had delivered 5.61 fb~! of data, which ATLAS collected with ~~ 94 %
efficiency. A brief shutdown took place at the start of 2012, before collisions were
started again with a centre-of-mass energy of 8 TeV. Throughout 2012 the LHC again
exceeded expectations and delivered 23.3 fb~! by the end of the year. Starting in
February 2013 the LHC was shut down for repairs and upgrades to be made to the
machine. Proton-proton collisions will take place again in early 2015, with beam
energies close to the design energy of around 7 TeV (Fig.2.2).

The bunch spacing was decreased steadily during 2011 to a peak value of 50 ns,
corresponding to a maximum of colliding 1380 bunches within the machine at one
time. Peak instantaneous luminosity was reached in 2012 at a value of around 7 x
1033 cm™2 s~!. Such a high instantaneous luminosity led to great challenges in
dealing with pile-up. In-time pile-up refers to multiple proton-proton collisions taking
place within one bunch crossing, and can be quantified by considering the average
number of interactions per bunch crossing, (i ). The peak values for the 7 and 8 TeV
data-taking periods were 9.1 and 20.0 respectively, as shown in Fig. 2.3. Out-of-time
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pile-up occurs due to the read-out time of the detector, when particles produced in
successive bunch crossings overlap and are read out as part of the same event. Pile-up
affects much of the physics being performed at the LHC, from reconstructing vertices
and tracks to measuring the energy of hadronic jets. Understanding and limiting the
effects of pile-up on the reconstruction of physics objects has been, and will continue
to be, crucial to the success of physics analyses.

2.2 The ATLAS Detector

The ATLAS detector was constructed by institutes in 34 countries, and assembled
in the cavern at IP 1 around the LHC ring between 2003 and 2008. With a volume
of over 1000 m® and weighing in at around 7000 tonnes it is the largest of the four
main detectors.

The coordinate system employed by ATLAS is right-handed, with the z-axis
aligned along the beam line and the x-axis pointing towards the centre of the LHC
ring. Pseudorapidity, n, is defined as

0
n = —Intan (5) 2.2)

where 6 is the angle with respect to the z-axis.! Transverse energy, Et, and transverse
momentum, pr, are also defined with respect to the z-axis as:

Er = Esin(d) and pr = psin(®) (2.3)

Pseudorapidity is preferred to 6 because differences in 7 are invariant under boosts along the

z-axis. Pseudorapidity is equivalent to the more general quantity rapidity, y = %ln (%) when
Z

the mass of the particle can be neglected.
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where E and p are the energy and momentum of the relevant object. The azimuthal
angle in the transverse plane, ¢, is defined to be zero along the x-axis.

The detector itself is split into three sections. A cylindrical barrel surrounding the
interaction point which provides coverage out to approximately || < 1.4 and two
end-caps at either end of the barrel, covering ~1.4 < || < 4.9.

Each of the regions are split further into several sub-detectors. At the heart of
ATLAS is the Inner Detector (ID) that enables measurements of the momentum
of charged particles and accurate reconstruction of vertices produced by primary
proton-proton collisions, as well as those that arise from the decay of long-lived
particles. Surrounding the ID are the electromagnetic and hadronic calorimeters
used to determine the energy of all charged and neutral particles. The outermost sub-
detector is the Muon Spectrometer (MS), which enables precision measurements of
the momentum of muons.

ATLAS contains both solenoidal (in the barrel) and toroidal (in barrel and end
caps) magnet systems. The solenoid is aligned along the beam axis and provides a2 T
magnetic field. It completely surrounds the ID but has been designed to ensure that the
material thickness in front of the calorimeters is as low as possible. Charged particles
travelling through the solenoid have their trajectory curved in the ¢-direction. The
barrel and end-cap toroids produce 0.5 and 1T magnetic fields, respectively. The
toroid magnets enable measurements of the momentum of muons and cause the tracks
produced by them to be curved in the n-direction. Measurements of the momentum of
all charged particles are performed by measuring the curvature of the tracks produced
by the particles as they traverse the detector subject to these magnetic fields.

2.2.1 The Inner Detector

The ATLAS Inner Detector (ID) is made up of three independent sub-detectors and
in total is contained within a cylindrical region of length £3512mm and radius
1150 mm. Closest to the beam is the pixel detector, followed by the semi-conductor
tracker (SCT) and transition radiation tracker (TRT). The combination of the three
complementary sub-detectors allows precision reconstruction of collision vertices,
robust pattern recognition, and precision measurements of the momentum of charged
particles produced with || < 2.5. It can also provide electron identification over
[n| < 2.0 and a wide range of energies (0.5-150 GeV).

2.2.1.1 Pixel Sensors and Semi-conductor Trackers
Both the pixel and SCT sensors are made from silicon. A charged particle passing

through the silicon creates electron-hole pairs and a potential difference applied
across the silicon causes the charges to drift towards the readouts.
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Each pixel module is 250 pm thick and allows double-sided processing. The
module measures 19 x63 mm? and contains ~47,000 pixels, each of which measures
50%400 pwm?. In total the pixel detector is made up of 1744 modules split between
three barrel layers and two sets of three end-cap disks. The barrel layers have radii
of 50.5, 88.5 and 122.5 mm and provide coverage out to || < 1.7 and complete
azimuthal coverage. End-cap disks have |z| = 495, 580 and 650 mm and cover
the range 1.7 < |n| < 2.5. The spatial resolution of pixel modules varies with
the incident angle of the particle from 12 pm at normal incidence, to an optimal
resolution of 4.7 pm for incident angles of 10-15°.

The SCT sensors are made up of a series of single-sided p-in-n silicon microstrips
of thickness 285+15 pm. In the barrel, strips are created by joining two rectangular
sensors with dimensions 6.39 x6.36 cm?. Each sensor has 768 strips with an 80 jm
pitch, with four sensors making up one module, mounted back-to-back in pairs. There
are 2112 modules in the barrel of the SCT, arranged in four layers and aligned such
that the strips lie along the direction of the beam and offer precise measurements of
the ¢ coordinate. The 1976 SCT modules making up the two end-caps are arranged
in nine layers of disks. Each of the sensors in the end-caps are trapezoidal in shape
and come in three sizes for separate construction of inner, middle and outer regions
of the disk. The sensors are aligned with their microstrips in the radial direction,
again allowing precise measurements of the ¢ coordinate. The spatial resolution of
sensors in both the barrel and end-caps is ~16 wm for normally-incident particles.

2.2.1.2 The Transition Radiation Tracker

The basic TRT detector elements are drift tubes (straws) of diameter 4 mm and length
144 c¢cm (37 cm) in the barrel (end-caps). The straws are filled with a gas mixture
of 70% Xe, 27% CO; and 3% O,. Charged particles passing through the straws
cause ionisation of the gas, and the electrons that are produced drift towards a tung-
sten anode mounted at the centre of each tube. As in the pixel and SCT detectors,
if the total charge collected is above some threshold it is defined as a particle hit.
In the barrel the TRT contains ~52500 straws arranged in 73 layers and aligned in
the z-direction, while each end-cap is made up of 160 planes of radially-aligned
straws—over 120,000 straws per end-cap. Any charged particle with pr > 0.5 GeV
will traverse at least 36 layers of straws, except in the transition region between
the barrel and end-cap, where the number is reduced to a minimum of 22 crossed
straws. Radiator material is placed between each of the straws. Highly relativistic
particles crossing the boundary between radiator and straw emit transition radia-
tion photons, which cause additional ionisation. Higher thresholds are defined to
determine whether a hit contains transition radiation in addition to the particle itself.



2.2 The ATLAS Detector 39

2.2.2 The Calorimeters

ATLAS contains a number of calorimeters that measure the energy of incident parti-
cles through absorption. Alternating layers of absorber and sampling material cause
particles entering the calorimeter to shower into secondary particles, the energy of
which are collected and measured. The number of layers of material and the geometry
of the calorimeter modules is such that the probability of particles ‘punching-through’
the calorimeters and escaping with some unmeasured energy is kept to a minimum.

2.2.2.1 Electromagnetic Calorimeters

The electromagnetic (EM) calorimeters use a combination of lead and liquid argon
(LAr) layers to measure the energy of electrons and photons. On passing through
the calorimeters electrons emit bremsstrahlung photons, which in turn can produce
electron-positron pairs. The resulting shower of electromagnetic particles causes
ionisation in the active LAr layers, with copper electrodes collecting the charge. An
accordion-like geometry gives the barrel and end-cap EM calorimeters complete ¢
coverage without any cracks or gaps. In the barrel the EM calorimeter is made of two
half-barrels. Each half-barrel is 3.2 m in length, weighs 57 tonnes and contains 1024
absorbers interleaved with readout electronics. Constructed in 16 separate modules,
the barrel of the EM calorimeter provides between 22 and 33 radiation lengths (Xo)
of material to try and keep punch-through of particles into the muon system to a
minimum. In the region || < 1.8 a liquid-argon presampler layer is used to correct
for energy lost by electrons or photons before reaching the calorimeter, such as
through interactions with the ID or supporting structure.

The granularity of the barrel EM calorimeter varies between the three layers
that make up each module. The second layer, consisting of 16 radiation lengths of
material, absorbs the majority of the energy of the particles and has a granularity
of 0.025 x 0.025 in n x ¢. Such a fine granularity is ideally suited for precision
measurements of electrons and photons.

The layout of the end-cap calorimeters is more complex. The two wheels, one at
either end of the barrel, each weigh 27 tonnes and are made up of a series of wedge-
shaped modules. The granularity and thickness of the wheels varies as a function of
[n|. For [n| > 1.475 the thickness is greater than 24X, and in the precision regions
of the end-cap the granularity matches that of the barrel, n x ¢ = 0.025 x 0.025.

2.2.2.2 Hadronic Calorimeters

The hadronic calorimeters are used to measure the energy of baryons and mesons.
The tile calorimeter is constructed in three sections, a barrel and two extended barrels,
providing coverage over the region || < 1.7. Each section is made up of 64 wedge-
shaped modules, and each module uses layers of steel as the absorber material that
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causes the particles to shower, and scintillating tiles as the active medium that sample
the energy of the shower particles and produce detectable signals proportional to
the energy. Each scintillating tile is coupled to a photomultiplier tube and readout
electronics. Tiles are grouped to form cells with dimensions An x A¢ = 0.1 x 0.1
in the first two layers and 0.2 x 0.1 in the last layer.

The hadronic end-cap (HEC) calorimeters cover the region 1.5 < || < 3.5 and
use copper sheets to provide the hadron shower and liquid-argon gaps for the active
medium. As in the end-caps of the EM calorimeter, the granularity of the HEC varies
with [n], from An x A¢ = 0.1 x 0.1 in the region |n| < 2.5, to 0.2 x 0.2 for larger
values of 1.

The forward calorimeters (FCal) extend the coverage of the calorimeters to
3.1 < |n| < 4.9. Each FCal is made up of three modules: an electromagnetic
module that uses copper as its main absorber material, and two hadronic modules
which use tungsten. Liquid-argon is used as the active material in all three modules
and they all make use of the same cryostat systems as the other end-cap calorimeters,
reducing any gaps in coverage. At just 0.27 mm the liqud-argon gaps in the FCal are
smaller than in the EM barrel calorimeter. This enables the FCal to provide faster
signals, and deal with the large particle flux produced at low angles with respect to
the beam.

2.2.3 The Muon Spectrometer

The ATLAS Muon Spectrometer (MS) has been designed to provide both triggering
(See Sect.2.2.4) and precision measurement capabilities. Both functions are per-
formed in the barrel and end-caps, triggering on muons with |5| < 2.4 and precision
tracking on muons with |n| < 2.7.

2.2.3.1 Precision Measurements

Precision measurements of muon momenta are performed by Monitored Drift Tubes
(MDTs) in both the barrel and end-caps, apart from the innermost layer in the forward
region 2 < |n| < 2.7 where they are replaced by Cathode Strip Chambers (CSCs),
for their higher rate capabilities.

Each MDT chamber is made up of two multi-layers (three or four layers, depend-
ing on the position of the chamber) of pressurised drift tubes. Muons traversing
the chamber cause ionisation of the gas and the resultant electrons are collected by
tungsten-rhenium wires held at the centre of each tube. The tubes have a diameter of
29.97 mm, are filled with a mixture of CO; and Ar and are aligned along ¢ in both
the barrel and end-caps. In the barrel the MDT chambers are arranged in concentric
layers around the beam axis and are mounted between and on the coils of the toroid
magnets. In the two end-caps the MDTs form large wheels, and are located in front of
and behind the two end-cap toroids. This configuration allows a precise measurement
of the n-coordinate of the muons—the direction they are bent on passing through the
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toroidal magnetic field. The resolution of a single MDT is 80 wm, or about 35 pm
per chamber.

The Cathode Strip Chambers are multi-wire proportional chambers with wires
aligned in the radial direction. A single chamber is made of four planes of wires.
Eight small and eight larger chambers make up one end-cap disk. Within each plane,
one set of cathode strips is aligned parallel to the wires, while the other is oriented
perpendicularly. This allows the CSCs to determine both the 1 and ¢ coordinates of
the tracks at once, by reading out the charged induced on each set of cathode strips.
The more precise measurement, in the bending direction, has a resolution of 60 pm
while in the non-bending direction measurements are coarser with a resolution of
around 5 mm.

2.2.3.2 Trigger Chambers

The trigger chambers comprise Resistive Plate Chambers (RPCs) in the barrel region
|n] < 1.05 and Thin Gap Chambers (TGCs) in the end-cap 1.05 < || < 2.4. Muon
hit information is produced within a few tens of nanoseconds of the passage of the
particle.

Contrary to the other technologies employed within the muon spectrometers,
the RPCs contain no wires. Each is made up of two parallel resistive plates, with
perpendicular sets of metallic strips mounted on the outer faces providing the signal
readout, and gas filling the 2 mm gap in between. Charged particles passing through
the RPCs ionise the gas, and a uniform 4.9 kV/mm electric field between the plates
allows avalanches of electrons to form along the ionising tracks.

Most RPC chambers are made up of two rectangular detectors, or units, each of
which consists of two independent gas volumes. The RPCs are arranged in three
concentric cylinders around the beam axis, requiring in total 544 RPC chambers and
962 separate units. They are mounted above and below their MDT counterparts.

The TGCs are multi-wire proportional chambers with a gas gap of 2.8 mm filled
with a mixture of CO; and n-CsH, (n-pentane). They perform two main functions:
triggering capabilities for muons with 1.05 < || < 2.4 and measurements of the
azimuthal coordinate of the muons, to complement the precise measurement of the
coordinate in the bending direction performed by the MDTs. One chamber is made up
of a gas volume, containing a wire plane, and two cathodes. Chambers are arranged
in doublets or triplets to form each TGC unit. The cathode planes are coated on one
side with graphite and on the other with copper. The copper layers are segmented into
readout strips and are used to perform the measurement of the azimuthal coordinate.

2.2.4 Trigger and Data Acquisition

It is not possible to store the output of every proton-proton collision occurring within
ATLAS. A single event recorded by ATLAS requires ~1.5 MB of memory when
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stored offline [11]. With a bunch cross frequency of 40 MHz at design luminosity,
recording every event would therefore require data to be written to disk at a rate of
~60 TBs~!. The majority of these events do not contain objects such are hard jets or
high-pt leptons which are the signatures of many rarer, lower cross-section processes
such as the production of top quarks or Higgs bosons. It would be preferable to only
write such events to disk for detailed analysis.

The ATLAS trigger system identifies interesting events containing high-pt objects
in three distinct levels. The Level-1 (L1) trigger is hardware-based and reduces the
event rate to 75 kHz. A decision to keep an event is made within 2.5 ws. This is
achieved through the use of reduced granularity information from a subset of the
detectors. For example the RPC and TGC sections of the muon spectrometer are
used to check whether muons with transverse momentum above specified thresh-
olds are present in the event. All parts of the EM and hadronic calorimeters can be
used to place requirements on the number and energy of electrons, photons, jets and
t-leptons, and also the amount of missing transverse energy, ErT“iSS, and total trans-
verse energy in each event.

If a physics object is found by the L1 trigger, its position is recorded and a region-
of-interest (Rol) containing the object is passed on to the Level-2 (L2) trigger system.
The L2 trigger reduces the event rate further to around 3.5 kHz, with the decision to
keep the event made within 40 ms. The L2 algorithms use partial detector information
from within the vicinity of the Rol to refine the objects reconstructed at L1.

The third and final level of the trigger system is the Event Filter (EF). The EF makes
use of the full granularity of the detector to reduce the event rate to approximately
200 Hz. Algorithms similar to those used when reconstructing events offline are used
to reconstruct the objects of interest.

Trigger nomenclature typically follows the format:
Level_Stream&Cut_Note. For example an event passing the trigger L1_MU11
must contain a muon identified at L1 with pr > 11 GeV. EF_mu24i_medium
requires events to contain an isolated muon with pr > 24 GeV and the medium in
this case refers to a specific L1 trigger that must also have fired.

Only once an event has passed an EF trigger is it written to disk for permanent
storage. As data is being collected it is organised into periods and runs, which allows
easy organisation and management of the huge amount of data collected by ATLAS.
A run begins once the Data Acquisition (DAQ) infrastructure, detectors and other
sub-systems are configured correctly, and once the conditions of the beam provided
by the LHC are stable. A run is ended either cleanly when there is deemed to be
sufficient data collected or is aborted when a problem occurs, for example if the
LHC beams are lost. A period is defined as a succession of DAQ runs.

After datahave been collected a series of further data quality checks are performed.
If the data in the runs under scrutiny are of a sufficient quality, and all of the triggers
and detector systems were functioning optimally, then the runs are added to a so-
called Good Runs List (GRL). Only those runs which appear in a GRL can be used
for physics analysis.
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Chapter 3
Reconstructing Physics Objects

This section gives details of the experimental techniques used to reconstruct physics
objects from the hits and energy deposits left by particles as they traverse the ATLAS
detector.

3.1 Charged Particle Tracks

Tracks in the inner detector are reconstructed using information from the pixel, SCT
and TRT detectors. The most commonly used track-finding strategy is the so-called
inside-out strategy. The first step undertaken is pattern recognition. Measurements of
particles in the pixel and SCT detectors are used to produce three-dimensional (3D)
representations of the locations of interactions. In the pixel layers clusters of pixel
hits, as well as the radial position of the silicon surface, define the space point. In the
SCT, individual modules only provide measurements perpendicular to the direction
of the SCT strip, so the back-to-back structure of the SCT modules are crucial in
determining the space point.

At least three space points in the silicon detectors are required to seed track
reconstruction using the inside-out algorithm [1]. A Kalman Filter [2] is used to
combine successive space points and propagate a track through the silicon detectors.
After resolving ambuiguities in the track candidates, tracks are extended into the
TRT. The silicon tracks are used to define roads inside which TRT hits must lie. In a
second stage of track reconstruction, an outside-in algorithm is run on any remaining
TRT hits not already associated to tracks. This back-tracking aims to reconstruct
secondary particles, produced by the interactions of the primaries.
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3.2 Primary Vertices

Reconstruction of vertices in an event takes place in two steps. The primary vertex
finding algorithm first associates reconstructed tracks to vertex candidates, before
the vertex fitting algorithm reconstructs vertex positions. Tracks are used as input to
the vertex reconstruction if they pass cuts on the transverse and longitudinal impact
parameters, the number of pixel and SCT hits, and the track transverse momentum.

The position of vertices is determined using an Iterative Vertex Finding algo-
rithm [3]. A vertex seed is found by looking for the global maximum in the distribu-
tion of z-coordinates of the tracks, and an iterative x2 fit is made using the seed and
nearby tracks. If a track is displaced from the vertex by more than 7o it is used to
seed a new vertex, and the process is repeated until no further vertices can be found.

The primary vertex of an event is defined to be the vertex with the largest
Ztracks p"zl"‘

The vertex resolution improves with the number of associated tracks. The resolu-
tion in the x and y (z) directions determined using the 7 TeV [4] and 8 TeV [5] data

for vertices with Zp% > 12 GeVis 20 pm (40 wm).

3.3 Electrons

3.3.1 Reconstruction

Reconstruction of electrons in the central region of the detector (|n| < 2.5) begins
with the reconstruction of EM clusters in the calorimeter. After dividing the calorime-
ter into a grid of cells of size n x ¢ = 0.025 x 0.025, a sliding window algorithm
with window size 3 x 5 is used to search for regions that contain local maxima
in energy. An attempt is then made to match the calorimeter clusters to tracks in
the inner detector. ID tracks with pr > 0.5 GeV are extrapolated outwards to the
middle layer of the EM calorimeter and are considered matched to the EM clusters
if they have |An| < 0.05 and A¢ < 0.1—the larger window in A¢ accounts for
bremsstrahlung. Finally the cluster sizes are optimised, and enlarged to 3 x 7 cells in
the barrel and 5 x 5 cells in the end-caps. The total reconstructed electron energy is
determined from the energy deposited in the cluster, as well as the energy deposited
in dead material in front of the EM calorimeter and estimated energy leakage outside
the cluster and beyond the calorimeter.

The reconstructed electron energies are calibrated using a series of techniques [6].
A purely MC-based calibration relates the true electron energy to detector-level
quantities using a boosted decision tree (BDT) algorithm [7]. This relies heavily on
an accurate description of the detector geometry and particle-matter interactions in
the simulation. Preliminary corrections are applied before the MC-based calibration
to take into account details in specific regions of the detector that are not included in
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the simulation, and afterwards the absolute energy scale is determined by comparing
the difference in response in data and monte carlo using a sample of Z— ee events.
The electron energy scale uncertainty is minimal for electrons with ET ~40 GeV. For
electrons with Et ~10 GeV the uncertainty ranges from 0.4 to 2 % depending on the
pseudorapidity of the electron.

3.3.2 Identification

For electrons to qualify for use in analysis they must pass various cuts on clus-
ter, track and combined track-cluster quantities. Three sets of reference criteria are
defined, labelled 1oose++, medium++ and tight++, which provide increasing
background rejection with a slight decrease in identification efficiency. During the
2011 data-taking period the reference criteria were defined as follows:

e For an electron to pass the 1oose++ criteria it must pass cuts on variables such
the EM shower shape, the amount of hadronic leakage in the second layer of the
EM calorimeter and the number of hits in the pixel and SCT layers of the ID. There
is also loose matching performed between the ID tracks and position of the EM
cluster: |An| < 0.015. The efficiency of the 1oose++ criteria, estimated using
Z tag-and-probe studies is around 95 %.

e medium++ has tighter cuts on the shower shape variables, a tighter ID-cluster
matching cut of |[An| < 0.005, strict b-layer and pixel hit requirements and impact
parameter cut of dy < 5 mm. The efficiency of the medium++ cuts is around 85 %.

e The t ight++ criteriainclude shower shape cuts atleast as tight as the medium++
ones, a tighter impact parameter cut of dy < 1 mm and additional cuts on the
cluster energy to track momentum ratio E/p and a A¢ track-cluster matching
requirement. The efficiency of the tight++ criteria is about 78 %.

For the 2012 data-taking period the reference criteria we re-defined in order to cope
with the increased luminosity and pile-up delivered by the LHC. In general cuts on
pile-up-sensitive variables were loosened and replaced with tighter cuts on pile-up-
robust ones. In the 1oose++ definition, cuts on some of the shower shape cuts were
loosened to recover efficiency at high pile-up. medium++ in 2012 employed tighter
cuts on pile-up-robust shower shape variables and an additional cut on the fraction of
energy in the third calorimeter sampling layer. The t i ght++ definition was changed
in the same way as medium++. In 2012 the loose++ and tight++ definitions
were highly efficient, while losing some background rejection power (approximately
10—20 % lower than in 201 1. The changes made to the medium++ definition enabled
it to make the same efficiency improvements without suffering any losses in rejection
power.
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3.4 Muons

3.4.1 Reconstruction

The ATLAS muon reconstruction algorithms make use of information from the ID,
the calorimeter and the MS. Reconstruction begins by searching for hits in the MDT,
inside regions of interested defined by the trigger chambers. Hits in each layer of
the MDT are combined into track segments. Track segments from each of the layers
are then combined into track candidates, and a full track fit is performed taking
into account the magnetic field and material distribution of the MS. Muon tracks in
the inner detector are reconstructed using the techniques described in Sect.3.1. The
goal is then to combine the tracks found in the MS with those found in the ID to
produce a so-called combined muon. Energy loss on interaction with the calorimeters
must be taken into consideration when extrapolating tracks from the MS into the
ID or vice-versa. ATLAS uses two main algorithms to perform the combination
of the MS and ID tracks, called MulD [8] and STACO [9]. Although employing
different techniques to reconstruct tracks and combine them, the performance of the
two algorithms is comparable. The STACO (STAtistical COmbination) algorithm
attempts to statistically merge the two independent tracks, while the MulD (Muon
IDentification) algorithm performs a complete re-fit of all hits associated with both
tracks.

If full tracks in the ID and MS cannot be merged into a combined muon, segment-
tagged, MS stand-alone and calorimeter-tagged muons can be defined:

e Segment-tagged: An ID track associated with at least one track segment in the MS.
These muons are typically found by extrapolating ID tracks to the inner stations
of the MS. Low-pt (<6 GeV) muons are often identified as segment-tagged, since
they may not have sufficient energy to penetrate all layers of the MS.

e MS stand-alone: A track identified solely in the MS and extrapolated back to the
interaction point, taking into account the energy lost by the muon as it traverses
the ID and calorimeters.

e Calorimeter-tagged: Muons reconstructed from ID tracks matched to calorimeter
deposits of minimum ionising particles.

The muon momentum resolution depends on the 7 and ¢ of the muon. Momen-
tum resolutions can be derived by translating measurements of dimuon mass res-
olution [10]. For muons with pr ~40 GeV, ID (MS) measurements in the barrel,
|n| < 1.05, have a resolution of 2% (4 %).

3.4.2 Identification

Muons considered for use in analyses must pass cuts on the quality of tracks used
to reconstruct them. For example the number of pixel hits and crossed dead pixel
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sensors, and the presence of a successful TRT extension where expected. Specific
cut values are listed in Sects.5.3.1 and 7.2.1. Compared to the recommended cuts
used in 2011, the 2012 cut values were relaxed to recover some efficiency losses. For
example hits in the pixel b-layer were not required during the 2012 data taking, and
TRT cuts were not applied outside the region 0.1 < |5| < 1.9.

3.5 Jets

Hadronic jets are not only a crucial aspect of all analyses described in this thesis,
but of the majority of analyses undertaken by ATLAS at the LHC. As discussed in
Sect. 1.5.6 jets can be constructed from various kinds of object, and in ATLAS those
objects are topological clusters (topo-clusters) of calorimeter cells. Topo-clusters are
created from neighbouring calorimeters cells containing energy sufficiently above
the noise level.

For the majority of analyses topo-clusters are formed into jets using the anti-k;
algorithm (see Sect. 1.5.6) with a radius parameter R of 0.4. A series of corrections
and calibrations must be performed to correct for experimental effects that cause
the reconstructed jet to have a different energy from the ‘true’ particle-level jet. The
calibrated jets then serve as our best estimate of the particle-level jets produced in
the hard scatter.

The calibration process proceeds as follows. A pile-up correction is first applied to
account for energy added into the jets from other pp collisions. The general approach
is to calculate how much of a given jet’s transverse momentum is generated by pile-
up and to subtract this offset from the reconstructed jet. For the 2011 data-taking
period the pile-up offset corrections were derived by performing measurements in
samples of minimum bias data as a function of the number of reconstructed vertices
in the event (Npy ), the jet pseudorapidity, and the bunch cross frequency provided by
the LHC [11]. In 2012 the offset correction was determined using MC simulations to
compare the true jet transverse momentum to the reconstructed value as a function
of Npy and the average number of interactions per bunch crossing, () [12].

Once the pile-up offset correction has been applied, an origin correction is applied,
wherein the direction of the jet is corrected to point back to the primary vertex
associated with the jet, rather than the nominal interaction point. This does not affect
the energy of the jets, but does improve angular resolution slightly and provides a
very small improvement in pt response (<1 %).

Following the origin correction, the jet energies are corrected using pr- and
n-dependent correction factors derived from simulation. These account for effects
such as partial measurements of the energy deposited by hadrons as they pass
through the calorimeter, known as calorimeter non-compensation; the energy loss
due to hadrons passing through un-instrumented regions of the detector; and energy
deposited in the calorimeter but outside of the region which defines the jet.

Finally, aresidual calibration derived using in-situ measurements is applied, which
corrects for the fact that the MC may not perfectly describe the data. Several methods
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are used to determine this correction, and also to determine the uncertainty on the
total jet energy scale (JES) calibration. All of the methods involve defining some
experimentally well-measured reference object and choosing events in which the pr
of the reference object is balanced against the pt of a jet. A double ratio then probes
how well the data is described by the MC

(Pr /P Vaata/ (P /PE )MC - (3.1)
For jets falling into the central region of the detector (|| < 1.2), for example, the
reference objectis chosen to be a high-pt photon (y+jet) [13] or aZ-boson decaying to
eeor uu (Z+jet) [14]. An example of the data/MC ratio for the pr-balance in Eq. 3.1
is shown in Fig.3.1. For events containing very high-pr jets (~1 TeV) the reference
object can be chosen to be a recoil system of low-pt jets [15] (with || < 2.8),
providing the low-pr jets can be well calibrated using the y+jet or Z+jet techniques.

The original jets used as input to the sequence of calibrations and corrections
are formed from topo-clusters reconstructed at the electromagnetic (EM) energy
scale. This energy scale correctly reconstructs the energy deposited by particles in
an electromagnetic shower in the calorimeter, and is established using test beam
measurements of electrons in the barrel and end-cap calorimeters. Once the suite
of calibrations have been applied to these jets they are know as the EM+JES jet
collection.

In an alternative scheme called Local Cluster Weighting (LCW), topo-clusters
are initially classified as either electromagnetic or hadronic by measurements of
energy density and longitudinal shower depth. Dedicated corrections are applied to
the topo-clusters based on single charge and neutral pion MC simulations, and the
entire calibration chain (pile-up subtraction, origin correction, energy calibration,
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residual in-situ calibration) is then re-derived. Once the remaining calibrations have
been applied to these jets, they are known as the LCW+JES jet collection.

3.5.1 b-tagging

Accurately identifying jets originating from b-quarks is important for the physics
program of ATLAS. It is particularly crucial in analyses involving top quarks, such
as the one presented in Sect.5. Many algorithms have been developed that attempt
to identify, or tag, jets originating from b-quarks. The b-tagging algorithm used in
Sect. 5 makes use of impact parameter and secondary vertex information.

The uncertainty on the transverse impact parameter dy is used to construct the
transverse impact parameter significance dy/oy,. The longitudinal impact parameter
significance, zo/0y,, is defined similarly. The IP3D [16] b-tagging algorithm uses a
likelihood ratio technique in which the transverse and longitudinal impact parameter
significances are compared to pre-defined distributions for both the b-jet and light-jet
hypotheses, constructed from MC.

The SV1 [16] b-tagging algorithm makes use of the decay length significance
Lo/opr, of a reconstructed secondary vertex, as well as the invariant mass of all
tracks associated to the vertex, the ratio of the sum of the energies of the tracks in the
vertex to the sum of the energies of all tracks in the jet, and the number of two-track
vertices. These variables are combined using a likelihood ratio technique.

The output of each of the IP3D and SV1 b-tagging algorithms is a single number,
a b-tagging weight. The two algorithms can be combined, into the IP3D+SV1 [16]
algorithm by simply summing the individual weights and then cutting on this quantity.

Various working points are defined for the taggers using MC samples. Each work-
ing point is chosen to successfully tag a certain fraction of real b-jets while rejecting
a chosen fraction of light quark and gluon jets. For a b-tagging efficiency of 70 %
the IP3D+SV1 algorithm has a light jet rejection rate of ~80 (i.e. 1/80 = 1.25 % of
light jets are mis-tagged as b-jets) [17].

3.6 Missing Transverse Energy

The missing transverse momentum, E?iss, is defined as the momentum imbalance
in the plane transverse to the beam axis. As the two incoming protons only have
momentum along the direction of the beam, conservation of momentum tells us that
the net momentum in the plane transverse to the beam axis should be zero after the
protons have collided. Any missing transverse momentum signals the presence of
weakly or non-interacting particles such as neutrinos.

The E?i“ is computed using information from energy depositions in the calorime-
ters and muons reconstructed in the MS [18]. The missing transverse component is
calculated from the missing X and y components by


http://dx.doi.org/10.1007/978-3-319-19653-4_5
http://dx.doi.org/10.1007/978-3-319-19653-4_5

52 3 Reconstructing Physics Objects

E%iss — \/(E;mss)2 + (E;niss)Z ,

where the x and y components are each calculated by summing the contributions
from the calorimeter and MS, i.e.

miss __ jpmiss,calo miss, i
X(y) — EX(y) + EX(y)

The calorimeter term is made up of several independently calibrated terms asso-
ciated with all objects that deposit energy in the calorimeter,

miss,calo __ miss,e miss, y miss, T
Ew =Eo TEy  TEy

miss,jets Emiss,softjets
x(y) x(y)

miss,CellOut

+E X(y)

+E
These objects are electrons, photons and hadronically decaying taus all with pr >
10 GeV, LCW+IJES jets with pt > 20 GeV, softer LCW+JES jets with 7 GeV < pt <
20 GeV, and a “CellOut” term to account for calorimeter cells not associated with
any specific physics object.

Each of the terms is built by taking the negative sum of the energy deposited in
all calorimeter cells associated with the object, up to |n| < 4.5,

Ntem’l

cell
plissterm E E;sin 6;cos ¢; ,
i=1

Nterm

cell
E;,mss’term =— E E;sin 0;sin ¢; .
i=1

The E%‘iss muon term is calculated from the momenta of muon tracks reconstructed

with |n] < 2.7,
mlss = Z pX(y) G2

muons

In the region || < 2.5 only combined muons are used, i.e. those with tracks in the
MS matched to tracks in the ID. In the range 2.5 < |n| < 2.7, which is beyond the
coverage of the ID, stand-alone muons are used.

For non-isolated muons (AR(u, jet)< 0.3) an additional term is added to the
calculation of the missing Er, E{{J} o This takes into account energy lost by
muons as they traverses the calorimeters, which cannot be distinguished from energy
deposits left by particles in the jet. The muon spectrometer measurement of the
momentum, after energy loss, is therefore used in this case. For isolated muons the
combination of the MS tracks with those found in the ID takes into account the
energy lost by the muon in the calorimeter, so the extra term is not needed.
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Chapter 4
Event-Filter Muon Isolation

4.1 Introduction

Muons can be produced in a range of physics processes. Typically those of most
interest are muons that originate in the decay of a heavy boson, forexample W — uv.
Such muons are usually isolated from hadronic activity, in contrast to muons that
originate in the decays of hadrons, which are often found within jets. To give us
more confidence that muons collected have come from heavy boson decays, as well
as reducing the rate of collecting non-isolated and potentially “fake” muons, isolation
variables are defined that quantify the amount of hadronic activity surrounding the
muon. This chapter describes work performed on commissioning a new isolated
muon trigger that uses track information available at the Event Filter (EF). After
commissioning, the isolated trigger was used as one of the primary triggers for the
2012 data-taking period. Work in this chapter has been published in [1].

4.2 The Need for Isolated Triggers

During the 2011 data-taking period, as the luminosity of the LHC increased, the
rate of muons being accepted by EF muon triggers increased steadily. Table 4.1 gives
some examples of representative rates for EF muon triggers obtained during a typical
runin the 2011 data taking. The final column also gives an estimate of the trigger rates
that would be obtained after extrapolating to instantaneous luminosities predicted for
the 2012 data taking at /s = 7 TeV.

Given that the total rate allowed at the output of the EF is 400 Hz, it is clear that
a single trigger using around 50 % of the total available bandwidth would not be
acceptable. Potential solutions to this problem include increasing the pt thresholds
on triggers or imposing isolation requirements inside the triggers. It was predicted
that increasing pr thresholds would reduce the number of muon events available for
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Table 4.1 Rates for EF muon triggers

Trigger 2011 rate (Hz) Predicted 2012 rate (Hz)
mul8 65 203
mul8_medium 62 193
mu20_medium 43 134
mu22_medium 31 97

2011 trigger rates were taken from a typical run with instantaneous luminosity 1.6x 1033 cm=2s~!

Predictions for rates that might be obtained in 2012 were made by scaling the 2011 rates to an
instantaneous luminosity of 5x 1033cm=2s~!

analysis by an unacceptable amount, however selecting only those muons that are
isolated reduces the trigger rate, as required, and increases the fraction of muons
collected that originate from decays such as Z — ppu.

4.3 Implementation and Performance

In the L2 trigger, isolation variables are defined using information from tracks recon-
structed in the ID and energy deposits in the calorimeters. The track isolation variable,
> pT, is defined as the scalar-sum of the pr of tracks with AR(u, L2 track)< 0.2.
The ID tracks found at L2 were required to have pr > 1 GeV and have a lon-
gitudinal impact parameter close to that of the L2 muon, Azg = |zo(L2 track) —
z0(L2 muon)| < 15 mm. Calorimeter isolation is also calculated at L2 by summing
the energy deposited in calorimeter cells in annuli surrounding the muons. The annuli
are defined as 0.07 < AR < 0.2 for the ECal and 0.1 < AR < 0.2 for the HCal.
Different lower bounds are chosen due to the different granularities of the ECal and
HCal.

At the EF, the efficiency of reconstructing tracks, as well as the precision with
which their pt can be measured, is higher. Therefore only information from recon-
structed tracks is used to define the isolation variable. As at L2, > pr is defined as the
scalar-sum of the pr of tracks surrounding the muon with AR(u, EF track) < 0.2.
ID tracks used in the calculation of the EF track isolation variable were required to
have pr > 1 GeV and a longitudinal impact parameter close to that of the EF muon,
Azo = |zo(EF track) — zo(EF muon)| < 10 mm. Cuts on Azp were used to stop
tracks from pile-up interactions entering the calculation of the isolation variable. The
choice of cut value was re-evaluated to ensure it was robust against the increasingly
severe pile-up conditions provided by the LHC, as described in Sect.4.3.1.

Two samples of events, collected from the 2011 data, were needed to measure
the performance of the isolation variables and define cuts to be used by the isolated
trigger. Both samples contained muons that were successfully found by offline recon-
struction algorithms. In the first sample, events containing muons originating in the
decay of a Z-boson were selected and used to measure the efficiency of the isolation
algorithms. A second sample of events were collected that were required only to
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Fig. 4.1 Distribution of the isolation variables >_ pr a and Y, pr/pr(x) b for muons originating
from the decay of a Z-boson (pink hatching) and a sample of muons passing a non-isolated trigger
with pr > 22 GeV (black hatching)

pass a single muon trigger with no isolation requirements. Muons in this sample
originate from a mixture of background processes that produce non-isolated muons,
for example bb production, as well as processes that produce high-pr isolated muons
such as the production and decay of W- and Z-bosons.

Figure4.1a shows the distribution of the isolation variable, Z pT, obtained from
each sample of events. Naively we would expect that the smallest non-zero value
> pr would be 1 GeV, from events in which a muon was accompanied by a single
minimum pr track. However some entries are visible in bins between 0 and 1 GeV.
The reason for this comes from the way in which the calculation of the isolation
variable is performed. The ID track associated with the muon is reconstructed twice,
initially during the reconstruction of the combined muon and then again during the
calculation of the isolation variable. The regions of n-¢ used when reconstructing
the tracks are slightly different in each case, and therefore the subtraction of the ID
track associated with the combined muon from Y’ pr can result in values between 0
and 1 GeV. Figure4.1b shows the distribution of the relative isolation, >_ pt/pt (1),
where the pr of the combined muon is used in the denominator.

The muons from Z-boson decays have much narrower »_ pr and > pr/pr(n)
distributions and are therefore good quantities to use to distinguish isolated muons.

Before an isolated trigger could be used online to accept or reject real events, the
parameters and cut values had to be optimised. The efficiency for Z — pu events to
pass cuts on the isolation variable had to be kept as high as possible, while ensuring
that inclusive muon events from the single muon trigger were rejected at a sufficiently
high rate. The efficiency and rejection rate were plotted as a function of the cut value
on the isolation variable, shown for the EF track isolation variable in Fig.4.2. The
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efficiency versus rejection rate can then be plotted, as shown in Fig. 4.3, to show how
a target rejection rate maps to an efficiency.’

The plots shown in Figs.4.2 and 4.3 were produced by varying only the cut on
the EF track isolation variable, with no cut on the L2 track or calorimeter isolation
variables. Similar efficiency versus rejection curves can be created by imposing cuts

In Figs.4.2, 4.3 and 4.4 the trigger efficiency is measured with respect to offline muons with
pr > 20GeV and which pass cuts on the quality of their ID tracks. From Fig. 4.5 onwards efficiencies
are measured with respect to isolated offline muons that satisfy the same pr and track quality
requirements and also have > pr/pr(pn)< 0.1.
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on both the L2 and EF isolation variables. An example of a family of curves produced
by varying the cuts on the EF track isolation and L2 calorimeter isolation variables
for a given cut on the L2 track isolation variable is shown in Fig.4.4. Equivalent
curves can be produced by varying the cut on the relative EF track isolation variable,
> pr/pr(w). It can be seen that cutting on the L2 isolation variables produces a
smaller effect than imposing cuts on the EF track isolation.

Physics analysis groups required that the pr threshold on the isolated single muon
trigger was to be kept as low as possible for the 2012 data taking. Searches for rare
processes such as H— tt, for example, need as many potential signal events to be
kept as possible. A 24 GeV pr threshold was used and it was decided that a sufficient
rejection rate could be obtained, and computation time saved, by cutting on only the
EF track isolation variable. The relative isolation, > pr/pr (i) was ultimately used,
since it produces a looser isolation requirement for high-pt muons, where isolation
is less important. The cut value chosen was >_ pr/pr() < 0.12—a looser cut than
that applied by offline analyses to ensure no loss of efficiency. As shown in Fig. 4.5,
this is a point at which a rejection of around 55 % is achieved without any noticeable
drop in efficiency.

The efficiency of the isolated trigger with respect to offline isolated muons is
shown as a function of muon pr in Fig.4.6. With the choice of > pr/pr(un)< 0.12
the efficiency of the isolated trigger is close to one, and does not show any noticeable
dependence on the pr of the muons.
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4.3.1 Pile-up Dependence

The pile-up dependence of the isolation was important to evaluate before deploying
the trigger online. The pile-up conditions in 2011 were known to be less severe than
those expected in 2012. Therefore any pile-up dependence observed in the 2011
data could render the isolated trigger unusable in 2012. In Fig.4.7 the mean of the
isolation variable > pr is shown as a function of the number of primary vertices
reconstructed in the event. The mean increases with increasing numbers of vertices,
indicating a small pileup dependency.

Figure 4.8a shows the difference in longitudinal impact parameter between muons
and nearby ID tracks, for events with different numbers of reconstructed vertices.
The distribution broadens slightly as the number of vertices increases, indicating that
increasing numbers of tracks from pile-up are being included in the calculation of
> pr. In an attempt to reduce the pile-up dependence the Az cut was tightened to
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6 mm. Making a change such as this increased the isolated trigger rate; fewer tracks
were being used to calculate >_ pr and so a given muon would look slightly more
isolated than when the cut of Azp < 10 mm was used. The muon would then pass
the cut on the isolation variable where it had failed before. The change in rate was
calculated by running two versions of the trigger, with the 10 and 6 mm cuts, on
the same set of data and counting the number of events which passed in each case.
Tightening the Azg cut to 6 mm was observed to increase the trigger rate by just 2 %,
an amount which was deemed to be acceptable. Figure 4.8b compares the mean value
of the isolation variable when the longitudinal impact parameter cut is reduced to
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6mm. As expected the value of the isolation variable reduces, since there are fewer
tracks being included in the summation, and the pile-up dependence is also reduced.

Figure 4.9 shows the efficiency of the isolated trigger as a function of the number
of reconstructed vertices in the event. No significant dependence on the pile-up
conditions is observed.

4.4 Summary

The EF isolated muon trigger was used online throughout the 2012 data-taking period.
A cut of Azg < 6 mm was used on the tracks entering the calculation of the isolation
variable, and a cut on the relative isolation variable of > pr/pr(u) < 0.12 was
used to determine whether a given muon was isolated. The trigger became one of
the primary muon triggers used in 2012 and was used in the analysis described in
Chap.7.
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Chapter 5
Jet Vetoing in Top-Antitop Events

5.1 Introduction and Motivation

Measurements of the properties of the top quark provide important tests of the Stan-
dard Model and any deviations from the SM predictions could be an indication of
new physics. However, many top quark analyses suffer from large uncertainties asso-
ciated with the Monte Carlo modelling of tt final states, in particular the additional
quark or gluon radiation present in the events. In many cases the modelling of addi-
tional radiation is one of the dominant uncertainties limiting the precision of ATLAS
measurements. Table 5.1 gives some examples. Given the large number of analyses
in which the uncertainty associated with the modelling of additional radiation pro-
duced in association with a tt system was dominant, it was clear that measurements
sensitive to this radiation were needed. The Monte Carlo modelling could then be
constrained and uncertainties in subsequent measurements could be reduced.

This chapter will describe how a jet veto was used to quantify the amount of addi-
tional jet activity in tt events and constrain the uncertainty associated with modelling
the additional quark and gluon radiation. As discussed in Sect. 1.6, jet vetoes have
been studied for many years, typically in events containing a dijet system. One of
the first measurements of such quantities at the LHC was the ATLAS measurement
of dijet production with a veto additional central jet activity [5]. The measurements
presented in this chapter were not only the first measurements of jet vetoes in tt
events, but also the first detector corrected measurements of tt final states at the
LHC. All measurements were performed using data from proton-proton collisions at
/s = TTeV collected by the ATLAS detector during 201 1. The integrated luminosity
of the data sample was 2.05 4 0.08 fb~!.

Work in this chapter has been published in [6, 7].
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Table5.1 Measurements performed using the 2011 data collected by ATLAS in which the dominant
source of systematic uncertainty was the MC modelling of the tt system

Measurement Uncertainty % of total (%)
tt spin-correlations [1] ISR/FSR 10
tt cross section [2] Generator 40
top mass [3] ISR/FSR 22
tt charge asymmetry [4] ISR/FSR 17

ISR/FSR refers to an uncertainty associated with the amount of initial and final-state radiation
produced (cf. Sect. 5.2). Generator refers to the combined uncertainty obtained after comparing the
description of the tt system provided by different MC generators, varying the amount of ISR and
FSR, and assessing PDF uncertainties. The dominant contribution in the Generator category is the
modelling of ISR and FSR

5.1.1 Variable Definition

The variable of interest is the jet veto efficiency, or gap fraction, defined as

n(Qo)

f(Qo) = N

(5.1)

where N is the number of selected tt events, and n(Qy) is the subset of these events
which do not contain any additional jets with transverse momentum above a threshold
Qo, in a central rapidity interval. The jet veto efficiency can then be expressed as

F(00) = 220

(5.2)

where o is the fiducial cross section for inclusive tt production, and o (Qg) is the
fiducial cross section for tt events not containing any additional jets with pr> Qg in
the rapidity interval. The jet veto efficiency is measured for four jet rapidity intervals:
|y] < 0.8,0.8 <|y| < 1.5,1.5 <|y|] <2.1,and |y| < 2.1. The jet veto efficiency
presented in this way as a function of Qy is sensitive to the highest-pt emission into
each rapidity interval, but does not account for multiple emissions into each region.
The veto criterion was also extended to probe radiation beyond the leading additional
jet,

n(Qsum) — 0 (Qsum)

f(qum) = N o

(5.3)

where n(Qgsum) is the number of tt events, and o (Qgum) the fiducial cross section in
which the scalar sum of the transverse momentum of all additional jets in the rapidity
interval is less than Qg . Note here that there is still a minimum jet pt requirement,
which introduces an additional scale dependence to this variable.
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5.2 Data and Monte Carlo Samples

The data used in this analysis were collected between March and August 2011.
All events in data were required to pass data quality requirements, as defined by
Top_GRL_XK (cf. Sect. 2.2.4), which ensure that all sub-detectors crucial to the detec-
tion and reconstruction of electrons, muons, jets and missing transverse energy were
fully functional. Events were also required to have fired either the single electron
trigger (EF_e20_medium until period K and EF_e22_medium in period K) or
the single muon trigger (EF_mul8 until period J and EF_mul8_medium in peri-
ods J and K). The e20 and e22 refer to single electron triggers with pt thresholds
of 20 and 22 GeV, respectively. The mul8 refers to a single muon trigger with a pr
threshold of 18 GeV, and _medium in this case is shorthand for the requirement that
a specific L1 trigger must also have fired.

Monte Carlo events were produced using a variety of generators, capable of
producing tt events with differing levels of theoretical accuracy. MC@NLO [8]
and POWHEG [9] were used to generate inclusive tt events with next-to-leading
order accuracy. A cartoon schematic of the accuracy to which these events can
be produced is shown in Fig.5.1. As the inclusive tt events are produced with

Fig. 5.1 Cartoons giving a schematic description of the physics included in tt events generated
with the next-to-leading order MCs MC@NLO and POWHEG. The dashed oval in a represents all
virtual corrections to the leading order tt diagram. The external gluon shown in b represents the real
emission corrections, which could be attached to any leg of the diagram enclosed by the loop. The
cartoon in ¢ shows the additional QCD radiation produced by the parton shower, which is typically
softer than that produced by the matrix element
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next-to-leading order accuracy (Fig.5.1a), the first additional jet, originating from
the real emission piece of the NLO calculation, has only leading order accuracy in
QCD. This is depicted in Fig.5.1b. The parton-level events are then interfaced to
Monte Carlo programs to provide the parton shower, hadronisation and underlying
event models. Jets originating from the parton shower are often quoted as having lead-
ing logarithmic accuracy, as described previously in Sect. 1.5.2. However, due to the
presence of the non-global and super-leading logarithms discussed in Sect. 1.6, when
estimating a jet veto efficiency the leading-logarithmic accuracy is not guaranteed.

The MC@NLO events were generated using the CTEQ6 . 6 [10] PDF, and inter-
faced to HERWIG [11] v6.510 and JIMMY [12] for parton showering, hadronisation
and underlying event. The event generator tune used was AUET1 [13]. POWHEG
events were also generated using the CTEQ6 . 6 PDF. Parton shower, hadronisation
and underlying event were included by interfacing the POWHEG events to PYTHIA [14]
with tune AMBT1 [15], or to HERWIG+JIMMY with tune AUET1.

ALPGEN and SHERPA were used to produce tt+jets events with leading order
accuracy. Figure 5.2 shows a cartoon depicting the theoretical accuracy to which the
events were generated. Contrary to the NLO generators, the inclusive tt system is
produced with just leading order accuracy (Fig. 5.2a). However, the matrix elements
for tt production with multiple additional partons in the final state are also included
with leading-order accuracy (Fig.5.2b). Parton showers are then applied as before
(Fig.5.2c), along with the usual hadronisation and underlying event models.

ALPGEN [16] was used to generate matrix elements with up to three additional
partons in the final state, using the CTEQ6L1 [10] PDF. HERWIG+JIMMY was used to
provide parton showering, hadronisation and underlying event (tune AUET1). The
MLM [17] matching prescription was used to remove the double-counting between
partons produced by the matrix elements and those coming from the parton shower.

SHERPA was also used to generate tt events with up to three additional partons in
the final state using the CTEQ6L1 PDF. The CKKW [18] matching scheme was used
when combining matrix elements with the parton shower. Events were generated with
the authors’ default underlying event tune.

The generator ACERMC [19], which essentially acts as an interface between
MADGRAPH matrix element calculations and the PYTHIAG6 parton shower, was used to
produces tt events with leading order accuracy, using the MRST2007LO* [20] PDF
and AMBT1 underlying event tune. The ACERMC events have the poorest theoretical
accuracy as the jets are produced only by the parton shower. However the generator
allows easy access to parameters that control the amount of parton shower activity.
Samples of events are generated with increased and decreased amounts of initial-
state radiation, and are typically used to assess ISR-related modelling uncertainties
in ATLAS measurements of tt. In the sample of events generated with decreased
amounts of ISR the following parton shower parameters were set, PARP[67] = 0.5,
PARP[64] = 4. The sample with increased ISR was generated with parameter val-
ues PARP[67] = 6, PARP[64] = 0.25.

The main expected backgrounds to the tt process consist of diboson production,
single top production and Z+jets events. Diboson events were generated with HERWIG
and single top events were generated with MC@NLO interfaced to HERWIG. Z+jets


http://dx.doi.org/10.1007/978-3-319-19653-4_1
http://dx.doi.org/10.1007/978-3-319-19653-4_1

5.2 Data and Monte Carlo Samples 67

(a)

Fig. 5.2 Cartoons giving a schematic description of the physics included in tt events generated
with the multi-leg leading-order MCs SHERPA and ALPGEN

events were generated using ALPGEN interfaced to HERWIG and contained up to five
additional partons in the final state. Separate samples were generated for Z production
in association with bb production, and overlap removal was performed to remove
the double-counting of the heavy quark events. Further backgrounds were expected
from W+jets and QCD multijet events, where one or more leptons do not originate
from a W or Z decay. These backgrounds are difficult to accurately model and so
they were estimated using the data in Sect. 5.4.

All MC samples are passed through the full GEANT4 [21, 22] simulation of
the ATLAS detector. Additional minimum bias events generated with PYTHIA are
overlaid on the signal and background samples and used to simulate the effect of
multiple proton-proton interactions. The simulated events are then reweighted to
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ensure that the average number of proton-proton interactions per bunch crossing,
(1), is the same in MC as in data. (u) varied between data-taking periods and for
the data used in this analysis was in the range 4 < () < 8.

5.3 Object and Event Selection

5.3.1 Muons

The muons used in this analysis were identified as combined, as described in Sect. 3.4.
Cuts were applied to the inner detector tracks used to construct the combined muons.
These cuts are defined by the Muon Combined Performance (MCP) group, to ensure
that all muons used in analyses are of sufficient quality. At the time of this analysis
the cut requirements were:

e Muons must produce at least one hit in the pixel b-layer, at least two hits across
all pixel layers and at least six hits in the SCT.

e There must be fewer than 3 holes across all silicon layers.

e If the muon has || < 1.9, the number of TRT hits + TRT outliers must be greater
than five and the outlier fraction, Noygiers / (Nouttiers + Nhits ), must be less than 0.9.

e For muons with || > 1.9, if the number of hits + outliers is greater than five the
outlier fraction must be less than 0.9.

The muons must be isolated in the calorimeter, by requiring that the sum of energy
deposits in a cone of AR = 0.3 around the muon is less than 4 GeV. The muons
must also be isolated in the inner detector by requiring that the scalar sum of the pr
of tracks within a cone of AR = 0.3 around the muon is less than 4 GeV. Finally a
muon-jet overlap removal cut is applied; any muons with A R(muon, jet) < 0.4 are
rejected.

5.3.2 Electrons

Electrons with a so-called author of 1 or 3 are used in the analysis. These make up
the standard electron collection, and must satisfy the t ight++ electron identifica-
tion requirements as described in Sect.3.3. To ensure well-measured electrons, the
electromagnetic shower produced by electrons traversing the detector must be con-
tained completely within the barrel or end-cap calorimeters. Therefore electrons with
1.37 < |n| < 1.52, which fall into the transition region between the barrel and end-
caps, are rejected. All electrons must also pass calorimeter isolation requirements.
The total transverse energy in a cone of AR = 0.3 around the electron candidate—
without including the electron candidate itself—must be less than 3.5 GeV.
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5.3.3 Jets

Jets are reconstructed using the anti-k algorithm [23, 24] with radius parameter R set
to 0.4. The inputs to the jet-finding algorithm are clusters of adjacent calorimeter cells
calibrated at the electromagnetic (EM) scale. These jets are corrected for calorimeter
response and other detector effects as described in Sect.3.5.

Jets originating from b-quarks are identified using the IP3D+SV1 algorithm at
the 70 % efficiency working-point, described in Sect.3.5.1, and are referred to as
b-tagged jets.

To remove jets originating from additional proton-proton (pile-up) interactions
the jet vertex fraction (JVF) is required to be greater than 0.75. The JVF variable
is constructed by first associating tracks to jets by checking that A R(jet, track)
< 0.4. The scalar-summed transverse momentum of tracks originating at the primary
vertex is then divided by the scalar-summed transverse momentum of tracks from
all vertices,

ztracks from primary vertex pi
i T
Zall tracks __J . (54)
j Pr

JVF =

If ajetis located outside the acceptance of the inner detector (|y| > 2.4) and therefore
has no associated tracks it receives a JVF value of —1.

5.3.4 Missing Transverse Energy

The missing transverse energy (E%‘iss) in an event is calculated using the
MET_RefFinal_em_tight definition [25]. The inputs to the algorithm are topo-
logical clusters calibrated at the EM scale, and corrected according to the energy scale
of the associated jet or electron. The momentum of muons is not primarily measured
using the calorimeters. They are included in the E?iss calculation using measurements
from the tracking and muon spectrometer systems. Topological clusters are associ-
ated with electrons, high-pr jets and low-pr jets. Any clusters not associated to one
of these objects are included in the E?iss calculation in the so-called Ce110ut term.
All energy corrections and uncertainties applied to reconstructed electron, muons
and jets are also consistently propagated to the calculation of the missing transverse
energy. For example if the energy of a jet is increased when applying the uncertainty,
the missing transverse energy is updated to ensure overall conservation of energy.

5.3.5 Event Selection Requirements

Electrons selected for use in further analysis are required to have large transverse
energy, ET > 25GeV and || < 2.47. Electrons in the transition region between
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the barrel and end-cap calorimeters, with 1.37 < || < 1.52 are not used. Muons
are required to have ptr > 20GeV and |n| < 2.5. All jets, after calibration, are
required to have pr > 25GeV and |y| < 2.4. Jets must also be well-separated from
all selected leptons, £, by AR(j, £) > 0.4.

In order to create a highly enriched tt sample, events are required to contain two
high-pr leptons—either two isolated muons (i), two isolated electrons (ee) or one
isolated muon and one isolated electron (eu). The analysis is then divided according
to the three dilepton decay channels. In all channels events are required to have
two b-tagged jets with pt > 25GeV and |y| < 2.4. In the ee and pp channels, the
background from Z— ee/q . events is reduced by requiring that the dilepton invariant
mass is not close to the Z-boson mass, i.e. |m;; — 91 GeV| > 10 GeV. The dilepton
invariant mass must also be larger than 15 GeV to reject backgrounds from vector-
meson decays. Finally the E%‘iss is required to be greater than 40 GeV to help ensure
the presence of two neutrinos. In the ep channel the backgrounds are significantly
smaller, mainly coming from Z— 77 and diboson events, and are suppressed by
requiring that Ht (the scalar sum of the transverse momentum of all reconstructed
leptons and jets satisfying the selection criteria) is greater than 130 GeV. A summary
of the event selection criteria is shown in Table 5.2.

The event selection described here provides an ideal environment to probe any
additional radiation present in tt events. By requiring two b-tagged jets we gain
confidence in the assumption that any additional (non-pileup) jets that are observed
have come from some QCD emission. The requirement that both W-bosons must
decay to leptons removes complications that arise from jet combinatorics present
when considering hadronically-decaying W’s and gives us further confidence that
the additional jet(s) we select originated from QCD radiation produced in association
with a tt system.

Table 5.2 Selection requirements applied to the three analysis channels

Channel

Selection ee o en

Electrons 2 with ET > 25 GeV, | — 1 with ET > 25 GeV,
In] < 2.47, In| < 2.47,
1.37 < nl < 1.52 1.37 < |n| < 1.52
excluded excluded

Muons — 2 with pt > 20 GeV, |1 with pr > 20 GeV,

Inl <2.5 Inl <2.5

Emiss >40 GeV >40 GeV -

Hry — — >130 GeV

Mg >15 GeV >15 GeV —
[mee — 91 GeV| > [mee — 91 GeV| >
10 GeV 10 GeV

b-tagged jets At least 2 with pr > 25 GeV, |y| < 2.4, AR(j,¢) > 0.4
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5.4 Backgrounds

5.4.1 Fake Lepton Background

The background resulting from events in which objects are mis-identified as leptons—
the fake background—was estimated by another member of the analysis team using
the matrix method [26]. The technique was also used in the tt cross section [2] and
spin correlation [1] analyses, and makes used of a sample of events in which leptons
are identified using criteria less stringent than those used in the main analysis. The
numbers of events containing one or more fake leptons can be related to the number
of events containing loose, or combinations of tight and loose leptons. The matrix
method predicted a total fake background of 42+ 21 events, which was much smaller
than the uncertainty on the expected number of tt events.

5.4.2 Other Backgrounds

Backgrounds from Z + jets, diboson and single-top processes are estimated using the
MC samples described in Sect. 5.2, after scaling the number of expected events to the
NLO (or NNLO where available) cross sections. Cross sections and k-factors applied
to each sample are documented in [27]. Expected numbers of events for the dominant
background sources are shown in Table5.3. The largest physics background comes
from single-top production and contributes approximately 2% to the final event
yield. All other backgrounds are negligible. The total background contamination is
estimated to be smaller than the uncertainty on the theoretical calculation of the tt
cross section of around 5 % [28-30]. Therefore backgrounds are neglected in the
extraction of the jet veto efficiencies. The systematic uncertainty associated with
neglecting the backgrounds is discussed in Sect.5.8.5.

5.5 Corrections to the Simulation

Various sets of corrections were applied to the simulated events to ensure that the
MC matches the performance observed in data. The corrections applied were those
recommended by the top group [31] and combined performance groups for the dataset
used in the analysis.

e The MC events are reweighted to produce the same experimental conditions as
observed in the data. The reweighting ensures that (i) the fraction of events affected
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Table 5.3 Number of events observed in 2 fb~ ! of data, as well as numbers of events expected from
the signal and dominant background processes

Sample Events expected (observed) at 2 fb~!

ee AL en Total
Data 242 436 1095 1773
MC@NLO tt 256.9 363.3 924.0 1544.2
Single top 6.0 12.3 19.7 37.9
Z— pup 0.0 1.1 0.0 1.1
Z— pu+bb 0.0 2.1 0.0 2.1
Z—ee 0.5 0.0 0.0 0.5
Z—ee+bb 1.8 0.0 0.0 1.8
ww 0.0 0.1 0.3 0.4
77 0.0 0.1 0.1 0.2
wZ 0.0 0.2 0.0 0.2

by the LAr hole! is the same in data and MC, and (ii) the average number of
interactions per bunch crossing, (u), was the same in MC and data.

e The muon momentum resolution in the MC was corrected to match the data by
applying additional Gaussian smearing.

e The muon reconstruction efficiency in the MC was corrected to match the perfor-
mance found in Z data events, by applying scale factors.

e The L2 muon trigger was incorrectly configured in the MC simulation and lost
efficiency at high pt. The MC trigger information is therefore not used, but the
trigger efficiency measured in Z data events was applied to the reconstructed offline
muons.

e The efficiency of the muon isolation cuts in the MC was corrected to match the
performance found in Z data events.

e The efficiency of the electron identification and reconstruction in the MC was
corrected to match the performance in Z data events.

e The efficiency and mis-identification rates of the b-tagging algorithm in the MC
were corrected to match those in data.

e The jet energy resolution in the MC was corrected to match the data by applying
additional Gaussian smearing.

The correction factors associated with muons, electrons and jets were provided with
associated uncertainties. The effects of these uncertainties is discussed in Sects. 5.8.6
and 5.8.7.

"During part of the 2011 data-taking period six front-end boards of the Liquid Argon calorimeter
failed.
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5.6 Detector-Level Data and MC Comparisons

The MC samples used in the analysis were compared to data to ensure that the relevant
kinematic properties were modelled sufficiently well. The uncertainty on the expected
number of tt events was quite large—approximately 20 % uncertainty associated with
b-tagging and ~9 % uncertainty from the NNLO cross section. However because the
jet veto efficiency is not sensitive to the overall event normalisation, the tt simulation
was normalised to the number of events observed in data to allow a comparison of
the shapes of distributions. Some example distributions are shown in Fig. 5.3 (lepton
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pT, b-tagged jet pr, leading additional jet pt and leading additional jet rapidity) and
the agreement between data and MC was good in all such distributions.

The jet veto efficiency as a function of Qg in the uncorrected data is compared to
MC@NLO and POWHEG+PYTHIAG6 in Fig. 5.4. The data are seen to be in slightly bet-
ter agreement with POWHEG+PYTHIAG. The jet veto efficiency as a function of Qgm
is compared to the detector-level MC@NLO and POWHEG+PYTHIAG predictions in
Fig.5.5.
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Fig. 5.4 Distribution of the jet veto efficiency as a function of Qg in the uncorrected data compared
to detector-level predictions from MC @ NLO and POWHEG+PYTHIAG fora |y| < 0.8,b0.8 < |y| <
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5.7 Correction for Detector Effects

Itis now common practice that LHC experimental results are unfolded, and presented
after all efficiency and resolution effects have been accounted for. The most important
benefit of undertaking this effort is that it enables detector-independent comparisons
of data from different experiments, as well as comparisons of data to any theoretical
prediction available currently or in the future.

The jet veto efficiencies measured in this analysis were corrected to particle level
by defining correction factors which were applied to each data point. The correction
factor, C, for the jet veto efficiency at a specific value of x = Q¢ or Qun is defined
as
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particle
Clx) = Jue ) ( ) (5.5)

frCCO

where £™°(x) is the reconstructed jet veto efficiency and fPaticle(x) is the particle-
level jet veto efficiency. To correct the data, each point in the measured jet veto
efficiency in data is multiplied by the corresponding correction factor to obtain an
estimate at particle-level, i.e.

f(f;t;rected ()C) -C (x) f(}lﬁcorremed (X)

The cuts applied on particle-level events are chosen to be as similar as possible
to those imposed at detector-level. All particle-level cuts on leptons are identical to
the detector-level cuts listed in Table 5.2, except for the pseudorapidity requirement;
electrons falling into the transition region between the barrel and end-cap calorimeters
are included at particle-level to produce symmetric pseudorapidity requirements
between electrons and muons.

Particle-level jets are also produced using the anti-k; algorithm with R = 0.4;
the input objects to the jet finding algorithm are the final-state interacting particles
(excluding muons and neutrinos) with mean lifetime greater than 10 ps. B-jets at
particle-level are identified by requiring that the jets have a nearby b-hadron i.e.
AR (jet, b-hadron) <0.3. The E?i“ at particle-level is defined by taking the vector
sum of all neutrinos in the final state.

Although being conceptually simple and computationally easy to implement, the
use of bin-by-bin correction factors has one important drawback. If the distribu-
tion being unfolded exhibits large bin-to-bin migrations between particle and recon-
structed level then the unfolded results can be highly biased by the MC sample used
to construct the correction factors. The correction factors obtained from MC@NLO,
POWHEG-+PYTHIA6 and POWHEG+HERWIG are shown as a function of Q¢ in Fig. 5.6
and as a function of Qg in Fig.5.7. The difference in the correction factors obtained
from the different generators is taken as a systematic uncertainty, as described in
Sect.5.8.4.

The correction factor method of unfolding in this analysis is justified in Fig.5.8
by checking the purity, P, and efficiency, E of the selected events. At each point in
the distribution, the purity and efficiency are defined as

article & reco article & reco
ng (Qo) ng (Qo)

P(Qo) = "2 E(Qq) = 2
0 g:dcpo(Q ) 0 pamcle(Q )

Ngap

(5.6)

article & . .
where ng;‘glc € XTI 0p) is the number of events that pass the particle and recon-

struction level event selection and have no additional jets with pt > Qo, nrgfl%"(Qo)
is the number of events that pass the reconstruction level event selection and have no
additional jets with pt > Qo, and ngiglde(Qo) is the number of events that pass the

particle level event selection and have no additional jets with pr > Q.
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The purity is designed to probe the effects of lepton and jet energy/momentum res-
olution on the number of events entering into the numerator of the jet veto efficiency
(“gap” events), while the efficiency shows the effect of reconstruction efficiency on
the events. The low efficiency reflects the efficiencies of the lepton triggers and lep-
ton reconstruction. These effects affect both the numerator and denominator of the
jet veto efficiency and do not have to be explicitly corrected for in the analysis. The
high purity reflects the small effect of lepton and jet resolutions across the selection
boundaries which define the number of gap events.
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5.8 Systematic Uncertainties

Since the jet veto efficiency is defined as a ratio of events, systematic uncertainties
affecting the inclusive event selection are expected to cancel. This includes uncer-
tainties on the top cross section, the luminosity, lepton trigger and reconstruction
efficiencies and b-tagging efficiency, which are otherwise significant uncertainties
in many tt analyses. Uncertainties that affect the jets, and in particular the addi-
tional jets that define whether or not an event passes the jet veto, will not cancel and
must be evaluated in detail. The systematic uncertainties expected to dominate are
the jet energy scale (JES), jet energy resolution (JER), jet reconstruction efficiency
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and the uncertainty associated with estimating the number of additional (pile-up)
interactions.

The effects of systematic uncertainties on the jet veto efficiency as a function of
Qo are presented individually in the following sections. The systematic uncertainties
on the jet veto efficiency as a function of Qg,y are qualitatively very similar and are
therefore not presented separately here.

5.8.1 Jet Energy Scale

The uncertainty due to the jet energy scale has been evaluated by the combined
performance group [32] and is provided in the MultijetJESUncertainty
Provider [33] package. The package provides a per-jet energy uncertainty and
includes the uncertainty in the calibration method, uncertainties from close-by jets,
an uncertainty due to the different response of quark or gluon-initiated jets and the
uncertainty due to soft activity from additional proton-proton interactions. To eval-
uate the effect of each source of JES uncertainty, the energy of each jet in the MC
sample is shifted up or down by one standard deviation. The event selections are
then re-applied and the jet veto efficiencies are re-calculated. The fractional differ-
ence between the nominal jet veto efficiency and the shifted one is taken to be the
uncertainty due to the jet energy scale. Figure5.9 shows the resulting systematic
uncertainty due to the JES. At low values of Q¢ the uncertainty is, at worst, 3 % for
the veto region |y| < 2.1, falling to 1 % by Qo = 70 GeV. In the other veto regions
the uncertainty is around 1 % at low Qy.
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5.8.2 Uncertainties Due to Additional pp Interactions

The presence of additional proton-proton interactions can affect the measured jet
veto efficiency in two ways. Firstly, soft energy can be added into the jets originating
from the tt interaction. This source of uncertainty is included in the overall jet energy
scale uncertainty described in Sect. 5.8.1. Secondly, jets can be reconstructed entirely
from energy produced in the pile-up collisions. The effect of these pile-up jets is
greatly reduced by the application of the jet vertex fraction requirement, described
in Sect.5.3.3. Figure5.10 shows the reconstructed jet veto efficiency predicted by
MC@NLO at Qg =30GeV, as a function of the average number of interactions (i),
with and without the application of the JVF cut. The effect of the JVF cut significantly
reduces the (u)-dependence. However, the JVF cut is not guaranteed to remove all
pile-up jets, and the uncertainty due to this residual pile-up must be estimated.

The effect of residual pile-up is estimated using the MC events by matching
the reconstructed jets to particle-level jets that originate from the hard scatter.
Figure 5.11a shows the AR between reconstructed jets and their nearest particle-
level jet. The reconstructed jets are required to have 25 < pt < 30 GeV and the
particle-level jets allowed to have pt as low as 7 GeV to avoid resolution issues when
performing the matching. The AR distribution was constructed using three require-
ments on the jet vertex fraction: (i) no JVF cut, (ii) JVF > 0.1 and (iii) JVF > 0.75.
Figure 5.11b shows the JVF cut efficiency as a function of AR.

Jets that have a large A R with respect to the nearest particle-level jet are likely to
have originated from a pile-up interaction. Therefore the uncertainty due to residual
pile-up jets is estimated by removing jets from the analysis if they have AR > 0.3.
Figure 5.12 shows the ratio of the jet veto efficiency obtained after the A R-matching
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to that obtained in the standard analysis. The effect of residual pile-up is estimated
from this comparison to be less than 1 %.

The use of the JVF requirement also introduces a potential source of systematic
uncertainty in the measurement; the efficiency of the JVF algorithm in the data may
not be correctly reproduced in the MC samples. In order to estimate this uncertainty
the entire analysis chain is repeated with different values of the JVF cut. The unfolding
corrections are re-derived and the data are corrected back to particle level. The
resulting unfolded jet veto efficiencies are then compared to the standard result.
Any relevant differences between the performance of the JVF algorithm in data
and MC are expected to manifest themselves as differences in the unfolded jet veto
efficiencies, and so any observed differences are taken as the systematic uncertainty
due to the JVF algorithm.

Figure 5.13 shows the shift in the unfolded data obtained after (i) changing the
JVF cut to 0.1 and (ii) dropping the JVF cut entirely, as a function of Q¢. In both
cases the shift in the unfolded jet veto efficiency is about 2 % at the smallest values of
Qo. The data obtained with a JVF cut of 0.1 was chosen to estimate the uncertainty
to reduce any effects from the mismodelling of pile-up jets, the majority of which
are observed to lie in the range 0 < JVF < 0.1.

5.8.3 Uncertainty in the b-Tagging

The performance of the b-tagging algorithm has been measured in the data [34, 35]
and the uncertainty on the calibration was propagated to the analysis. The uncertainty
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on the identification of b-jets is expected to cancel in the jet veto efficiency. However
there is a small class of events where one b-jet from the top decay falls outside the
detector acceptance and a jet from additional radiation is identified as a b-jet. The
effect of the uncertainty on the b-tagging algorithm in this class of events will not
fully cancel in the ratio when the jet veto efficiency is constructed. Figure 5.14 shows
the effect of the b-tagging uncertainty on the jet veto efficiency as a function of Qg
and is found to be <1 % across the full range.

5.8.4 Uncertainty Due to Unfolding to Particle Level

The point-by-point unfolding outlined in Sect.5.7 is sensitive to the physics mod-
elling in the event generator used to obtain the correction factors. The MC@NLO
MC samples were used as the default. To estimate an uncertainty due to physics
modelling the correction factors were re-derived using both POWHEG+PYTHIA6 and
POWHEG+HERWIG, as illustrated in Fig.5.6.



A
)

fractional uncertainty

fractional uncertainty

Systematic Uncertainties

(a)

1.004
1.002

1
0.998
0.996

(V]

1.001

0.999

T T T T T =]
]gL yl<08 ]
f/ —Pileup ]
= W IR TSI ST S S S NSRRI MU o |
50 100 150 200 250 300
Q, [GeV]
e e o S B e
‘L\ 15<lyl<21
I/ —Pileup —
e b b b b 0 1
50 100 150 200 250 300

Q, [GeV]

fractional uncertainty

fractional uncertainty

83

(b)
T T T T T T
1.005 08<lyl<15
1
0.995 IJ- —Pileup .
RPN ST SN IR S S S SRRTSTI NI S S S MR |
50 100 150 200 250 300
Q, [GeV]
(@
1.01F 7 T° T T T T 4
1.005 t yl<21 ]
1
0.995 f—'ﬁ B
—Pileup 1
0.99 O e b b b
50 100 150 200 250 300
C)0 [GeV]

Fig. 5.12 Uncertainty associated with residual pile-up on the jet veto efficiency as a function of

Qpfora|y|<0.8,b0.8 <|y|]<15¢cl5<]|y|l<2landd]y| <2.1

fractional uncertainty

fractional uncertainty

—~_
&0
~

1.01

o
©
©

(c)

1.005

0.995

R e S B
lyl <0.8

:F—‘FJ—;;F>O.I /JVF>0.75 —noJVF/JVF>0.75

|

50

I SRR NS NI R |
100 150 200 250 300
Q, [GeV]

P

A
15<lyl<2.1

—— JVF>0.1/JVF>0.75 —noJVF/JVF>0.75

50

e b b b b )
100 150 200 250 300
Q, [GeV]

fractional uncertainty

fractional uncertainty

0.99

S
08<lyl<15 -

—— JVF>0.1/JVF>0.75

—no JVF/JVF > 0.75 -

P
100

P PR R R
150 200 250 300
Q, [GeV]

@@ _

1.02

o
©
@

—
1 }%—4;\
fy_:wuuwnus — N0 JVF/JVF > 0.75

PRI

e |
lyl<21 7

50

P P T R B |
100 150 200 250 300

Q, [GeV]

Fig. 5.13 Uncertainty due to potential mismodelling of the performance of the jet vertex fraction
algorithm on the jet veto efficiency as a function of Q¢ for a |[y| < 0.8, b 0.8 < |y| < 1.5, ¢
1.5 <|yl|<21landd|y| <2.1

The systematic uncertainty in each bin of the distribution was defined to be the
largest difference between either of the POWHEG predictions and the MC@NLO
default. However, if this difference was smaller than the statistical uncertainty
present in the MC samples, then the statistical uncertainty in the POWHEG+HERWIG
sample—which had the poorest statistics—was taken to be the systematic uncertainty
in that particular bin. The final systematic uncertainty on the unfolding procedure

was symmetrised and is shown in Fig.5.15.
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As an additional cross-check of the physics modelling uncertainty in the unfolding,
areweighting procedure was used to alter the shape of the pr spectrum of the leading
additional jet. The MC@NLO events were reweighted such that the leading additional
jet pr distribution was given a change in shape equal to the maximum allowed by the
jet energy scale uncertainty bands. Figure5.16 shows the effect of these variations
on the jet veto efficiency and the corresponding change in the correction factors.
This effect was found to be smaller than the variations between the correction factors
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Fig. 5.16 a The effect on the reconstructed jet veto efficiency of reweighting the leading additional
jet pr. b The corresponding change in the unfolding correction factors

obtained with different NLO generators, and was not used as an additional uncertainty
in the final measurement.

The particle-level definition used in this measurement was chosen to closely match
the acceptance of the ATLAS detector, resulting in different fiducial regions in the
electron and muon channel. The effect of changing the lepton fiducial region was
investigated by decreasing the electron pr cut to 20 GeV, thereby mimicking the cuts
used to select muons. The effect was observed to be negligible, and it is therefore
concluded that the effect of small changes in the lepton kinematics cancel in the ratio
when constructing the jet veto efficiency.

The effect of using dressed or bare leptons was also investigated. Leptons were
dressed by combining them with all photons with AR(y, £)< 0.2. Figure 5.17 shows
the effect of using dressed or bare electrons on the jet veto efficiency. The difference
is negligible, which is expected given that the acceptance due to lepton definition
should cancel in the ratio when constructing the jet veto efficiency.

Finally the definition of the particle-level jets was also examined. It has been
common in previous jet-based analyses to construct particle-level jets using all final-
state particles including muons and neutrinos. In the default analysis here, muons and
neutrinos were not included in the input to the jet finding algorithm. In principle it is
preferable to include these particles, to capture the energy of the jet carried by muons
and neutrinos originating from in-flights decays. However, including neutrinos would
lead to neutrino-jets being produced from the high-pt neutrinos originating in the
hard scatter. These neutrino-jets have no analogue at reconstruction level and would
need to be carefully removed from the particle-level events. Therefore the simpler
definition—no muons or neutrinos included—was used. The effect on the jet veto
efficiency of using a different jet definition was tested by comparing the default choice
to a definition in which all final-state particles except muons, electrons or neutrinos
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all with pt > 20GeV are used to build the jets. With this selection any soft leptons
from processes such as in-flight decays are preserved. The change in the jet veto
efficiency was 0.4 % at Qo = 25 GeV, falling to less than 0.1 % by Q¢ = 60 GeV.

5.8.5 Uncertainty Due to Background Contamination

As discussed in Sect. 5.4 the contribution from background processes is small, and
so this contribution is not explicitly subtracted from the data before unfolding to
particle level. The possible bias from this choice is evaluated here for the two largest
backgrounds—single top and fake events. The key issue is to estimate the difference
between the jet veto efficiency for each background sample and the jet veto efficiency
in data. In the limit that the two distributions have the same shape then the background
will cause no bias in the measurement.

The single top background is estimated using MC@NLO MC events. The jet veto
efficiency obtained using these events is shown in Fig.5.18a. The events expected
from the single top process are subtracted from the data and the jet veto efficiency
re-calculated. The difference between this new distribution and the default result is
taken to be the systematic uncertainty and is shown in Fig.5.19.

The matrix method used to estimate the contribution from fake events has a large
statistical uncertainty. An estimate of the jet veto efficiency produced using fake
events is shown in Fig. 5.18b. Because the statistical uncertainty is significant, two
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smooth curves are used to band the distribution. From these curves two alternate
shapes of the leading jet pt distribution can be inferred. These distributions are then
subtracted from the leading jet pr distribution observed in data, and the resulting
distribution is used to produce two new jet veto efficiencies. The fractional differ-
ence between these distributions and the default jet veto efficiency is taken as the
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systematic uncertainty due to the fake background, and is shown in Fig.5.20. A
maximum uncertainty of 0.5 % was estimated for the smallest values of Qg.

5.8.6 Uncertainty Due to Lepton Efficiencies and Resolutions

The efficiency to select and trigger on muons and electrons has an associated uncer-
tainty. This uncertainty is propagated to the tt MC samples, using the official tools
provided by the combined performance groups, and the gap fraction is recalculated.
As expected the uncertainties are found to cancel in the ratio when constructing the
jet veto efficiency and the residual uncertainty on the jet veto efficiency is found to
be less than 0.1 %.

5.8.7 Uncertainty Due to Jet Resolution and Efficiency

The uncertainty due to the modelling of the jet energy resolution has been eval-
uated in [36] and is assessed using the JetResolution-00-00-09 package.
Additional Gaussian smearing corresponding the to the uncertainty on the data mea-
surement of the jet energy resolution [36] is applied to all jets in the MC, and the
jet veto efficiency curves are recalculated. The systematic uncertainty due to the jet
energy resolution is obtained by comparing the default jet veto efficiency curve to
those calculated after applying the jet energy resolution uncertainty, and is shown in
Fig.5.21.
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Fig. 5.21 Uncertainty due to the jet energy resolution on the jet veto efficiency as a function of Qg

for a

¥ <0.8,b0.8 < |y <1.5,¢l.5<|y| <2landd|y| <2.1

The reconstruction efficiency for jets is assessed using the Jet Ef f1 Provider—
00-00-02 package. Jets are removed from the MC according to the uncertainty in
the jet reconstruction efficiency [36], which is 98 % at pr = 25 GeV, for example.
The analysis is re-run using the updated jet collection and the jet veto efficiency is
recalculated. The resulting uncertainty is shown in Fig.5.22.
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Fig. 5.23 Breakdown of the systematic uncertainties on the jet veto efficiency as a function of Qg
fora|y| <08,b0.8 <|y| <15,¢1.5 <]yl <2.1andd |y| < 2.1. The step size in Qo was
chosen to be commensurate with the jet energy resolution. The individual systematic uncertainties
are shown as labelled lines of different styles and the total systematic uncertainty is shown as the
outer black solid line. The statistical uncertainty on the data is shown as the shaded area. The
systematic uncertainties are only shown up to Qg = 200 GeV. The results above this value are
consistent with the results at 200 GeV

5.8.8 Summary of Systematic Uncertainties

Figure 5.23 shows a breakdown of the fractional systematic uncertainties on the jet
veto efficiency as a function of Q¢. Also shown as a green band is the relative
statistical uncertainty on the data. The dominant uncertainties come from the jet
energy scale, pileup modelling and unfolding to particle level. The final systematic
uncertainties are smaller than 4 % in the veto region |y| < 2.1 and smaller than 2 %
for the veto region |y| < 0.8.

Figure 5.24 shows a breakdown of the systematic uncertainties on the jet veto
efficiency as a function of Qqm. Each systematic uncertainty is slightly larger than
the associated uncertainty in the Qg distribution, due to the impact of low-pr jets
across the full spectrum.
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Fig. 5.24 Breakdown of the systematic uncertainties on the jet veto efficiency as a function of
Qsum fora |y| < 0.8,b0.8 < |y] < 1.5,¢ 1.5 < |y| < 2.1andd |y| < 2.1. The step size in
Qsum Was chosen to be commensurate with the jet energy resolution. The individual systematic
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shown as the outer black solid line. The statistical uncertainty on the data is shown as the shaded
area. The systematic uncertainties are only shown up to Qgum= 200 GeV. The results above this
value are consistent with the results at 200 GeV

5.9 Results

The jet veto efficiency as a function of Qg is compared to the predictions from
the NLO and multi-leg LO generators in Fig.5.25. In general all of the generators
are found to give a reasonable description of the data. The difference between the
predictions from MC @NLO and POWHEG is approximately the same size as the total
experimental uncertainty, and therefore the measurement is beginning to probe the
differences between the alternative methods of merging next-to-leading order matrix
element calculations with parton showers.

When investigating the additional jet activity produced in a very central region of
the detector, |y| < 0.8 (Fig.5.25a), it is found that the jet veto efficiency produced
by MC@NLO slightly over-shoots the data. A jet veto efficiency that is too large
implies that too little additional radiation is being produced in this very central region
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Fig. 5.25 The measured jet veto efficiency as a function of Qg is compared to the predictions from
the NLO and multi-leg LO MC generators in the rapidity regions a |y| < 0.8, b 0.8 < |y| < 1.5,
c 1.5 <|y|] <2.1andd |y|] < 2.1. The data are shown as closed black circles with statistical
uncertainties. The yellow band is the total experimental uncertainty on the measurement (statistical
and systematic). The theoretical predictions are shown as solid and dashed coloured lines

of rapidity. The observation that MC@NLO produces fewer jets than ALPGEN has
been previously discussed in the literature [37], and recent measurements of the
jet multiplicity in tt events [38] have also found that MC@NLO produces fewer
additional jets than that predicted by other MC generators and that found in data.
In the most forward rapidity interval, 1.5 < |y| < 2.1 (Fig.5.25c), none of the pre-
dictions from the NLO or multi-leg LO generators completely described the jet veto
efficiency measured in data. Although the predictions from MC@NLO, POWHEG,
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ALPGEN and SHERPA are similar to each other the predicted jet veto efficiencies are
all slightly too low, which implies that all of the generators are producing slightly too
much additional radiation in the forward region of rapidity. One potential reason for
this discrepancy could be the lack of BFKL physics (cf. Sect. 1.6) present in these
generators.

In general, when the veto is applied to jets falling in the full rapidity range,
|y] < 2.1, it is found that all of the generators give a good description of the jet veto
efficiency measured in data.

The jet veto efficiency as a function of Qg is compared to the predictions from
ACERMC in Fig. 5.26. The difference between the default sample and the ISR-varied
samples was commonly used in top physics analyses to estimate a systematic uncer-
tainty associated with the parton shower and the modelling of additional quark and
gluon emissions. The ISR-varied samples are found to be poor models of the data,
and the spread of predictions is much larger than the total experimental uncertainty.
This indicates that the size of the variations used to assess the uncertainty could
be significantly reduced. Further discussion on the impact of this measurement and
updated prescriptions for estimating QCD modelling uncertainties can be found in
Sect.5.10.

In Fig.5.27 the jet veto efficiency as a function of Qg is compared to the
predictions produced by the multi-leg LO and NLO MC generators. The jet veto
efficiency at given values of Qg,ny are lower than for the Qg, indicating that the
measurement is sensitive to the quark and gluon radiation beyond the first emission.
As expected, the largest difference between the jet veto efficiency as a function
of Qgum compared to Qg occurs when jets are vetoed in the full rapidity interval
|y| < 2.1. However, the agreement between the data and MC predictions is similar
to the Q¢ case. This implies that the leading emission is typically the most important,
and the leading logarithmic approximations used for jets beyond the first emission,
produced by the PYTHIA and HERWIG parton showers, are performing as well as the
leading order predictions produced by ALPGEN and SHERPA.

Since the jet veto efficiency can be expressed as a ratio of cross sections (c.f.
Eq.5.2) which is calculated at each value of Qg and Qg using all selected events,
there exist significant statistical correlations between the jet veto efficiency at differ-
ent values of Q¢ or Qqum. The statistical correlation matrices for the jet veto efficiency
at different values of Q¢ and Qg,y are shown in Figs.5.28 and 5.29 respectively.
Neighbouring points are strongly correlated, while well-separated points are less
correlated.

All detector-corrected data are available in the HepData database [39], and a
Rivet [40] routine was prepared [41] to allow access to the data points and the easy
comparison of data and MC predictions.
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Fig. 5.26 The measured jet veto efficiency as a function of Qg fora |y| < 0.8,b 0.8 < |y| < 1.5,
cl.5<|y| <2landd |y| < 2.1 is compared to predictions from the ACERMC generator, where
different PYTHIA parton shower parameters are used to produce samples of events with nominal,
increases and decreased initial state radiation (ISR). The data are shown as closed black circles with
statistical uncertainties. The yellow band is the total experimental uncertainty on the measurement
(statistical and systematic). The theoretical predictions are shown as solid and dashed coloured
lines

5.10 Impact

The ISR variations produced with ACERMC (Fig.5.26) had been used in previ-
ous tt measurements [1—4] to estimate an uncertainty due to the parton shower and
QCD modelling. After finding that the variations were much larger than the total
experimental uncertainty on the data, the parameters used to alter the amount of
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Fig. 5.27 The measured jet veto efficiency as a function of Qg is compared to predictions from
the NLO and multi-leg LO MC generators in the rapidity regions a |y| < 0.8, b 0.8 < |y| < 1.5,
c 1.5 <|y| < 2.1andd |y|] < 2.1. The data are shown as closed black circles with statistical
uncertainties. The yellow band is the total experimental uncertainty on the measurement (statistical
and systematic). The theoretical predictions are shown as solid and dashed coloured lines

parton shower activity were re-tuned to be more consistent with the size of the
total experimental uncertainty. The updated ACERMC curves used to estimate this
uncertainty are constructed using combinations of the parameters that control the
amount of initial and final-state radiation. They are now labelled simply ‘MorePS’
and ‘LessPS’ which produce more ISR/FSR and less ISR/FSR respectively, and are
shown as a function of Qg in Fig.5.30. The use of the new samples resulted in a
reduced parton shower-related uncertainty for tt measurements by around a factor of
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Fig. 5.28 The statistical correlation between the jet veto efficiency evaluated at different values of
Qp, shown fora |y| <0.8,b0.8 <|y| <15¢cl5=<|y|<2.landd|y| <2.1

two. As this was often a dominant systematic uncertainty, the results of the jet veto
analysis have made possible even more precise measurements of tt final states.

Given that multi-leg generators can produce leading order predictions for tt+ up to
4jets, the idea of using a leading order generator, which produces tt events containing
additional jets with just leading logarithmic accuracy, to estimate a QCD modelling
uncertainty must be questioned. Indeed, the uncertainty being assessed using the
ACERMC samples is widely regarded as being poorly motivated and unnecessary,
and much work has been started on using alternative generators to estimate the impact
of unknowns in QCD modelling. A theoretically more robust approach to estimating
such an uncertainty would be to vary renormalisation and factorisation scales in the
MC generators.

After the publication of the jet veto analysis, work began on exploring the effects
of scale variations in the MADGRAPH and ALPGEN generators. The Rivet routine
associated with the analysis, allowing easy access the unfolded data and analysis
results, proved to be invaluable. It was used extensively to compare the published data
to samples of MC events generated with different sets of scale variations. Preliminary
results of studies were presented at top-LHC working group meetings—attended by
analysers from the CMS collaboration and members of the theory community—and
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Fig. 5.29 The statistical correlation between the jet veto efficiency evaluated at different values of
Qsum, shown fora |y| < 0.8,b0.8 < |y| < 1.5,¢15 <|y| <2.1andd |y| < 2.1

discussions have been started with the goal of standardising the way in which ATLAS
and CMS evaluate QCD-modelling uncertainties in tt events.

Some example results are shown in Fig. 5.31, taken from [7]. Figure 5.31a shows
a comparison of the published jet veto efficiency data to the ‘standard” ATLAS MC
generators used for tt, as well as a sample of MADGRAPH events obtained from
CMS. Figure 5.31b shows some examples of ALPGEN events in which the renormal-
isation scale has been varied. Events were also generated with increased (radHi) and
decreased (radLo) amounts of parton shower activity. This is as suggested in [42],
where it was found that it is important to treat ag consistently in both the matrix
element and parton shower parts of the MC prediction, to ensure that uncertainties
are not overestimated.

The samples generated with the nominal scale choice, ALPGEN +PYTHIA (central),
were consistent with the data to within the experimental uncertainty. However, a
better description of the data was given after increasing the scale of «g (and thereby
reducing the value of «g) used in both the matrix element calculation and parton
shower ALPGEN +PYTHIA (o s_down, radLo).
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Fig.5.30 Updated ACERMC parton shower variations compared to the published jet veto efficiency
data as a function of Q¢ fora |y| < 0.8,b0.8 < |y| < 1.5,¢1.5 <|y| <2.landd |y| < 2.1. The
total experimental uncertainty is shown as black uncertainty bars in the upper panel and a yellow
uncertainty band in the lower panel. The spread between the MorePS and LessPS samples is now
approximately the same size as the total experimental uncertainty
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refer to events generated with increased and decreased amounts of parton shower activity
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Chapter 6
Studies and Applications of Jet Vetoing
in Boosted Topologies

Event topologies in which objects with large momentum decay such that all of their
decay products are captured within one large jet were originally recognised for heavy
Higgs bosons decaying to boosted W’s [1]. Similar studies were performed for WW
scattering at high energies [2], the analysis of SUSY decay chains [3] and high-
pr Higgs bosons decaying to b-quarks [4]. All of these studies proposed tagging
algorithms in order to separate the signal from the large backgrounds.

In this chapter the identification and utility of boosted top quarks is studied. Firstly,
in Sect. 6.1, it is shown that a jet veto can be used to identify the colour of a heavy
resonance decaying to tt. In Sect. 6.2 the efficiency of boosted top-tagging algorithms
is studied and the extent to which the efficiency depends on the colour structure of
the event explored. Work presented in this chapter has been published in [5] and [6].

6.1 Identifying the Colour of TeV-Scale Resonances

6.1.1 Introduction

The work presented in this Section illustrates how the additional quark and gluon
radiation that accompanies the production of a new heavy resonance can be exploited
to yield information about the colour structure of the resonance.

Differently coloured resonances will in general produce different patterns of
accompanying QCD radiation and this difference can be exploited to establish the
colour structure of the resonance. For example in the case of the leading-order pro-
duction of colour singlet and colour octet s-channel resonances, the flow of colour
across the respective diagrams is very different, as illustrated in Fig. 6.1. These ideas
have been explored in recent papers [7-10], and the purpose here is to present a
feasibility study that quantifies the prospects for such a measurement to be made at
the LHC.
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Fig. 6.1 Examples of the difference in colour flow between the exchange of a an s-channel photon
and b an s-channel gluon. Since the gluon is a colour octet there is a flow of colour between the
initial and final-state partons

The associated radiation is explored by studying the efficiency of a jet veto (cf.
Eq. 5.1). The use of jet vetoes to probe colour structure has already been shown to
have other important applications. For example in [11] it was shown that it is possible
to extract the contributions from vector boson fusion and gluon fusion production of
a Higgs boson in Higgs plus dijet events.

The jet veto efficiency has many properties that make it well-suited for an experi-
mental measurement. As shown in Sect. 5.8, any experimental systematic uncertain-
ties associated with overall event selection cancel in the ratio when calculating the
jet veto efficiency. The jet veto efficiency is also an observable that is robust against
pile-up, since it is calculated using all selected events and can easily be corrected
for backgrounds and pile-up, providing the contributions can be subtracted statisti-
cally. Observables that are measured on an event-by-event basis however, such as
the ‘jet pull’ [8] which uses the structure of jets to probe the colour flow in an event,
would suffer from event-by-event background contamination and events dominated
by pileup.

The production of a new heavy resonance is a primary signal of new physics
in several extensions to the Standard Model. One popular scenario is the Randall-
Sundrum (RS) model [12-14], which proposes that Kaluza-Klein gauge bosons exist,
can be produced at the LHC and decay primarily to tt. The RS framework is attractive
because it solves a number of issues with the Standard Model, e.g. the gauge hierarchy
problem [12], the fermion mass hierarchy problem [15-17] and it provides a dark
matter candidate [18, 19]. Furthermore, at the time of publication, results from the
CDF [20] and D@ [21, 22] experiments on the forward-backward charge asymmetry
in tt events indicated a potential deviation from the SM expectation, which could
have been caused by a colour octet resonance with mass of 2 TeV [23]. Therefore
it was decided to investigate if the jet veto efficiency could be used to distinguish
between the production of colour octet and singlet resonances of mass 2 TeV and
spin-1.
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6.1.2 Simulation and Event Selection

A heavy gluon (colour octet) resonance has been implemented within the PYTHIAS
event generator. Details of the implementation can be found in [5]. The implementa-
tion was validated against results found in the literature and was used to investigate
some characteristics of the resonance.

Events were generated at /s = 14 TeV. The cross section times branching-ratio
for the gluon resonance was 1.1 pb and the resonance mass was set to 2 TeV and its
width to 400 GeV. Events containing a heavy photon (colour singlet) resonance were
generated by changing the colour flow; colour factors were replaced and vy — eflaem
where ¢, is the electric charge. The coupling of the heavy photon resonance to light
quarks was adjusted to reproduce the production rate of the heavy gluon, and the
coupling of the heavy photon to top quarks was adjusted to match the decay width
of the heavy gluon.1 The CTEQS5L [24] parton distribution functions were used with
the PYTHIA8 authors’ default tune to the underlying event (Tunel) [25]. The main
backgrounds to the heavy production are due to SM tt and QCD 2 — 2 scattering.
Both sets of background events were generated with PYTHIAS.

The sensitivity to the non-perturbative physics was investigated using a very con-
servative approach—repeating the analysis with hadronisation and multiple parton
interactions turned off. The observed change in the jet veto efficiencies was less
than 2 %, indicating that the modelling of non-perturbative physics does not play an
important role in the measurement.

Given the large masses of the heavy gluon and photon, the top quarks produced
in the decay are highly boosted. The decay products of the top quarks tend to be
collimated and confined to a small area of the detector. In such a situation all of the
radiation from the decay products can typically be collected inside one ‘fat’ jet. Jet
substructure techniques, which examine the energy distribution of the constituents of
the fat jets, can then be used to distinguish between jets originating from the decays
of boosted top quarks and the light quark and gluon jets originating in backgroud
QCD-induced processes. Top-jet candidates are identified using the FASTIJET [26]
library and the JOHNS-HOPKINS top-tagging algorithm [27].

The JOHNS-HOPKINS algorithm attempts to identify jets originating from the
decays of boosted top quarks to a b-quark and W-boson, with subsequent decay
of the W to two light jets. When the top quark is highly boosted the three jets can end
up lying very close together, as shown in Fig.6.2. Although falling entirely within
one fat jet, the three subjets would still be distinguishable from each other with the
granuality of the ATLAS calorimeter. In contrast, QCD jets typically start as a sin-
gle hard parton, which tends to cascade into a high multiplicty of soft and collinear
particles. In order for a QCD jet to mimic a decayed top quark it would need to have
undergone at least two large-angle splittings, with energy being shared somewhat
equally. This is a relatively rare occurrence.

ILe. The cross section times branching ratio for the heavy colour singlet was also set to 1.1 pb.
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Fig. 6.2 From [27]. A
typical top jet with a pt of
800 GeV. The three subjets
after top-tagging are shaded
separately

Transverse energy (GeV)
o8 8EBES

The JOHNS-HOPKINS algorithm proceeds as follows. Particles are first clustered
into jets of size R using the Cambridge-Aachen (C-A) algorithm (cf. Sect. 1.5.6).
Each C-A jet is then examined to search for subjets; the last step of the clustering
is undone and the two subjets produced in the splitting (j — jj j») must satisfy the
following criteria: mm(p ) / pT > &, and AR(j1, j2)> &,. The values of the
parameters 8, and §, used are glven in Table 6.1, and follow the choices made by
the authors of the algorithm. If both cuts are passed then the declustering is applied
to j1 and jp, and continues until » irreducible jets remain. If n = 3 or n = 4 then
the subjets are then required to pass the following kinematic constraints: the total
invariant mass of the subjets should be near m;, two subjets should reconstruct my
and the helicity angle,2 cos(6y,) should be consistent with a top decay, which in this
case is cos(6,) < 0.7. Because more highly boosted top quarks will produce decay
products that are more highly collimated, the parameters and cuts are set as a function
of the total transverse energy in the event. The exact choice of kinematic cuts used
in this study were as follows. For jets with pr < 1000 GeV a top mass window
of m;£30 GeV and a W mass window of my=£15 GeV was used. If the jets had
pt > 1000 GeV the upper ranges of the top and W mass windows were shifted to
p1/20 + 155 GeV and p1/40 + 70 GeV respectively.

The inputs to the jet-finding algorithm were all stable final-state particles (exclud-
ing neutrinos) in the MC event record with |n| < 4.9 i.e. within the acceptance of
the LHC detectors. Events were then required to contain two tagged top-jets (as
reported by the JOHNS-HOPKINS algorithm) with pr > 400 GeV. After these initial
event selection requirements the cross section for heavy gluon production was 46.8 fb
while the cross section for heavy photon production was 31.4 fb. This difference in
cross sections demonstrates an unexpected and important difference in the efficiency
to tag top quarks originating from resonances with different colour structure. It was
confirmed that the difference was not due to non-perturbative physics; the difference
arises after the parton shower, with hadronisation and underlying event playing a

2The helicity angle is defined as the angle, measured in the rest frame of the reconstructed W,
between the direction of the reconstructed top and one of the W decay products.
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Table 6.1 Parameters used in the top-tagging algorithms defined in the text

> Er(GeV) Sp Rca 8

> Er< 1000 0.13 0.9 0.19
1000 <> Er < 1600 |0.10 0.8 0.19
1600 <> Er < 2600 |0.05 0.6 0.19
> Et > 2600 0.05 0.4 0.16

All parameters are dependent on the scalar-summed E7 and defined on an event-by-event basis
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Fig. 6.3 Kinematic distributions obtained after tagging the leading two jets as originating from top
quarks using the JOHNS-HOPKINS top-tagging algorithm. a The invariant mass of the top candidates
for the signal resonances and SM background processes. b Difference in rapidity between the two
top candidates

small role. This observed difference in tagging efficiency is investigated further in
the follow-up study presented in Sect. 6.2.

For both resonances, the application of the top-tagging algorithm is sufficient to
reduce backgrounds to a manageable level in a window where the invariant mass of
the tagged top-jets is close to the resonance. Figure 6.3a shows invariant mass distri-
butions for the two resonance signals as well as the light-jet and SM tt backgrounds.
In order to compare the resonances, one further change was made to the heavy photon
cross section when presented in the rest of the study—it was set equal to the heavy
gluon cross section after top-tagging, i.e. 0y, = 0Ggx = 00 = 46.8 fb. All final
results are presented for a range of production cross section values.

6.1.3 Definition of the Jet Veto Region and the Jet Veto
Efficiency

In order to identify any jets in an event that originate from additional quark or gluon
emissions, the anti-k; algorithm was used with R = 0.6. The particles used as input
to this second stage of jet finding were the same as those used in the top-tagging
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stage, however only those jets that were sufficiently far from the previously tagged
top jets were kept,
AR(j, 1) > Rca, (6.1)

where Rc 4 is the same as in Table 6.1. A veto can then be applied to these additional
jets in order to identify the colour flow in the tt system. One choice would be to veto
on additional jet activity between the two top jet candidates, in order to identify a
colour connected between the top and antitop quark for a colour singlet resonance
decay. However this would require that the top jets are separated in rapidity by a
sufficiently large amount. Figure 6.3b shows the rapidity difference between the two
top candidates where it is found that less than 10 % of the events would remain after
applying a |Ay| > 2.0 cut. Therefore the veto is applied to jets falling in a central
rapidity interval, |y| < 1.5. Vetoing on jets falling into very central regions has the
added benefit that they would be entirely contained within the acceptance of the ID
tracker of the ATLAS experiment.

The observable of interest is the jet veto efficiency (referred to as fgap(Qo), for
gap fraction, in the remainder of this Section), as was also measured in the analysis
in Chap.5. In this study fg.p(Qo) was defined to be the fraction of events that do
not contain any jets in addition to the top-jet candidates with pr > Q¢ GeV and
ly] < 1.5.1.e.

o (Qo)

. 6.2
0(Qo = 00) ©2

Jeap =

Figure 6.4 shows a comparison of the jet veto efficiencies as a function of Q for
the case of the heavy colour octet (gluon) and heavy colour singlet (photon) reso-

Fig. 6.4 Jet veto efficiencies L A B L I
predicted by PYTHIAS for a
heavy gluon (blue) and heavy
photon (red) resonance
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nances generated using PYTHIAS. The jet veto efficiency for the photon is lower than
for the gluon, indicating that more additional radiation is produced in associated with
the photon. This is slightly counter-intuitive, but can be understood by considering
the handwavy argument that the amount of additional radiation produced is propor-
tional to the acceleration that the colour charge undergoes (cf. bremsstrahlung for
electrically charged particles). Looking again at the colour flow of the different pro-
duction mechanisms shown in Fig. 6.1, we see that for the case of the heavy photon
the colour lines of the initial and final states are not connected. Therefore the colour
charge must be annihilated in the initial state and ripped out of the vacuum in the
final state, a process that involves larger accelerations than in the case of the heavy
gluon, where the colour can flow from the initial to the final state. This is in contrast
to the case of a #-channel exchange of a colour singlet such as the vector boson fusion
processes studied in Chap.7. The flow of colour from initial to final state does not
result in the same acceleration of colour charges, and there is a lack of additional
quark and gluon radiation produced in the events.

In Fig.6.5a, b the jet veto efficiency as a function of Qg predicted by PYTHIAS
is compared to predictions in which MADGRAPH was used to generate the matrix
elements for the heavy resonance plus up to three addditional partons. Although
the sets of theoretical predictions are significantly different from each other (effects
of theoretical uncertainty are discussed in Sect.6.1.6). Figure 6.5¢ shows that the
difference between the heavy gluon and photon jet veto efficiencies is large in each
case. The results presented later therefore do not depend on the choice of generator
used, and so events generated using PYTHIAS are used in the following sections.

6.1.4 Extracting the Signal from Background

Pseudo-experiments are used to assess the sensitivity of the jet veto efficiency to
the colour of the heavy resonance at a given luminosity, £. For a given signal or
background process, i, the number of expected events is ; = ;L where o; is the
process cross section. The actual number of events, n;, that contribute to a given
pseudo-experiment is chosen by sampling from a Poisson distribution with mean
Xi. The n; events are then chosen at random from the MC events that remain after
top-tagging has been applied. The invariant mass of the pair of top candidates, m;,
is constructed from the events remaining after vetoing those containing additional
jets with pr > Qo GeV and |y| < 1.5. This m; distribution is constructed for every
value of Q.

The number of signal events at each value of Qg is determined by fitting the com-
bined signal+background invariant mass distribution with a skewed Breit-Wigner
distribution + background template,

m3%[a + b(mg — mo)]

2 2\2 212
(mtf—mo) —myl

, (6.3)
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Fig. 6.5 The jet veto efficiency for the heavy gluon a and heavy photon b predicted by PYTHIA8
and MADGRAPH. The MADGRAPH predictions correspond to events generated with matrix elements
including up to one, up to two or up to three additional partons in the final state. All MADGRAPH events
are interfaced to PYTHIAS for parton showering, hadronisation and underlying event modelling

where mo, I', a and b are allowed to vary in the fit. The m;; distribution in the SM tt
MC samples is used as a template for the background shape and only its normalisation
is allowed to vary in the fit. This is a reasonable assumption to make, since the QCD-
induced light-jet and tt mj; distributions have very similar shapes, especially in the
region of the signal at large values of mj;. The sensitivity of the signal extraction to
the background shape was assessed by altering the shape of the background template
and repeating the fits. It was found that even quite large changes in the shape of the
background have a small effect on the results.

After fitting the my; distribution the number of signal events is defined as Ny =
N1 — Np where Nt is the total number of events in the pseudo-experiment that con-
tain top pair candidates with an invariant mass in the range 1.5 TeV < m; < 2.5 TeV,
and N}, is the number of background events in this region as determined by the fit. The
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Fig. 6.6 a Blue points show the result of a single pseudo-experiment given that a heavy gluon
signal was used as input. Solid blue and red curves show the theoretical predictions for the jet veto
efficiency produced in events containing a heavy gluon and heavy photon resonance. b Mean jet
veto efficiencies after averaging over 1000 pseudo-experiments. Uncertainty bars show the RMS
spread of the jet veto efficiency values obtained in the pseudo-experiments

size of this mass window of course depends on the mass and width of the resonance
and would be optimised in a real experimental analysis.
The jet veto efficiency at a particular value of Q( can then be constructed as,’

_ No(Qo)
fan(Q0) = -5 = (6.4)

Figure 6.6a shows the result of a typical pseudo-experiment. A heavy gluon has
been used for the signal, and an integrated luminosity of 10 fb~!. The pseudo-data
are compared to theoretical predictions for jet veto efficiencies produced by the
heavy gluon and heavy photon. Although there are quite large fluctuations in the
pseudo-data® it is clear that they are better described by the heavy gluon prediction,
particularly at low values of Q.

Figure 6.6b demonstrates the degree to which the signal can be correctly extracted.
The mean of jet veto efficiencies obtained from all pseudo-experiments is calculated,
and it is clear they agree well with the corresponding predictions for the signal-only
heavy gluon or heavy photon resonances. The error bars are determined by taking
the RMS of the jet veto efficiencies obtained in the pseudo-experiments, and show
that a measurement of the jet veto efficiency would be able to distinguish between
the differently coloured resonances with around 10 fb~!of data, assuming that the
production cross sections are approximately the same size as those considered here.

3In practice Qg= 300 GeV is taken as the upper bound. A point at which the jet veto efficiency is
consistent with unity.

“4For simplicity the error bars in Fig. 6.6a are calculated by assuming that the numerator and denom-
inator of the jet veto efficiency (Eq. 6.4) are uncorrelated, Poisson, random variables.
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6.1.5 Extracting the Colour

The colour of the resonance can be extracted using a fit of the form

Seap(Qo) = a1 f1(Qo) + as f3(Qo) , (6.5)

where f1 (f3) is the signal-only prediction for the jet veto efficiency produced by
the colour singlet (octet) resonance, and a; are allowed to vary in the fit but are
constrained to be in the range 0 < a; < 1. Figure6.7a shows the probability of
obtaining a specific value of ag for the case of a heavy gluon input, P(ag|g), assuming
an integrated luminosity of 10 fb~!. P(ag|g) is peaked strongly at one, and indicates
that the heavy gluon is correctly identified in the majority of pseudo-experiments.
Also shown is P(aj|g) and as expected it is strongly peaked at zero. Figure 6.7b
shows the same distributions for the case that the true signal comes from a heavy
photon, P(a;|y) and P(ag|y).

A more interesting quantity is the probability, given a fitted value of ag, that the
true signal was a heavy gluon, i.e. P(g|ag). This can be calculated using Bayes’
theorem and by making the assumption that the prior probability for the true signal
to be a heavy gluon is equal to that for a heavy photon,

P(aglg)
P(aslg) +Plasly) -

P(glag) = (6.6)

The curves in Fig.6.7 can be used to construct these probability distributions,
P(glag) and P(y|ag), which are shown in Fig.6.8a. Therefore for each pseudo-
experiment a value of ag (a;) can be extracted from the fit to the jet veto efficiency,
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Fig. 6.7 a P(a;|g) and P(ag|g) obtained from 10° pseudo-experiments for the case of a heavy
gluon input. b P(a;|y) and P(ag|y) distributions obtained from 10 pseudo-experiments for the
case of the heavy photon input. Both sets of pseudoexperiments assume an integrated luminosity
of 10 fb~!
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Fig. 6.8 aP(g|ag) and P(y |ag) in the case of a heavy gluon resonance input as signal and assuming
the baseline cross section and an integrated luminosity of 10fb™ b P(g|ag) for three different values
of integrated luminosity

and used along with the probability distributions shown in Fig. 6.8a to calculate the
probability that the true resonance was a heavy gluon (photon).

To quantify the feasibility of extracting the colour in an experimental analysis at
the LHC, the quantity Gos is defined to be the fraction of pseudo-experiments that
have P(g|ag) larger than 95 %. For example, Gos = 0.77 for the baseline heavy gluon
cross section and an integrated luminosity of 10 fb~!. It is therefore very likely that
this method could be used by the LHC experiments to identify the colour of such a
resonance should it be shown to exist.

Figure 6.9a shows how Gos varies as the size of the signal cross section is changed,
and for different integrated luminosities. For signal cross sections less than around
1/3 of the baseline value, o9, an integrated luminosity in excess of 50 fb~! would
be necessary to extract the colour of the resonance. Figure 6.9b shows the same set
of distributions for the case of a heavy photon resonance (I'9s), and Fig. 6.10 shows
the corresponding plots when the probability requirements P(ag|g) and P(a;|y) are
increased to 99 % (Gogg and I'gg).

6.1.6 Effect of Experimental and Theoretical Uncertainties

Experimental and theoretical uncertainties will adversely affect the determination of
the colour of a heavy resonance. As discussed in Sect. 5.8 the experimental uncer-
tainties associated with extracting the signal will largely cancel in the ratio when
constructing the jet veto efficiency. It is expected that uncertainties related to top-
tagging efficiency, luminosity, and energy scale and resolution of top-tagged jets will
not affect the measurement in a significant way. However, uncertainties associated
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Fig. 6.9 The fraction of LHC experiments that would measure P(g|ag) > 95 % is denoted Gos, and
the fraction P(y|a;) > 95 % is denoted I'gs. a Gos (b I'95) as a function of integrated luminosity
and signal cross section size assuming a heavy gluon (heavy photon) resonance. The solid line in

the bottom left corner indicates the region where the (statistical) significance of the signal extracted
from the fit is less than 50

(a) Ggg (b) r99
50 1
‘3‘8 r 0.9
= — 0.8
;_9 e 20 + 0.7
> S 0.6
8 ‘g 10} 05
£ e 0.4
g E 03
- = 4t 0.2
37 0.1
" " " 0 " " L1 "
0.2 0.3 2 345 0.2 0.3 2 345

Aa ~ [

leq s
o

Fig. 6.10 The fraction of LHC experiments that would measure P(g|ag) > 99 % is denoted Ggg,
and the fraction P(y|a;) > 99 % is denoted 'gg. a G99 (b I'99) as a function of integrated luminosity
and signal cross section size assuming a heavy gluon (heavy photon) resonance. The solid line in

the bottom left corner indicates the region where the (statistical) significance of the signal extracted
from the fit is less than 5o

with the jets upon which the veto is placed, e.g. the jet energy scale, jet energy res-
olution and jet reconstruction efficiency will affect the measurement. The ATLAS
measurement of dijet production with a veto on additional central jet activity [28]
was used to estimate the likely size of the experimental systematic uncertainties.’
The results presented by ATLAS show that the total experimental uncertainty on the

>The measurement presented in Sect.5 would have provided an equally useful feel for the size of
systematic uncertainties, had it been completed before the analysis discussed here.
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Fig. 6.11 a The impact a 10 % uncertainty on the jet veto efficiency has on the value of Gos. b The
impact a 25 % uncertainty on the jet veto efficiency has on the value of Gos

Sfeap(Qo) values was at worst 5% at Qo = 20 GeV, for dijet systems constructed
from high-pr jets falling into central rapidity regions.

The theoretical modelling uncertainties associated with the jet veto efficiency are
much larger than this. The predictions used in [28] deviate from the ATLAS data by
~25% at Qo= 20 GeV, and in [29] the uncertainty in the theoretical prediction of
the jet veto efficiency in dijet events was found to approach 50 % in some regions
of phase space. There is no reason to assume that jet vetoing in boosted tt events
is understood more accurately than this, and so it is clear that it is the theoretical
uncertainties that limit the feasibility of making a measurement such as this.

The effect of theoretical uncertainties are estimated by changing the shape of
the predictions from PYTHIAS8 used to fit the jet veto efficiencies in each pseudo-
experiment (i.e. fi and fg). Uniformly distributed random numbers in the interval
[—X, +X] are chosen in each pseudo-experiment and applied as fractional shifts to
f1 and fs at Q¢ = 20 GeV. The shift of the jet veto efficiency at Qg = 300 GeV
is zero by definition, and size of the shift used for intermediate values of Qg is
obtained by linear interpolation. Figure 6.11 shows the Gos values for X = 10%
and X = 25 %. An uncertainty in the jet veto efficiency of 25% has a serious effect
on the measurement. An uncertainty of 10 % does not have a large effect on the
final results. Therefore to ensure that the jet veto efficiency can be used as a tool to
extract the colour of a heavy resonance in an analysis such as this, uncertainties in
the theoretical predictions of the jet veto efficiency should be reduced to around the
level of 10 %.
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6.2 Dependency of Tagging Algorithms on the Event Colour
Structure

6.2.1 Introduction

As discussed in Sect. 6.1.2 an interesting difference was observed in the efficiency
of tagging top jets that originated from either a colour singlet or octet resonance.
In this section this difference is explored further and the impact of the event colour
structure on the performance of the well-established JOHNS-HOPKINS [27], CMS [30],
HEPTOPTAGGER [31], N-SUBJETTINESS [32] top-tagging algorithms is studied.

These top-tagging algorithms only make use of the constituents of the fat jets
provided as input. However, given their large radius, it is likely that radiation from
the initial state or underlying event will also enter the fat jet. Therefore the ability of
these algorithms to tag a real top-jet can depend on the amount of additional radiation
entering the fat jet, and therefore also on the colour structure of the events in which
the top-jets were produced.

The same s-channel resonances as used in the previous section are used again
here to probe the top-tagging efficiency differences: a colour-singlet Kaluza-Klein
photon, yx g, and a colour-octet Kaluza-Klein gluon, G g g, with masses of 2 TeV
and that decay exclusively to top quarks. The two resonances exhibit different colour
flows, as shown in Fig. 6.1, and will therefore produce different patterns of additional
radiation.

6.2.2 Boosted Top Reconstruction

The JOHNS-HOPKINS algorithm is described in Sect.6.1.2. The default parameters
chosen in this study were 6, = 0.12 and §, = 0.16 which match those of the
algorithm authors.

The CMS top-tagger [30] is a modification of the JOHNS-HOPKINS algorithm,
where in the first step the subjets must have an angular separation larger than some
pr-dependent criterion, AR(j1, j2)> 6, —A-pr, ;. Thisreplicates the scalar-summed
Er-dependent cuts of the JOHNS-HOPKINS algorithm. The default parameter values
used in this study were §, = 0.4 and A = 0.0004, which match those used by the
algorithm authors. After decomposing the two fat jets the algorithm must find three or
four subjets that satisfy similar requirements as for the JOHNS-HOPKINS algorithm—
the invariant mass of all subjets must be close to the top mass and the pair of subjets
with the lowest invariant mass must have an invariant mass larger than 50 GeV.

The HEPTOPTAGGER algorithm [33] was developed with the aim of reconstructing
and tagging moderately boosted top quarks in busy environments. After first using the
C-A algorithm to cluster the hadronic activity in the event into fat jets, each fat jet is
decomposed and examined for substructure. Within each fat jet, all subjets are found
using a mass-drop criterion: when undoing the clustering of a jet j into two subjets
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J1and jp withm j, > m j,, both subjets are kept if the mass of jj is sufficiently small,
mj, < 0.8m, otherwise only ji is kept. Each subjet, j; is then either decomposed
further if m j; > 30 GeV or added to the list of relevant substructure. All three-subjet
combinations are then filtered® and the combination with invariant mass closest to the
top mass, within some mass window, is kept as the top candidate. The three subjets
are then required to pass one of three criteria;

m m
0.2 < arctan (ﬁ) < 1.3 and Rpjn. < e Rmax.

mi2 mi23

2 2 2
2 mi3 ma3 2 mi3 ma3
R2. 1+(—) <1—(—) <R2, 1+(—) and 22~ R
- ( mi2 miz3 - mio miz 0
2 2 2
2 mia ma3 2 mia ma3
&2, 1+(—) <1_(7) <R, 1+(7) and 2 L R
m‘“'( mi3 mi23 s mi3 miy

The default values of the dimensionless mass window bounds are set to Rpyin. =
0.85 - mw/m; and Ryax. = 1.15 -mwy /m;.

The N-SUBJETTINESS tagger [32] takes the ideas introduced by the N-JETTINESS
[34] event shape variable and applies them to the study of jet sub-structure. The
algorithm attempts to quantify the extent to which a fat jet looks like it is composed
of N distinct subjets. The variable of interest, Ty, is calculated as:

2 pramin(ARy ik, ARy i, ..., ARN k)

N
> pr.iRo

)

where the summation runs over all jet constituents, pr i is the transverse momentum
of each fat jet constituent, AR x is the n—¢ distance between the proposed subjet
axis J and the constituent k, and Ry is the fat jet radius. Small values of 7y indicate
that there are N or fewer energy deposits within the fat jet. Larger values of Ty
suggest that more than N energy deposits are present. Rather than simply cutting on
Ty, is has been found that the ratio Ty /ty—1 provides the best discriminating power
between top jets and jets originating from light quarks and gluons. The parameters
used to define a top candidate are 7 /ty—1 and the mass of the fat jet.

When a jet s filtered it is resolved on a finer angular scale Rgy; < Rjer and any objects found that
are sufficiently soft are removed [4]. This process can help to eliminate contamination from the
underlying event, for example, and will be relevant when considering the tagging efficiencies found
in Sect.6.2.4.
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Fig.6.12 Transverse momentum distributions of the leading a and sub-leading, b top-jet candidates
as reconstructed using the C-A algorithm with R = 0.8. The KK-gluon, KK-photon and SM tt
events are shown in blue, red and green respectively. Two sets of curves are shown: before (solid
lines) and after (dashed lines) a dijet invariant mass cut of 1.6 TeV < mj; < 2.4 TeV

6.2.3 Basic Kinematic Features of the Signal Events

The C-A algorithm with radius parameter R = 0.8 is used to reconstruct jets using
all stable final-state particles (excluding neutrinos) in the MC event record with
[n| < 4.9. The effect of using a different radius parameter is discussed in Sect.6.2.4
and shown in Fig. 6.16. Jets are initially kept for further analysis, and fed into the top-
tagging algorithms, if they have pr > 350 GeV. The pr distributions of the leading
and sub-leading top-jet candidates are shown in Fig. 6.12a, b. After requiring that the
dijetinvariant mass be in therange 1.6 TeV < m;j; < 2.4 TeV the transverse momentum
of the leading and sub-leading jets originating from the KK-gluon and KK-photon
are very similar. Therefore any differences in top-tagging efficiency should not be
due to differences in kinematic properties of the jets.

6.2.4 Dependence of Top-Tagging Efficiency on Event
Colour Structure

The performance of the top-tagging algorithms is assessed by measuring the effi-
ciency with which they tag as top jets those which originate from top quarks, and
the probability for mis-tagging jets that arise from light quarks or gluons. The single
and double-tagging efficiencies, €1 and €;, are defined as

M
Ny

N
= 2 6.7)
Ny j

€] and e
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Fig. 6.13 Double-tagging efficiency differences for a JOHNS-HOPKINS, b CMS, ¢ HEPTOPTAGGER,
d N-SUBJETTINESS algorithms. The difference in efficiencies is presented as a function of the algo-
rithm input parameters. For example, mp &= X refers to the size of the window in which the top
mass reconstructed from the jet constituents is required to lie. Details of top mass reconstruction
and other algorithm parameters are given in Sect.6.2.2

where N; is the number of events containing two C-A jets with pt > 500 GeV and
|y| < 2.5. Ny is the subset of these events in which the leading jet was tagged as
originating from a top quark, and N»; is the subset of the dijet events in which both
the leading and sub-leading jets are identified as top-jets.

Figure 6.13 shows the difference in double-tagging efficiencies obtained when
attempting to tag top-jets originating from either heavy gluon or heavy photon decays,

gluon __photon

ie. -2 2 , as a function of two parameters for each algorithm. Large differences
B gluon

can be séen between the double-tagging efficiencies, depending on the algorithm and
corresponding cut values, from 0to 75 %. The largest differences between the double-
tagging efficiencies are observed when the cut values used in the various algorithms
are tightened, and the rate at which light quark and gluon jets are rejected is increased.

The differences can be explained by considering the amount of additional quark
and gluon radiation produced in association with the heavy gluon and heavy photon.
The study described in Sect. 6.1, as well as in other studies [7], have found that
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Fig. 6.14 The efficiency of correctly tagging both the leading and sub-leading jets from the decay
of a heavy gluon (blue) and heavy photon (red) resonance, using a JOHNS-HOPKINS, b CMS,
¢ HEPTOPTAGGER, d N-SUBJETTINESS algorithms. The efficiency is presented as a function of the
mis-tag probability, which is the probability of incorrectly identifying two light quark or gluon jets
as originating from the decay of a boosted top quark. The efficiency and mis-tag probabilities are
estimated by varying the cuts on the algorithm parameters. The ratio panel shows the relative signal

efficiency difference, (ezgluon / eghomn — 1) as a function of the mis-tag probability for each algorithm

and parameter variation

more radiation is produced in events containing a heavy colour singlet s-channel
resonance. This additional radiation can contaminate the fat jets used as input to the
top tagging algorithms, and can spoil the algorithms’ attempts to identify the relevant
subjet structure. The differences in tagging efficiencies can be minimised by carefully
choosing the algorithm parameters. The choices, however, tend to correspond to very
loose cuts and would therefore result in a background rejection rate that would not
be optimal for use in an experimental analysis.
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Fig. 6.15 The efficiency of correctly tagging only the leading jet from the decay of a heavy gluon
(blue) and heavy photon (red) resonance, using a JOHNS-HOPKINS, b CMS, ¢ HEPTOPTAGGER,
d N- SUBJETTINESS algorithms. The efficiency is presented as a function of the mis-tag probability,
which is the probability of incorrectly identifying two light quark or gluon jets as originating from
the decay of a boosted top quark. The efficiency and mis-tag probabilities are estimated by varying
the cuts on the algorithm parameters. The ratio panel shows the relative signal efficiency difference,
(elgluon /elfhomn — 1), as a function of the mis-tag probability for each algorithm and parameter
variation

It is typical for the performance of tagging algorithms to be evaluated at common
working points at which the background rejection rates, for example, are equal. Plots
showing the signal tagging efficiency vs. the background mis-tagging probability can
be created by taking slices across the two-dimensional signal and background tagging
efficiency distributions. Three different slices were used for each algorithm. Two
correspond to horizontal or vertical slices through the distributions, where each of
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the cuts are varied separately. The third slice was diagonally through the distribution
and corresponds to varying both cuts simultaneously.

Specifically, for the JOHNS-HOPKINS and CMS algorithms, efficiency vs. mis-tag
curves were constructed by (i) varying only the size of top mass window and keeping
the W-mass windows fixed at my =+ 30 GeV, (ii) varying only the W-mass window
and keeping the top-mass window fixed at m, & 50 GeV or (c) varying both the top
and W mass windows simultaneously such that the size of the W mass window is
approximately 80 % of the size of the top mass window For the HEPTOPTAGGER
and N-SUBJETTINESS algorithms the my /m; window or 73/t; cuts are varied, rather
than the W mass window. All other algorithm parameters are kept fixed at the default
values discussed in Sect.6.2.2.

In Fig.6.14 the double-tagging efficiencies for each algorithm are shown as a
function of the corresponding mis-tag probability. The JOHNS-HOPKINS (Fig. 6.14a)
algorithm does not show a strong dependence on the choice of the parameter varied;
when the mis-tag probability is required to be low, the efficiency difference is large
regardless of the parameter that is subject to the tighter cuts. In contrast, the CMS
and N-SUBJETTINESS algorithms exhibit largest efficiency differences when varying
only the size of the top mass window, while the HEPTOPTAGGER algorithm shows
very little sensitivity to the top mass window and significant sensitivity to the value
of the mass plane cut.

A priority in experimental analyses is often to reduce background rates as much as
is feasible. Therefore it is expected that top tagging algorithms such as these would
be used at working points with low QCD background mis-tag probabilities. However,
it is when tight cuts are applied to reduce the mis-tag probabilities that the efficiency
differences between tagging the top jets arising from the differently coloured reso-
nances is largest. Efficiency differences of over 50 % can be seen depending on the
algorithm and cut values being used.

Efficiency differences of similar sizes are found when tagging only the leading jet
in the events, as shown in Fig. 6.15. This implies that an analysis involving tt decaying
in the lepton+jets channel would also suffer from similar problems. It also suggests
that using a combination of tight and loose cuts on the leading and sub-leading jets
in all-hadronic tt events would not yield significant improvements.

The radius parameter used to define the initial C-A jets is very important in
any subjet analysis. Figure 6.16 shows how the double-tagging efficiency difference
depends on the size of the C-A jets used as input to the top-tagging algorithms. The
tagging efficiency is shown for values of R 0of 0.6, 0.8, 1.0, and 1.2, at three efficiency
working points defined by the background mis-tag probabilities of 1, 0.1, 0.01 %.
The algorithm parameters that are used to obtain these mis-tag probabilities are
shown in Table 6.2. The first point to notice is that for most of the tagging algorithms
the double tagging efficiency decreases as the radius of the C-A jets is increased.
Naively it would be expected that increasing the size of the original C-A jet would
allow more of the top decay products to be included within it, and therefore improve
the tagging efficiency. However, in the model considered here the top quarks are
produced sufficiently boosted that their decay products typically fall within a C-A
jet of radius 0.8. Increasing the size of the jets past this only allows additional soft
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Fig. 6.16 The efficiency of correctly tagging both the leading and sub-leading jets from the decay
of a heavy gluon (blue) and heavy photon (red) resonance, using a JOHNS-HOPKINS, b CMS,
¢ HEPTOPTAGGER, d N-SUBJETTINESS algorithms. The efficiency is presented as a function of the
C-A radius parameter used to reconstruct the jets. The efficiency and mis-tag probabilities are
estimated by varying the cuts on the algorithm parameters. The ratio panel shows the relative signal

efficiency difference, (e§1uon / eghmon — 1), as a function of the mis-tag probability for each algorithm

and parameter variation

radiation to fall into the jet and therefore worsens the performance of the tagging
algorithms.

It has previously been suggested that the jet size should be optimised as a function
of the top quark transverse momentum [35]. The results of the study presented here
suggest that the jets used as input to top-tagging algorithms should be defined with
as small a value of R as possible. The effect of the event colour structure, and the
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associated quark and gluon radiation which can reduce the performance of the top-
tagging algorithms, would then be kept to a minimum.

6.2.5 Impact on Experimental Analyses

The observation that the colour structure of an event can have an impact on the ability
of top-tagging algorithms to tag candidate top jets has important consequences for
experimental analysis, particularly those performing searches for signatures of new
physics.

The various issues can be illustrated by examining a CMS analysis [36] in which
limits were placed on the cross section x branching ratio for the production of a
colour singlet heavy Z’ resonance and a Randall-Sundrum Kaluza-Klein gluon.

The CMS algorithm was used, with parameters as in this study, to tag candiate top
jets with R = 0.8 and pt > 500 GeV. The efficiency for tagging a single top-jet was
found to be 50 %, at a working point with a background mis-tag probability of 5 %. A
systematic uncertainty on the tagging efficiency was estimated by selecting a sample
of standard model tt events and comparing the efficiency for tagging W-jets in data
and MC. The uncertainty was estimated to be around 3 %. The same technique was
also used to define an overall scale factor of 0.97, which was then applied to the
signal and background MC events to ensure that the nominal values of the tagging
efficiency were the same in MC and data.

The potential problem with this method is that the events used to determine the
uncertainty and scale factors can exhibit very different colour flow to the signal events.
It has been show in the studies presented here that there are clear differences in the
efficiency of tagging top-jets, depending on the colour structure of the event. This
is illustrated further in Fig.6.17, which shows a comparison of the double tagging
efficiencies obtained for standard model tt events and tt produced in the decay of the
heavy gluon or photon. The efficiency difference for the CMS tagger (Fig.6.17a) at
the working point used in the CMS analysis—5 % background mis-tag probability
when tagging a single jet corresponds to 0.25 % when tagging both jets—is around
20 % (30 %) for the heavy photon (gluon). Therefore applying results derived in some
control region to events in a signal region would require a high degree of confidence
in the description of the sets of events produced by the MC generator.

In the case of the CMS analysis it is not immediately clear how the potential
mis-estimation of the uncertainty and scale factors would affect the observed limit.
Typically it is the uncertainty associated with the background estimation that drives
the strength of the limit, however, and the application of the derived scale factors to
the standard model tt background is not unreasonable, since the colour structure of
the two sets of events is similar.

It should be noted again that it is possible to reduce the difference in tagging effi-
ciencies by optimising the choice of tagging algorithm and parameters. For example
Fig.6.17b shows that the HEPTOPTAGGER algorithm has much smaller tagging effi-
ciency differences between the signal and control regions.
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Fig. 6.17 Double-tagging efficiencies and efficiency difference for KK-gluon, KK-photon and SM
tt events, using the CMS tagger and HEPTOPTAGGER

In an experimental analysis which observed a new heavy particle, identifying the
colour of the new resonance using the technique described in Sect. 6.1, or others in the
literature [7, 37—40], would be mandatory in order to reduce systematic uncertainties
related to the tagging efficiency.
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Chapter 7
Measurements of Electroweak Z Boson +
Dijet Production

7.1 Introduction

The production of dijets in association with a Z-boson (Z;; production) is dominated
by the Drell-Yan process, with the additional jets arising as a result of the strong
interaction. The QCD production of Z;j, an example of which is shown in Fig.7.1a,
is a typical process that can produce such events. Measurements of the properties of
Z;; events have been performed by ATLAS [1, 2] and CMS [3, 4] using pp collision
data at »/s = 7 TeV. In certain regions of phase space significant deviations of the
data from theoretical predictions were found, in particular when the two leading jets
in the events were widely separated in rapidity or had a large dijet invariant mass.
It is therefore important to produce detector-corrected measurements of these event
topologies, to assist the theory community in understanding and constraining the
uncertainties associated with modelling them.

The production of Z;; by purely electroweak processes is a much rarer occurrence.
Electroweak Z;j; production, with the Z-boson decaying leptonically, is defined as
comprising all processes which contribute to the £7£7jj final state and contain at
least one t-channel exchange of an electroweak gauge boson [5, 6], and includes the
vector boson fusion (VBF) production process, as shown in Fig. 7.1b. This process is
of particular interest due to the similarity it has to the VBF production of the Higgs
boson. The distributions and analysis techniques used to isolate and study VBF Z;
production will therefore be of interest when studying the VBF production of a Higgs
boson plus 2 jets. The large background of Z;; produced via the strong interaction
will also be an important background to Higgs plus 2 jet production, and so strong
Z;; production should be studied precisely in order to understand and potentially
constrain the uncertainties associated with its QCD modelling. Measurements of
vector boson fusion production of Z;; also allow limits to be placed on anomalous
triple gauge couplings (aTGCs) between Z-bosons and W-bosons.

Z;; events produced via electroweak processes can have quite distinctive topolo-
gies, which can be exploited to distinguish between the electroweak signal events
and the large background of Z;; events produced via the strong interaction. Using
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Fig. 7.1 Example leading-order Feynman diagrams for a strong Z;; production and b production
of Zj; via vector boson fusion

the VBF diagram in Fig.7.1b as an example, the two outgoing quarks which recoil
against the W-bosons go on to form so-called tagging jets, that are typically produced
widely separated in rapidity and with relatively large transverse momenta (the pair
of jets will therefore typically also have a very large dijet invariant mass). There is
also a lack of colour flow across the VBF diagram. Because the interaction proceeds
via the exchange of only colourless electroweak bosons the two final-state tagging
jets are not colour connected, and so it is expected that very little additional quark
and gluon radiation will be produced in the rapidity interval bounded by the two
tagging jets. Experimentally it is therefore likely that few jets will be detected in the
this rapidity interval. Properties such as these can be used to define regions of phase
space that have varying sensitivity to the electroweak component of the Zj; cross
section, as will be discussed in Sect.7.5.1.

This chapter describes measurements of detector-corrected differential cross sec-
tions for the inclusive production of Z;; in various phase space regions, and the
extraction of the electroweak component of the production cross-section, using
proton-proton collision data collected by ATLAS at /s = 8 TeV. Work presented in
this chapter has been published in [7].

7.2 Event and Object Reconstruction and Selection

Data used in this analysis were collected between April and December 2012 at a
centre-of-mass energy of +/s = 8 TeV and correspond to an integrated luminosity
of 20.3 fb~!. Events in the muon channel are required to have passed either the
isolated (cf. Chap.4) single muon trigger EF_mu24i_tight or the non-isolated
higher-p trigger EF_mu3 6_ tight. Events containing a Z-candidate in the electron
channel are required to have fired the dielectron trigger EF_2e12Tvh_loosel.
All events are required to have a reconstructed collision vertex, defined as a
vertex with at least three inner detector tracks each with pr > 400. The pri-
mary vertex is then defined as the collision vertex with the largest sum of the
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squared transverse momenta of associated inner detector tracks. Events are also
required to be collected during data-taking periods in which the ATLAS detec-
tor was fully operational, defined as those which make up the good runs list
(cf. Sect.2.2.4)

datal2_8TeV.periodAllYear_ DetStatus-v6l-prol4d-02_DQ
Defects-00-01-00_PHYS_StandardGRL_All_Good.xml.

7.2.1 Muons

Muons produce hits in the inner detector and track segments in the muon spec-
trometer, and are reconstructed using the STACO algorithm (cf. Sect.3.4). They are
required to have pr > 25 GeV and |n| < 2.4. The inner detector tracks associated
with each muon must pass the quality requirements defined by the Muon Combined
Performance group [8]:

e At least one pixel b-layer hit, except when the extrapolated muon track passes an
un-instrumented or dead area of the b-layer.

e Number of pixel hits + number of crossed dead pixel sensors > 0.

e Number of SCT hits + number of crossed dead SCT sensors > 4.

e Number of pixel holes + number of SCT holes < 3.

e Impact parameter cuts:
| trackzOpvunbiased x sin(tracktheta) | < 0.5 mm and
| trackdOpvunbiased/tracksigdOpvunbiased| < 3.0

e If0.1 < |n] < 1.9,n > 5 and n%‘gers < 0.9n, else if n > 5, require n%‘{!riers <
0.9n. Where n is the sum of TRT hits and TRT outliers (cf. Sect.5.3.1).

The muons must also be isolated, and are required to have >_ pr/pr(u)< 0.1, as
defined in Sect.4.3.

7.2.2 Electrons

Electron candidates must have a so-called author of 1 or 3 and must satisfy the
Medium++ electron identification requirements. They must have pt > 25 GeV and
[n| < 2.47, excluding the crack region between the barrel and end-cap calorimeters
at 1.37 < |n| < 1.52. As with the muon candidates, electrons must pass the follow-
ing impact parameter cuts: |trackzOpvunbiased X sin(tracktheta) |
< 0.5mm and | trackdOpvunbiased/tracksigdOpvunbiased| < 6.0.

7.2.3 Jets

The anti-k; algorithm with radius parameter R=0.4 is used to define candidate
jets in the events. The inputs to the algoritm are EM-scale topological clusters
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of calorimeter cells. The energies of the resulting jets are subsequently corrected
using the standard EMIJES calibration procedure (cf. Sect.3.5). Candidate jets are
required to have pt > 25 GeV and |y| < 4.4, and must be well-seperated from
any of the selected leptons—jets with AR(jet, lepton)< 0.3 are removed from the
analysis.

To remove pile-up jets originating from different pp collisions in the same bunch
crossing, a jet vertex fraction (cf. Sect.5.3.3) cut of JVFI> 0.5 is imposed for all
jets with [n| < 2.4 and pt < 50 GeV.

7.3 Theoretical Predictions

Theoretical predictions for strong and electroweak Z; production were produced
using the SHERPA [9] and POWHEG [10-12] MC generators.

SHERPA v1.4.3 was used to produce strong Z + n parton predictions (n = 0, 1, 2,
3, 4) atleading order in QCD. Electroweak Z +n parton predictions are also produced
at leading order in QCD, with n = 2, 3.

Events contributing to the £7£7jj final state from diboson-initiated processes
such as the example given in Fig.7.2c are generated separately using SHERPA, with
up to three additional partons in the final state. Once the matrix element calcula-
tions were complete, the SHERPA built-in parton shower algorithm, hadronisation
and MPI models were used to turn the parton-level final states into particle-level
events which can be compared to experimental data. The CKKW [13] matching algo-
rithm was used to match the matrix elements to the parton shower and avoid double
counting.

POWHEG produces both strong [14] and electroweak [15] Z;; predictions at next-
to-leading order in QCD. PYTHIAG is then used to provide parton showering, hadro-
nisation and MPL. Strong Z;; events are produced using the Multi-scale improved
NLO (MiNLO) [16] procedure which reduces instabilities in events with disparate
scales. Z-boson plus zero and one jet events are also included using MiNLO, allowing
contributions to the Z;; final state from MPI to be evaluated.

Theoretical scale uncertainties in the strong and electroweak predictions from
SHERPA and POWHEG are estimated by varying the renormalisation and factorisation
scales (separately) by a factor of 0.5 and 2.0. Additional uncertainties in the SHERPA
predictions are estimated by varying the CKKW matching parameter, changing the
parton shower scheme used—from the default [17] to that proposed in [18]—and
varying parameters which control the amount of MPI. This potential mismodelling of
the underlying event is evaluated by varying parameters in such a way that the overall
amount of MPI activity is increased uniformly by 10 % [19], or by changing the shape
of the MPI spectrum to force more jets from double parton scattering to be produced.
The parameter variations used for the latter are STGMA_ND_FACTOR=0.14 and
SCALE_MIN=4.0. A similar set of uncertainties on the POWHEG predictions are
estimated by using the Perugia 2011 [20] tunes.
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7.3.1 Electroweak Signal Composition

As well as the VBF diagram shown in Fig.7.1b, Z-boson bremsstrahlung and non-
resonant £7 £ jj diagrams, examples of which are shown in Fig.7.2a, b, also con-
tribute to the electroweak signal. To investigate the contribution of each of the types
of process to the full electroweak cross section, the SHERPA MC generator was
privately modified, with help from the SHERPA authors, to set various Z-boson cou-
plings to zero—effectively removing specific sets of Feynman diagrams. For exam-
ple, the Z,, coupling could be set to zero to remove the contribution from Z-boson
bremsstrahlung. The following results are meant as a guide, to give a rough estimate
of the size of the individual contributions and the interference between them, and
should not be used for quantitative purposes. All diagrams must be considered when
calculating a cross section in order to preserve gauge invariance.

Table 7.1 shows the fiducial cross section in the baseline region of phase space,
defined in Sect.7.5.1, for the full electroweak calculation and for each of the sub-
sets of processes—VBF-only, Z-boson bremsstrahlung-only and non-resonant-only.
The contribution from non-resonant production is less than 1%. The VBF- and
Z-boson bremsstrahlung-only cross sections however are each a factor of four larger
than the full electroweak cross section. This implies that the interference between
the two is large and it is not possible to separate the two sets of processes, nor answer
questions about whether specific regions of phase space are more VBF-like or more
Z-boson bremsstrahlung-like.

@

Fig. 7.2 Example Feynman diagrams for a Z-boson bremsstrahlung, b non-resonant ¢+ ¢~ jj pro-
duction and ¢ diboson-initiated Z;; production

Table 7.1 Cross sections calculated by SHERPA for the electroweak production of Z;; after turning
off specific Feynman vertices

Channel Obaseline (fb)
Full EWK 84.93
Non-resonant 0.40

VBF 333.08
Z-bremsstrahlung 329.65
VBF/EWK 39
Z-bremsstrahlung/EWK 3.9

Obaseline refers to the cross section in the baseline region of phase space, defined in Sect.7.5.1
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7.4 Monte Carlo Simulation

Particle-level MC samples were passed through a GEANT4 [21, 22] simulation of
the ATLAS detector. These reconstructed-level events can then be processed using
the same analysis code as the data. Pile-up interactions were included using the
same method as in Sect. 5.2; nominal reconstructed-level MC samples were overlaid
with additional minimum bias event generated using PYTHIAS with tune A2 [23]
and the MSTW2 008LO [24] PDF set. The events were then reweighted such that the
average number of interactions per proton-proton bunch crossing in the simulation
match that in the observed data. As in Sect. 5.5, additional weights are applied to the
simulated events in order to correct for data-MC discrepancies in the average number
of interactions per bunch crossing ({u)), triggering efficiencies, lepton reconstruction
and identification efficiencies, and lepton energy and momentum resolutions. In the
latter case the energy of electrons and momentum of muons is smeared and scaled
such that the lepton energy scale and momentum resolution matched that measured
in data.

Reconstructed-level strong and electroweak samples are produced using the
particle-level SHERPA samples described in Sect.7.3 and are normalised to repro-
duce the NLO Z;; cross sections calculated by POWHEG. The NLO k-factors are 1.23
and 1.02 for the strong and electroweak samples, respectively. As a cross-check of the
theoretical modelling of strong Z;; production a small sample of events were gener-
ated using ALPGEN v2 . 14 [25] interfaced to HERWIG and JIMMY (tune AUET?2 [26]).
ALPGEN matrix elements that included a Z-boson and up to five additional partons
in the final state were calculated.

Background events arising from tt and single-top events were generated using
MC@NLO v4. 03 [27] interfaced to HERWIG and JIMMY to provide parton show-
ering, hadronisation and MPI (tune AUET2). The tt sample was normalised to the
next-to-next-to leading order (in QCD) cross section calculation, including next-to-
next-to leading logarithmic soft gluon terms [28]. Background contributions from
WW and W + jets events were generated using SHERPA.

7.4.1 Combination of QCD Z Samples

In addition to the nominal sample of QCD Z + jets events produced centrally by
ATLAS, a sample of events was produced in which a particle-level filter was used to
preferentially retain a higher proportion of events with very large dijet invariant mass
than would normally be achieved. This was necessary in order to obtain sufficient
statistical precision in the tails of the distributions. The filter selects and retains a
fraction (f) of all events types (0-jets, 1-jet, 24 jets), while modifying the event
weights by (1/f) to ensure that the original distributions can be recovered. The
fraction for 0-jet and 1-jet events was set to be 1/5000 and 1/1000 respectively. The
fraction for low-mass (high-mass) 2-jet events was set to 1/200 (1/1). The event
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fraction for 200GeV < mj; < 800GeV was obtained by a power-law interpolation
between the low-mass and high-mass regions. A fraction of all of the events is retained
to ensure that the shape of the dijet invariant mass distribution can be correctly
reproduced.

The nominal Z + jets sample contains a large number of events with low dijet
invariant mass. Therefore in order to provide the best possible statistical coverage in
all regions of phase space the samples were combined. Two methods were used to
combined the samples of events:

e Exclusive sum: In each channel, events from the non-filtered sample are only used
if they do not contain at least two particle-level jets with pr > 15 GeV. Events
from the filtered sample are only used if they do contain at least two particle-level
jets with pt > 15 GeV. In this way the two samples of events are made mutually
exclusive, and the events can simply be added together.

e Weighted average: In each channel, both samples are used to independently to
create distributions of interested. A given distribution, g(x), is constructed by
combining the two independent distributions using a weighted average. Specifi-
cally, each bin i of the distribution is given by:

g = Y + wpbi
= Ladi T b7
Wa +Wp

where a; and b; label the bin values in each of the two distributions, and the weights
wy are inversely proportional to the statistical uncertainty in each bin w, = 1/ oxzi .

Both methods of combining the events produce distributions that are consistent within
their statistical uncertainties, as shown in the example distributions in Fig.7.3. Since

(a) (b)
&= F RAnee R 8= [
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Fig. 7.3 Comparisons of the a differential cross section as a function of |Ay| and b differential
cross section as a function of mj; obtained from MC samples combined using the weighted average
(red) and exclusive sum (blue) techniques
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the samples combined using a weighted average are slightly more statistically pow-
erful, these samples are used when constructing distributions at both particle and
detector-level which are compared to the data. They are also used in the fitting pro-
cedure used to extract the electroweak component of the Z;; cross section, described
in Sect. 7.6. However due to technical limitations of the unfolding software, the sam-
ples combined using a weighted average cannot be used and the exclusive summed
samples are used instead.

7.5 Differential Cross Section Measurements

7.5.1 Phase Space Definitions

The measurements of the differential cross sections are performed in five regions of
phase space with varying sensitivity to the strong and electroweak components of
Z;; production. A summary of the cuts used to define each of the fiducial regions is
shown in Table 7.2.

The baseline region was defined to be the most inclusive, and had least sensitivity
to electroweak Zj; production. Comparisons between data and theory in this region
of phase space provide important information about the QCD description of strong
Z;j production, and can be used to probe and constrain theoretical uncertainties asso-
ciated with these event topologies. Events entering the baseline region must have
an £T¢~ pair with an invariant mass of 81 GeV < my, < 101 GeV which can be
considered a Z-boson candidate, and two jets that are well-separated from leptons,
with |y| < 4.4 and pJ' > 55 GeV and p* > 45 GeV. The remaining phase space
regions are subsets of the baseline region. In the high-pT region the jet pr cuts are

Table 7.2 From [7], summary of the selection criteria that define the fiducial regions

Object Baseline Highmass ‘ Search Control ‘ High-pr
Leptons Int| < 2.47, pfr > 25GeV
Dilepton pair 81 < mye < 101 GeV
- | pff > 20 GeV -
Jets [y/| <44,ARj>0.3
pf > 55GeV p} > 85GeV
p!rz > 45GeV p-]l-2 > 75GeV
Dijet system | — mj; > 1TeV mjj > 250GeV -
Interval jets - Njet =0 Njer > 1 -
Zj; system - pgalance P}alameﬁ _
< 0.15 < 0.15

‘Interval jets’ refer to the selection criteria applied to the jets that lie in the rapidity interval bounded
by the dijet system
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increased to p# > 85 GeV and p%z > 75 GeV. This region is designed to exploit
the harder jet pr spectrum resulting from the electroweak production of Z;;. Events
in the high-mass region are the subset of those in the baseline region in which the
invariant mass of the leading two jets is larger than 1 TeV.

The search region is designed to further enhance the electroweak component. The
cuts defining the search region were optimised to maximise the expected significance
of the electroweak signal when extracting the electroweak component of the Z;; cross
section. Events that enter the search region are the subset of those that enter the
baseline region which also fulfil the following requirements.

e The invariant mass of the two leading jets must satisfy mj; > 250 GeV.

e The normalised transverse momentum balance, ! ptT’ala"CE, is required to be less than
0.15.

e The dilepton pair must have pf}@ > 20 GeV.

e Events must have no additional jets with pt > 25 GeV falling in the rapidity

interval bounded by the two tagging jets.

The cut on the dijet invariant mass removes contributions from diboson-initiated Z;
processes. The transverse momentum balance requirement removes events in which
the jets were badly measured and enhances the contributions from VBF-Z;;, where
the lack additional radiation causes the Z-boson and dijet system to be very well
balanced. Cutting on the dilepton transverse momentum removes events in which
additional jets arise from pile-up, and requiring a jet veto also exploits the difference
in colour flow between the electroweak signal and QCD background events.

In the control region the jet veto and p%alance cuts are modified, compared to
those in the search region, in order to reduce the contribution from electroweak
Z;; production and enhance the contribution from strong production. For events to
enter into the control region they must satisfy the same selection criteria as those
in the search region, except that they must contain at least one additional jet with
pr > 25 GeV falling into the rapidity interval bounded by the two leading jets,
and the p'%alance variable is redefined to include the highest-pt additional jet in the
rapidity interval between the two leading jets. Events entering the control region are
therefore orthogonal to those in the search region.

The fractions of electroweak Zj, QCD Z;j and non-Zj background events
(cf. Sect.7.5.3) which compose the various fiducial regions are shown in Table 7.3.
The contributions from tt, WW, tW and W +jets events are estimated by applying
the default analysis chain to dedicated samples of events generated as described in
Sect.7.4. The multijet background only contributes if two jets are misidentified as
leptons and cannot be estimated using dedicated MC samples. Instead, a data-driven
approach is taken and multijet-enhanced samples of data are obtained by selecting

1 . balance

ot is defined as:

phalance _ (P[‘l + P’j + ij + PJ:Z)T 7.1)
Pt +Pf+Pr +p7

where /1 and /; label the two leptons which make up the Z-boson candidate.
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Table 7.3 From [7], fractions of events (in %) that make up each fiducial region

Composition (%)
Process Baseline High-pr Search Control High-mass
Strong Zj; 95.8 94.0 94.7 96.0 85
Electroweak | 1.1 2.1 4.0 1.4 12
Zij
WZandZZ |1.0 1.3 0.7 14 1
tt 1.8 22 0.6 1.0 2
Single top 0.1 0.1 <0.1 <0.1 <0.1
Multijet 0.1 0.2 <0.1 0.2 <0.1
WW, W +jets | <0.1 <0.1 <0.1 <1.1 <0.1

events in which the leptons fail their isolation criteria. The contribution from multijet
events is less than 0.5 % in all regions.

7.5.2 Distributions of Interest

The distributions measured are designed to be sensitive to various aspects of the Z;
events. Those sensitive to the kinematics of the two leading jets in the event are:

% . ddn_(:jj5 The normalised differential cross section as a function of the dijet invariant
mass, mjj.

é . d|dT0y\: The normalised differential cross section as a function of the rapidity
difference between the two leading jets, |Ay]|.

Distributions sensitive to the difference in colour flow between the strong and elec-
troweak Z;; production processes include:

do

* 5 aNg: The normalised differential cross section as a function of the number of
jel

1

o

jets, Njet, with pr > 25 GeV in the rapidity interval between the two leading jets.

; . dp&%: The normalised differential cross section as a function of the pr-
balancing variable.

e The fraction of events that do not contain any additional jets with pt > 25 GeV in
the rapidity interval bounded by the two leading jets—the jet veto efficiency—as
a function of mj; and |Ay].

e The average number of jets with pr > 25 GeV in the rapidity interval bounded by
the two highest-pr jets, (Njets), as a function of mj; and |Ay]|.

e The fraction of events with ptT’alanC°< 0.15—the p%alance cut efficiency—as a func-
tion of mjj and |Ay|.
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Finally, distributions sensitive to the azimuthal angle between the jets are:

1. __do___.The normalised differential cross section as a function of the differ-
o d[A¢y, )]

ence in azimuthal angle between the leading two jets, A¢(J, j).
e The fraction of events with A¢(j, j)> m/2—the A¢(j, j) cut efficiency—as a
function of mj; and |Ay|.

7.5.3 Detector-Level Data and MC Comparisons

Figure 7.4 shows some examples of data compared to MC in the baseline region.
The various MC predictions are summed according to their fiducial cross sections
and normalised according to the integrated luminosity of the recorded dataset. The
simulated events give a reasonably good description of the data. There is some degree
of mismodelling in the tails of the mj; and | Ay| distributions which is consistent with
what was observed in previous measurements of Z + jets.

7.5.4 Introduction to Bayesian Unfolding

As mentioned in Sect.5.7 the goal of unfolding is to correct the measured data for
effects arising from the finite efficiency and resolution of the detector. In this analysis
an iterative Bayesian unfolding technique [29] was chosen to correct the data, the
details of which will be given in what follows.
By treating each bin of a histogram as an element in a vector or matrix, we can
write
A-x=y (7.2)

where X is the true distribution we are interested in, y is the distribution we measure
and A is a matrix—often the “response”, “smearing” or “transfer” matrix—which
encodes information about the detector and transforms the distributions from true to
measured.

After writing the problem as in Eq. (7.2), it is tempting to think that the solution is
simply to invert the matrix A and apply it to our measured distribution y. However,
it is argued by D’ Agostini [30] that since the problem of unfolding is inherently a
probabilistic one, we should use probabilistic methods to solve it.

The problem can be reformulated by writing the probability for finding an event
in bin i of the true distribution, d/, as

d = ZP(TiIMj) dj = Zez’j dj (7.3)
J J

where P(T;|M ) is an element of the ‘unfolding matrix’ 6;; and gives us the probabil-
ity for finding an event in bin i of the true distribution, given that we measured one in
bin j. d; is the probability for finding an event in bin j of the measured distribution.


http://dx.doi.org/10.1007/978-3-319-19653-4_5
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Fig. 7.4 Comparisons between data and MC for a the leading jet pr, b the leading jet and rapidity,
¢ the sub-leading jet pr, d the sub-leading jet rapidity, e the dijet invariant mass and f the difference
in rapidity between the two leading jets. The simulated samples are normalised to the cross sections
described in Sect. 7.4

Using Bayes’ theorem it is possible to rewrite the unfolding matrix as

P(M;|T) -P(T))  aji -P(T)

O = POIMD = S B0 P — Sy P(T)

(7.4)
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where P(M|T;) = aj; are elements of the response matrix introduced in Eq. (7.2),
and P(T;) is the probability of finding an event in bin i of the true distribution. This
is often referred to as the prior probability distribution and is typically taken to be
the particle-level distribution produced by the MC.

We are now able to tackle the problem of unfolding, since we can construct the
response matrix from our Monte Carlo events. If we generate a large number of events
in each bin 7; we can observe which bins they fall in after being passed through a
simulation of the detector. This information can then be used, with Egs. (7.4) and
(7.3), to attempt to recover the shape of the true distribution.

One potential drawback of Bayesian unfolding is the biasing of the result by the
prior probability distribution. The problem can be somewhat avoided by applying
the full unfolding procedure to the data distribution iteratively, and using the output
of each round of unfolding as the input to the next. The elements of the unfolding
matrix then become

o aji - P}, 1) ;
Yoo 2haji P, )

n=1; dy=T (7.5)

where d; | is the probability of finding an event in bin i of the true distribution
after n — 1 iterations of the unfolding, and other symbols are as defined in Eqs. (7.4)
and (7.3). The initial prior distribution, di/,()’ is taken to be the MC particle-level
distribution, 7;.

The probability of finding an event in bin i of the true distribution after  iterations
of unfolding, d; , is then given by

dj,=> 0 d;. (7.6)
j

As the number of iterations increases, the bias from the Monte Carlo particle-
level distribution decreases. However, at the same time, statistical fluctuations are
amplified and the statistical uncertainty is increased. Therefore a reasonable number
of iterations must be used to balance the decreasing bias against the increasing
uncertainty. The number of iterations is therefore usually kept around 2—4.

7.5.5 Bayesian Unfolding in This Analysis

The particle-level predictions were constructed using final-state particles with mean
lifetime (c7) longer than 10 mm. Charged leptons were constructed from the four-
momentum combination of the lepton (electron or muon) and all nearby photons in a
cone of radius AR = 0.1. Leptons are required to have pr > 25 GeV and |n| < 2.47.
Jets are reconstructed using the anti-k; algorithm with a jet-radius parameter of 0.4.
Jets are required to have ptr > 25 GeV, |y| < 4.4 and AR(j,l) > 0.3, where
AR(j, 1) is the distance in n-¢ space between the jet and the selected leptons.
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The complete unfolding procedure was implemented in the EWUnfolding pack-
age. A complete discussion of the implementation of the package is given in [31]
with the important details repeated here for completeness.

Unfolding begins by defining the following quantities:

e d—the original data distribution with n bins. The value of the distribution in bin
i is labelled d;.

e b—the distribution of expected background events with n bins. The value of the
background distribution in bin i is b;.

e y—the signal distribution with n bins. The value of the signal distribution in bin i
is Vi.

e x—the unfolded distribution with n bins. The value of the unfolded distribution in
bin i is x;.
The following quantities are then also defined:

e The response matrix, A, is used to correct for bin-to-bin migrations between the
reconstructed and particle-level distributions. It is created using only events that
pass the event selection and fall into the required fiducial volume at particle-level
and reconstructed level.

particle & reco

e Fiducial factors f; = ——we— for each bin of the reconstructed distribution.

N ipmwle’ &1eco i< the number of events entering bin i that pass both the particle and

reconstructed-level cuts, while N/°°° counts the number of events in bin i that pass
the reconstructed-level cuts only. The fiducial factors correct for events that enter
the fiducial region at reconstructed-level but do not fall into the fiducial region
defined at particle-level. Note that bin i is defined by the reconstructed-level value
of the variable.

reco & particle

e Correction factors ¢; = for each bin of the unfolded distribution.

S
particle
N, i

N,.p article & reco is defined above, and Nip article is the number of events in bin i that
pass the particle-level but not the reconstruction-level cuts. These account for
efficiency and acceptance losses on going from particle to reconstructed level.
Note that bin i is defined here by the particle-level value of the variable.

Using these quantities the values of the signal and unfolded distributions can then
be defined as
yi = (di —bi)- fi

xi=0-y)i/ci 7.7)
where @ is the unfolding matrix, constructed from the response matrix A and prior
probability distribution as in Eq. (7.4).

The combined SHERPA QCD and electroweak MC samples, weighted by their
respective cross sections, were used as input to the unfolding. After subtracting
expected numbers of background events from the data, two iterations of unfolding
were used for all distributions in all phase space regions.
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7.5.6 Extending the EWUnfolding Package to 2D

The version of the EWUnfolding code originally prepared by the ATLAS
Standard Model Electroweak group allows one to unfold only one-dimensional
distributions.

However, there is a high degree of correlation between the numerator and denom-
inator of the jet veto efficiency, as all of the events that enter into the numerator
also appear in the denominator. If the numerator and denominator distributions were
unfolded separately, and then divided to obtain the fraction, this correlation informa-
tion would be lost and the statistical uncertainty would not be calculated correctly.

Instead a two-dimensional distribution can be constructed such that all of the
events in each bin are statistically independent. For example to construct the unfolded
jet veto efficiency as a function of | Ay| we could create a two-dimensional histogram
with the |Ay| distribution on the horizontal axis and on the vertical axis a simple
two-bin distribution where events are classified according to whether they pass or fail
the jet veto requirement. The distribution of the number of additional jets between the
tagging jets would also be suitable to use on the vertical axis. The simpler case was
chosen here in an order to keep migrations in the second dimension to a minimum. The
two-dimensional distribution can be unfolded whilst keeping track of all correlations
introduced by the unfolding and the jet veto efficiency can be constructed from it
afterwards, thus retaining the correlation between the numerator and denominator of
the efficiency.

The EWUnfolding package was extended to allow it to unfold two-dimensional
distributions as well as estimate the statistical and various systematic uncertainties,
described in Sect.7.5.8, for two-dimensional input distributions. Three checks were
performed to try and ensure that no bugs were introduced during the extension of
the code. The first check was to run the example unfolding routine prepared by the
authors of the 1D version of the code, with both the original and extended versions
of the code. All outputs between the two sets of code were checked and found to be
identical, and so extending the code to allow 2D unfolding did not break any of the
1D functionality.

The second check involved preparing some signal n-tuples with example MC and
data events. A simple 2 x2 bin distribution was unfolded with a response matrix that
had no off-diagonal elements. The expected results of this simple unfolding could
be calculated by-hand, and were found to be identical to the results obtained using
the code.

In the third check more signal n-tuples were constructed, but the response matrix
used to unfold the simple 2D distributions included off-diagonal elements. I.e. some
bin-to-bin migrations were included. The expected result from one iteration of
Bayesian unfolding was calculated by-hand, and found to be consistent with the
results of the unfolding code.
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7.5.7 Selected Control Plots

Figure 7.5 shows the impact of the number of iterations used in the Bayesian unfolding
the on the differential cross section as a function of mj; and jet veto efficiency as a
function of m;j;. Plotted are ratios of the distributions after unfolding with three,
five or ten iterations to distributions unfolded with two, the nominal. Increasing the
number of iterations has minimal impact on the differential distributions. However,
as can be seen in Fig. 7.5b, the effect on distributions such as the jet veto efficiency
is much larger. Increasing the number of iterations used in the unfolding increased
the size of fluctuations in the tails of these distributions. It was therefore decided that
two iterations would be used to unfold all distributions in all phase space regions.

The purity quantifies to what extent detector resolution and smearing effects cause
events to migrate from one bin at particle level into another at reconstructed level
and is given by

Nparticle—level bini & recobini

, (7.8)

passed particle & reco—level cuts

Punty = N particle—level bin ;

where NParticle-levelbini &recobini j¢ the number of events entering bin i of both the
particle and reconstructed-level distributions and NPaticle-level bini ¢yntg the number
of events that entered bin i of the particle-level distribution. I.e. for a given bini of a
distribution, we check what fraction of the events that fell into bin i at particle-level
also entered the same bin at reconstructed level. Figure 7.6 shows examples of the
bin purity for the differential cross section as a function of | Ay| and differential cross
section as a function of Njet.

In Fig.7.7 the nominal Bayesian unfolding is compared to distributions obtained
after applying simple bin-by-bin corrections, defined by taking the ratio of the
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Fig. 7.5 Effect of increasing the number of iterations, X, used in the Bayesian unfolding on a the
differential cross section as a function of mj; in the baseline region and b the jet veto efficiency as
a function of mj; in the baseline region
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Fig. 7.7 Comparisons of the nominal Bayesian unfolding to simple bin-by-bin corrections for
a the differential cross section as a function of |Ay| in the baseline region and b the differential
cross section as a function of Nje in the high-mass region

particle-level and reconstructed-level distributions (cf. Sect.5.7). Two examples are
shown—the differential cross section as a function of | Ay| in the baseline region and
the differential cross section as a function of Nje; in the high-mass region. All such
distributions confirm that the two methods are consistent to within the associated
uncertainties.
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7.5.8 Statistical Uncertainties and Correlations

7.5.8.1 Statistical Uncertainty on the Differential Cross Sections

The uncertainty on the unfolded results due to the data statistics was computed via
toy Monte Carlo tests. Each bin of the data distribution, d;, was Poisson-fluctuated
and the complete unfolding procedure applied. This was repeated 2000 times and
the RMS of the unfolded values in each bin was taken as the statistical uncertainty
on the data.

In the original EWUnfolding package the uncertainty associated with MC sta-
tistics was estimated by repeated applications of bin-by-bin unfolding. Nominal cor-
rection factors were calculated and a bin-by-bin unfolding applied. Each correction
factor was then Gaussian-fluctuated, where the width of the Gaussian was taken from
the uncertainty on the correction factor? and the bin-by-bin unfolding was repeated.
This procedure was repeated 2000 times and the RMS of the bin-by-bin-unfolded
values in each bin was taken as the uncertainty.

As part of updating the EWUnfolding package, a new method for evaluating
the uncertainty was implemented, whereby each bin of the response matrix was

Gaussian-fluctuated—where the width of the Gaussian was /> ; wl.2 for each bin—
and the complete iterative Bayesian unfolding repeated with the new response matrix.
The response matrix values were fluctuated 2000 times and the RMS of the unfolded
values in each bin was taken as the uncertainty. The original method was found to
underestimate the statistical uncertainty in regions of phase space with poor statistics,
and an example comparison between the two methods is shown in Fig.7.8 for the
differential cross section as a function of |Ay| in the high-mass region.
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Fig. 7.8 Comparison between methods of estimating the uncertainty related to the MC statistics
in the unfolding of the differential cross section as a function of |Ay| in the high-mass region. In
regions of phase space with low statistics the more sophisticated method of Gaussian-fluctuating
each bin of the response matrix produces an uncertainty up to eight times larger than the with the
simpler method

%In the EWUnfolding package the default procedure treats the correction factors like efficiencies,
and the binomial uncertainty equation is used, o = /€ (1 — €)/N. However, these correction factors
are not true efficiencies and in principle could have values larger than 1.
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7.5.8.2 Statistical Uncertainties and Correlations on the Efficiency-Type
Distributions
The jet veto efficiency, A¢ (j, j) cut efficiency and pl%a]ance cut efficiency distributions
are constructed from unfolded two-dimensional distributions. On the x-axis of these
distributions are either |Ay| or mj;, and the y-axis contains just two bins labelling
whether or not each event passes the cut which defines the efficiency. Before the
unfolding, events in each bin of the two dimensional distribution are statistically
independent. However, the nature of the Bayesian unfolding is to reshuffle events
between bins, and afterwards there exist correlations between the bins of the unfolded
distributions. These correlations need to be accounted for when determining the
statistical uncertainty in the efficiency-type distributions.
The efficiency quantities are calculated as follows,

_ 9
gi +n;

€ (7.9)
where, using the jet veto efficiency as an example, ¢; is the value of jet veto efficiency
in bin i, g; is the number of events which do not contain any additional jets with
pT > 25 GeV in the rapidity interval bounded by the two leading jets, and n; the
number of events which do contain such additional jets.

The uncertainty on the efficiency is calculated using the standard formula for
propagating uncertainties with correlations,

dei)? dei \ dei dei
2 i 2 i ) ; ;
€ (3gi) gi (371,') n; dg; on; 9:0n; 0(Gi, Ni)

= |: ! — Ji :|202 +[—9i ]202
gi+ni  (g+n)?] % L(gi+n)?] ™

1 gi 9gi
) _ 0y, 1), 7.10
[Qi +n; (g +ni)2i| [(Qi + ni)2i| im0 (91> 1) (7-10)

where ¢; is taken from Eq.(7.9) and p(g;i, n;) is the correlation between bins g;
and n;.

The (Njets) distribution is also unfolded in two dimensions where the (Njet) dis-
tribution is plotted on the vertical axis against either mj; or |Ay| on the x-axis. In
each bin, x, of |Ay| or mj; we loop over all bins of the Nje distribution on the y-axis
and calculate (Njes) as,

jets
zy N)’ ny

Njews)|x = =
( Jets>|x Zy ny

, (7.11)

X

where NJ™ labels the number of jets between the leading two jets in bin y of the
distribution, and n, is the number events with that many jets.
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The uncertainty on each bin of the (Njes) distribution is calculated in the same
way as for the efficiency distributions, but with more correlation terms included to
reflect that the second-dimension has more than two bins,

Njets Nj Nj_ets N]
2 J
e =22 20| 7~ 72 || 77 — 77 | omoms p i)
i

where the summations run over the bins in the horizontal and vertical axis of the
two-dimensional distributions, and the other terms are defined in Eq. (7.10).

7.5.8.3 Correlations Between Differential Distributions

Statistical correlations between differential distributions were calculated using the
bootstrap method. Poisson fluctuations were applied to each event in data and a
series of N replica histograms were filled each with a weight randomly chosen from
a Poisson distribution with a mean of one. Once the histograms have been filled for
all events, with different bootstrap weights generated for each event, we are left with
N replicas of the data. These can be interpreted as being representations of how the
data might have looked if the measurement was repeated N times.

Using these replicas it is possible to calculate the statistical correlation between
different variables using the standard formula,

oy 3 2O = ) G — pey)
G.j) = 0,0y '

(7.12)

The bootstrap weights generated can also be used to calculate the correlations
between current measurements and any future measurement of the same data, pro-
viding they are generated in a consistent way.

Examples of the correlations between bins of different distributions are shown in
Fig.7.9. The published correlation information allows the quantitative comparison
of all distributions simultaneously.

7.5.9 Luminosity, Trigger and Lepton-Based Systematics

As the unfolded distributions are normalised to a fiducial cross section, the important
issue is whether a given source of systematic uncertainty results in a shape change
in the distribution of interest. The uncertainty in the luminosity is, by definition, a
flat uncertainty as a function of any given variable and does not change the shapes
of our distributions. It is therefore neglected as a possible source of uncertainty in
the unfolded distributions.
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Fig.7.9 Statistical correlations, evaluated using the Bootstrap technique (cf. Sect. 7.5.8.3), between
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The systematic uncertainties associated with the trigger and lepton reconstruc-
tion efficiency and momentum resolution were assessed by comparing the nominal
reconstruction-level distributions to those obtained after shifting the parameters that
control the amount of smearing and scaling applied to the simulated events (cf.
Sect.7.4). The effect of these systematic uncertainties is to change the number of
events entering the fiducial region of interest. However the effect is flat as a function
of any given variable and the lepton-based systematic uncertainties have a negligible
impact on the shape of the distributions. Therefore all lepton-based uncertainties

are neglected when calculating the total experimental uncertainty on the unfolded
results.
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7.5.10 Jet Energy-Based Systematic Uncertainties

Uncertainties affecting the jets used in the analysis will result in changes in the shapes
of the measured distributions, and must therefore be evaluated in detail.

Jet energy scale uncertainties take into account effects such as the n-dependence
of the jet energy calibration, the uncertainty in the pile-up offset correction, the
uncertainty due to the unknown flavour of the jets and the discrepancy observed
between data and MC after the full jet calibration procedure has been applied. The
effect of each source of uncertainty is estimated by shifting the energy of each jet
before any selection cuts are applied. The full unfolding procedure is then repeated
after constructing a new response matrix from the energy-shifted MC samples, and
the uncertainty is defined by comparing the new distribution to the nominal unfolded
result. To reduce the effect of statistical fluctuations and determine the change in
shape induced by each source of systematic uncertainty, the unfolded distributions
are fitted and the systematic uncertainty is taken to be the ratio of the systematically-
shifted and nominal fits. As the majority of the distributions are steeply falling,
the distributions are transformed onto a logarithmic y-scale (i.e. for each bin i, the
transform is y[i] — log(y[i])). A polynomial of order two or three is then used to
fit each distribution and a reasonable X2 / Ngof is observed for each fit.3 Figure7.10
shows the fit to the transformed é . % distribution in the search phase space, for

nominal and shifted jet energies associated with the n-intercalibration modelling
component of the jet energy scale uncertainty. The fit functions are then used to
construct bin-by-bin jet energy scale uncertainties on each distribution. The impact
of this fitting procedure is discussed below.

Effects of a worsened jet energy resolution are estimated by smearing the energy
of each jet by a random number drawn from a Gaussian distribution with mean set
to the jet energy and width equal to the resolution uncertainty. As with the jet energy
scale uncertainties new response matrices are then created using the smeared MC
events and the full unfolding procedure is repeated.

The individual effects of all components of the JES on the differential cross section
as a function of | Ay| and differential cross section as a function of m;j; in the baseline
phase space, after applying the smoothing procedure described above, are shown in
Fig.7.11. The total uncertainty is estimated by taking the sum in quadrature of the
individual components.

3 Apart from the differential cross section as a function of |Ay| in the search and control phase
spaces, all distributions are fit across their entire range. The differential cross section as a function
of | Ay| in these phase spaces has an unusual shape and is difficult to fit. Therefore the fit is performed
in the steeply-falling region 3 < |Ay| < 8, where statistics are lower and the smoothing procedure
becomes more important.
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in the search region. The values in each bin of the nominal and systematic-shifted distributions have
been transformed onto a logarithmic scale before fitting with a polynomial of order three. After
transforming back to a linear scale, the ratio of systematic-shifted to nominal fit results are then
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Fig. 7.11 The individual effects of all components of the JES on a the differential cross section as
a function of |Ay| and b the differential cross section as a function of mj; in the baseline region

7.5.11 Pile-up and JVF Modelling Uncertainty

An uncertainty associated with the mismodelling of the jet vertex fraction is esti-
mated by varying the JVF cut in the MC, repeating the analysis and unfolding, and
comparing the resulting distributions. The JVF cut removes some fraction of the
signal jets in additional to those originating from pileup, therefore any mismodelling
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of the JVF distribution could introduce a bias to the shape and normalisation of
measured distributions.

The uncertainty due to the number of residual pile-up jets that remain after the
application of the JVF cut is estimated using a similar technique to that presented in
Sect.5.8.2. The analysis is repeated after removing all reconstruction-level jets that do
not satisfy A R (particle jet, reco jet) < 0.3. The difference between the particle-level-
matched and nominal distributions reflects the impact of pile-up on the distributions
in question. However taking the full difference between the two distributions would
imply that there was a 100 % uncertainty in the amount of residual pile-up. Figure 7.12
shows the ratio of pt spectra for jets with JVFI < 0.1 to jets with IJVFI > 0.5. Le. the
ratio compares the shapes of a sample of predominantly pile-up jets with a sample
of signal jets. In the region 25 GeV < pr < 40 GeV the ratio is approximately 30 %
higher for MC events compared to data. This implies that there are up to 30 % more
pile-up jets in the MC.

This estimate is only valid for central jets, since the calculation of the JVF relies
on information obtained by the tracking detectors. For jets in more forward regions
the result of the ATLAS measurement of forward transverse energy flow [32] is used
to estimate any possible pile-up mismodelling. This analysis found that default MC
tunes tended to differ from data in their description of the mean »_ Ep distribution
by an extra 15 % in the forward regions.

The total pile-up modelling uncertainty is therefore taken to be 35 % of the dif-
ference between the particle-level-matched and nominal distributions.

Fig. 7.12 The ratio of jet pr
distributions for jets with
IJVFI < 0.1 to jets with
IJVFI> 0.5. The
distributions were
constructed for events
containing a Z-boson
candidate and jets with

In] < 0.8

N, (IVFI<0.1) / N (IJVFI>0.5)
T

10"~ — Data B it

I — Sherpa QCD

ol b b b by b b i |

20 30 40 50 60 70 80 90 100
Jet P, [GeV]
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7.5.12 Modelling Uncertainties and Unfolding Closure

An unfolding closure uncertainty is estimated by following the procedure outlined
in [33]. Taking the differential cross section as a function of |Ay| as an example,
the reconstruction-level differential cross section as a function of |Ay| is compared
to data, and a reweighting function is constructed by fitting the ratio. The particle-
level MC is then reweighted and the unfolding is repeated using the reweighted
MC to populate the response matrix. The data unfolded using the reweighted MC
are then compared to the unfolded distributions obtained using the nominal MC.
The difference between the two is taken as an uncertainty, and estimates to what
extent the unfolding is dependent on the shape of the original MC in the variable
being unfolded. This is referred to the unfolding closure.

To estimate how modelling of the other kinematic distributions affect the unfold-
ing of a given distribution, all other distributions which are unfolded, as well as
jet pr distributions, are reweighted (separately) to more closely resemble the data.
The Bayesian unfolding procedure is then repeated using the reweighted MC and
the results compared to the those obtained from unfolding with the nominal MC.
The theory modelling uncertainty is taken to be the sum in quadrature of the dif-
ference between the default unfolded curve and the unfolded results obtained after
reweighting the other, orthogonal distributions. The theory modelling uncertainties
are shown in the summaries of systematic uncertainties in Sect.7.5.13.

7.5.13 Summaries of Systematic and Statistical Uncertainties

Breakdowns of the systematic uncertainties presented in this section are shown in
Figs.7.13, 7.14, 7.15, 7.16, 7.17, 7.18 and 7.19. The total systematic uncertainty
is defined as the sum-in-quadrature of the individual sources of experimental and
theoretical uncertainty.

For the differential cross sections (Figs.7.13, 7.14 and 7.15) it is the jet energy-
based uncertainties (red dashed) that dominate the overall experimental uncertainty.
Theory modelling uncertainties (blue dashed) are generally small, except in regions
of phase space that have least sensitivty to the electroweak component of the Z;
cross section (baseline and control regions) and at large values of |Ay| and mj;. The
uncertainty due to limited statistics in the data also becomes large at very high values
of | Ay| and mj;. The uncertainty on the efficiency-type distributions (Figs.7.16,7.17,
7.18 and 7.19) is in general smaller than for the differential cross sections. Because
of the way in which the efficiency-type distributions are constructed, experimental
systematic uncertainties can cancel between the numerator and denominator. As for
the differential cross sections, it is the jet energy-based uncertainties which are often
largest.
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7.5.14 Unfolded Differential Cross Sections

The unfolded data are compared to predictions from SHERPA and POWHEG in
Figs.7.20, 7.21,7.22,7.23,7.24,7.25, 7.26.

The unfolded é . dldTayl distribution is shown in Fig.7.20, for the baseline (a),
high-pt (b), search (c) and control (d) fiducial regions. This distribution is sensitive to
the differences between the strong and electroweak Z;; production. In the electroweak
case the recoil of the two quarks against the W-bosons causes the resulting jets to be
produce at large rapidities and with a large invariant mass compared to dijet systems
produced in the strong Z;; case. In the baseline region there is little difference between
the QCD-only and QCD+EW predictions, until very large values of |Ay| where the
contribution from electroweak production is expected to be enhanced. At large |Ay]|,
POWHEG provides a better description of the data than SHERPA, a result which is
consistent with previous Z + jets measurements at /s = 7 TeV [1, 2]. In the high-pr
region the difference between the QCD-only and QCD+EW predictions at large |Ay|
becomes more pronounced. In this region, both SHERPA and POWHEG QCD+EW

predictions give reasonable descriptions of the data. The (% . (”dTUy| distribution in the

search region again shows POWHEG providing a better description of the data. At
large |Ay| there is a significant difference between the QCD-only and QCD+EW
predictions, with the EW component of the cross-section being required to correctly
describe the shape of the distribution in data. In the control region there is almost
no difference between the QCD-only and QCD+EW predictions, as expected. Both
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Fig. 7.20 Unfolded % - 7% distribution in the a baseline, b high-pr, ¢ search and d control
regions. The data are shown as closed (black) circles. The vertical error bars show the size of
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uncertainty only. Particle-level predictions from SHERPA and POWHEG are shown for combined
strong and electroweak Zj; production (labelled as QCD+EW) by hatched bands, denoting the
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il

The data and theoretical predictions are presented in the same way as in Fig.7.20

SHERPA and POWHEG provide good descriptions of the data across the entire range,
apart from the last bin which is likely a statistical fluctuation in the data.

Comparisons of the unfolded }r . %’jj distribution in the four phase space regions
are shown in Figs.7.21a—d. The results are qualitatively the same as for the |Ay|
distribution, which is expected because mj; and |Ay| are correlated variables. The

POWHEG QCD+EW prediction does a reasonably good jobs of describing the data in
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all fiducial regions. The Sherpa QCD+EW predictions do not describe the data well in
the baseline and high-pr regions. Given that POWHEG provides QCD+EW predictions
of the differential cross sections in the baseline and high-pr regions at next-to-leading
order in QCD, this difference in performance is expected. The difference between
the QCD-only and QCD+EW predictions in the search region is very pronounced



7.5 Differential Cross Section Measurements

(@
> T T
8 4 Data (2012)
Qo A\ Sherpa Zjj (QCD + EW)
;.‘.‘—:’ - - Sherpa Zj (QCD)
[ %% Powheg Zjj (QCD + EW)
% - - Powheg Zjj (QCD)
>
° E
] E
05F
E arLas Tt -3
JLdt=203fb" E
.3 (s=8Tev -
F  baseline region =
0.2 L L L L L =
© E
SIS 12F \W_
< E
] S A0 ) S e —
o) E
D|g 1.5F %
-g s F V//777%
)=} E N S
o 1F * J% S J{
0 500 1000 1500 2000 2500 3000
m; [GeV]
(c)
>
2 1 ! ! ! + Data (2012)
% ! A\ Sherpa Zjj (QCD + EW)
= E - - Sherpa Zjj (QCD)
o % Powheg Zj (QCD + EW)
% - - Powheg Zjj (QCD)
>
g5}
)

ATLAS

CE JLdt=2031"
/s=8TeV
high—pT region

Sherpa
Data

(2] F P

@ E %

£I8 15F v

o0 E 1 ]

o 1F e S — 1""2
0 500 1000 1500 2000 2500 3000

m; [GeV]

(

Sherpa

Powheg

~

Jet veto efficiency 2

Sherpa

Powheg

Jet veto efficiency

z
~

Data

Data

Data

Data

161

' T T
=

—.—
09F ==
osf e

F ST
07F
06 :_ —4- Data (2012)

" E A\ Sherpa Zjj (QCD + EW)
- Sherpa Zjj (QCD)

0.5 n

[ %% Powheg Zjj (QCD + EW)
04 I_ - - - Powheg Zjj (QCD)
12

1E
08F
0.6
12F
1E

0.8F

0

T T T ATLAS
: JLdt=2031b"
0.9F o e
:'_' high-p._ region
- R
0.8 ’
07F
0.6 4 Daa2otz)
A\ Sherpa Zj (QCD + EW)
0.5 F~ - - - sherpa zj (QCD)
[ #%PowhegZj(QCD+EW) coomenn
0.4 E " powneg zj (acD)
- 1 + + *
12
1k
08
0.6 -
121
1F MR
08F
0 1 2 8

|Ay|

Fig. 7.23 Unfolded jet veto efficiency versus mj; (a, ¢) and |Ay| (b, d) in the baseline (a, b) and
high-pt (c, d) regions. The data and theoretical predictions are presented in the same way as in

Fig.7.20

at large mjj;. POWHEG and SHERPA give equally good descriptions of the data and
it is clear that for values of mj; larger than 1 TeV the electroweak component of
the cross section is crucial for correctly describing the shape of distribution in data.
The mj; distribution is therefore an obvious candidate for extracting the electroweak
component of the cross section, as described in Sect. 7.6. Finally, in the control region
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there is again little difference between the QCD-only and QCD+EW predictions.
POWHEG gives a good description of the data across the full range, while SHERPA
shows some deviation from unfolded result for mjj > 1.5 TeV.

1 do 1, _d
The unfolded _ - W"[ = dpﬁ'm and L = m distributions in the high-mass

region are shown in Fig.7.22. The electroweak production process does not involve
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in Fig.7.20

the exchange of any coloured particles in the t-channel, and therefore it is expected
that little inter-jet radiation will be present in the production of electroweak Z;; events.
The lack of radiation between the two boundary jets in the events manifests itself
as a more sharply peaked Nje distribution and can be seen clearly in the first bin
of Fig.7.22a. This strengthens the argument that jet veto can be used to distinguish
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between the QCD and electroweak production mechanisms, as used in the definition
of the search region. In general both SHERPA and POWHEG give good descriptions
of the distributions measured in the high-mass region.

The unfolded jet veto efficiency and (Njets) as a function of [Ay| and mj; are
shown in Figs.7.23 and 7.24. As discussed previously, the lack of colour flow in the
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electroweak production process means that little radiation should be produced in the
region of rapidity between the two boundary jets. This is clear when comparing the
QCD-only and QCD+EW predictions for both distributions in both regions of phase
space. In Fig.7.23 the jet veto efficiency from the QCD+EW prediction is closer
to one at large values of |Ay| and m;j, implying that fewer jets are being produced
between the two boundary jets. Similarly in the (Njes) distribution the QCD-only
predictions are noticeably higher than the QCD+EW ones. In general SHERPA and
POWHEG give reasonable descriptions of the data, although it is SHERPA that gives
a better prediction across the different phase space regions, and POWHEG is seen
to systematically predict too little additional jet activity into the rapidity interval
between the two boundary jets.

Finally the p'%alance cut efficiency and A¢(j, j) cut efficiency distributions are
shown as a function of |Ay| and mj; in Figs.7.25 and 7.26. The separation between
the QCD-only and QCD+EW predictions is obvious in the ptl’-alance cut efficiency
distribution. The lack of inter-jet radiation in the electroweak production process
leads to a higher proportion of events being produced in which the Z-boson is well-
balanced against the dijet system. At large values of |Ay| and m;j; the pt%alance in data
is clearly better represented by the QCD+EW prediction. It is SHERPA that does a
better job of describing the pl%alance cut efficiency in data, while both generators give
a good description of the data in the A¢ (j, j) cut efficiency.

In general neither SHERPA or POWHEG can fully describe the data in all regions
of phase space. For the differential distributions sensitive to the two leading jets it is
POWHEG that performs better than SHERPA and more accurately describes the data
at large |Ay| and mj;. This is expected because POWHEG produces Z;; predictions at
NLO in the baseline and high-pt regions. However, it is SHERPA that gives a better
prediction for distributions that are sensitive to the amount of additional radiation
produced in the events. POWHEG typically produces too little radiation into the inter-
jetregion. This difference is interesting due to the fact that both SHERPA and POWHEG
are producing predictions that are leading order in the first extra emission. SHERPA
is also leading order in emissions higher than the first, so in cases where the first
additional jet falls outside the rapidity interval bounded by the two leading jets then
SHERPA should be expected to perform slightly better. By making comparisons such
as this we can probe the different approaches to generating events and constrain the
uncertainties associated with modelling such topologies in these extreme regions of
phase space.

7.6 Electroweak Z;; Signal Extraction and Cross Section

As discussed in Sect.7.5.1 the electroweak contribution to the Zjj cross section is
expected to be enhanced in certain regions of phase space. In this section the extrac-
tion of the electroweak Z;; cross section will be discussed. This analysis was per-
formed by a larger analysis team of four, therefore a brief description of the analysis
method will be presented and detailed focus will be given to the parts of the analy-
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sis in which the author played a primary role. Namely, the systematic uncertainties
associated with the signal and background modelling, and the determination of limits
on anomalous triple gauge couplings.

7.6.1 Extraction Technique

The electroweak component of the Zj; cross section is extracted by performing a fit to
the dijet invariant mass spectrum in the search region. As already seen in Fig. 7.21 the
invariant mass spectrum is sensitive to the electroweak production process at large
values of mj;. The fit is performed using signal and background templates derived
from MC. The signal template is made up of SHERPA electroweak Z;; events. The
background template is constructed from SHERPA QCD Z;; events, as well as contri-
butions from the tt and diboson backgrounds. Accurately and precisely describing
the shape of the background is crucial for enabling the extraction of the electroweak
cross section. Therefore the shape of the background template is constrained using
the following data-driven method. A comparison is made between the data and MC
mj; spectra in the control region. The ratio of data to MC is fitted with a second order
polynomial and the fitted function is then used to reweight background m;; template
in the search region. Using this technique the experimental and theoretical uncer-
tainties associated with the background template are minimised, and the description
of the Z;; events provided by the MC generator is used only to extrapolate between
the control and search regions.

After the number of expected electroweak events (Ngw) has been extracted from
the fit, it is converted into a fiducial cross section through the use of a correction factor
that accounts for differences in the numbers of selected events at reconstruction and
particle level due to detector inefficiencies and resolutions.

An example fit result is shown in Fig.7.27, and Table 7.4 summarises the MC
predictions and fit results in the electron and muon channels.

Table 7.4 From [7]. The number of fitted strong and electroweak Zj; events

Electron Muon
Data 14,248 17,938
MC predicted Npkg 13700 1200* 1350 18600 = 150073500
MC predicted Ngw 602 £27 1% 731429153
Fitted Nykg 13351 & 144 £ 29 17201 £ 161 £ 31
Fitted Ngw 897 £92 £ 27 737 +£98 + 28

The statistical uncertainties on the fit results due to data and simulation are shown as the first and
second uncertainties, respectively. The number of events in data is also presented, in addition to
the predictions from the MC simulation for strong and electroweak Zj; production. The first and
second uncertainties in the MC prediction represent the experimental and theoretical systematic
uncertainties, respectively.
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7.6.2 Experimental Systematic Uncertainties

The systematic uncertainty on Ngw has contributions from the uncertainty in the
function used to reweight the background template, and standard experimental sys-
tematic uncertainties such as the jet energy scale, jet energy resolution and pile-up
modelling. Details of the studies used to estimated the size of the uncertainty on
the reweighting function and the various sources of experimental uncertainty can
be found in [7, 31], and a summary of the sizes of these systematic uncertainties is
given in Table7.5.

7.6.3 Theoretical Modelling of the Signal and Background

The theoretical uncertainties on the signal and background templates are estimated
using dedicated MC samples generated to assess the uncertainties on the particle-level
differential distributions. As described in 7.3, Monte Carlo samples were generated
with varied renormalisation and factorisation scales, a different value of the CKKW
matching parameter and variations to the parameters that control the multiple par-
ton interaction model. To ensure that the effects of limited MC statistics are not
accounted for several times, the associated uncertainty on Ngw is estimated using
toy experiments. The procedure differs slightly depending on whether the systematic
is affecting the signal or background template. In the case of the signal template, for
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Table 7.5 From [7]. Systematic uncertainties, expressed in percentages, on (i) the number of fitted
signal events in the search region, Ngw, and (ii) the correction factor to the particle-level, CEw

Source ANgw ACgw
Electrons (%) Muons (%) Electrons (%) Muons (%)
Lepton systematics - - +3.2 +2.5
Control region statistics | 8.9 +11.2 - -
JES +5.6 i
JER +0.4 +0.8
Pileup jet modelling +0.3 +0.3
JVF +1.1 s
Signal modelling +8.9 He
Background modelling | +7.5 -
Signal/background +6.2 -
interference
PDF 3 +0.1

The uncertainties are anti-correlated between Ngw and Cgw.

each source of uncertainty the corresponding systematically shifted % . % distri-
bution in the search region is Gaussian fluctuated in every bin. The width of the
Gaussian distribution used is set to the MC statistical uncertainty in each bin. The
fluctuated, shifted distribution is then compared to the nominal % . % distribution
and the shifted-to-nominal- ratio is fitted with a second order polynomial. The poly-
nomial is then used to reweight the signal template in the search region directly and
the fit for the number of electroweak events is repeated using the new signal template.

For the background template it is the control-to-search region extrapolation which
is important to assess. The shifted (17 . % distributions in both the control and search
regions are Gaussian fluctuated and their ratio is taken. The search/control ratio using
the systematically shifted distributions is compared to the search/control using the
nominal MC. This double ratio is fitted with a first order polynomial, which is then
used to reweight the background template in the search region. The fit for the Ngw
is then repeated.

1000 toy experiments were performed and the resulting distribution of Ngw was
fitted with a Gaussian distribution in order to find its mean, [y, and width, oyoy.
The difference between Ngw and piioy & 0oy is taken as a symmetrised systematic
uncertainty.* The total theoretical uncertainty is found by taking the envelope of the
various generator-level variations.

4me is either added or taken away from jioy to produce the largest difference with respect to the
nominal Ngw.
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7.6.4 Uncertainty Due to Signal and Background Interference

The strong and electroweak Monte Carlo samples were generated and used indepen-
dently throughout the measurements of the differential cross sections and extraction
of the electroweak component of the cross section. However, there exists the possi-
bility of interference between the strong and electroweak production mechanisms.
The interference between the strong and electroweak production of a Higgs boson in
association with dijets (Hj;) has been calculated and found to be negligible [34-37].
No similar calculations have been performed for the case of Z;; production, however
the source of the interference is expected to be the same as in the Hj;j case and so
typically the assumption is made that the interference between the strong and elec-
troweak Z;; production is also small. The systematic uncertainty associated with the
possible interference between the electroweak and QCD production was estimated
by generating dedicated SHERPA samples in which the interference was included. In
the default SHERPA samples, in which the QCD and electroweak processes are gen-
erated separately, the MC is set up by providing the incoming and outgoing partons
for the process of interest, and the number of QCD or EW vertices the process must
contain. For example, the default QCD Z;; samples can be generated by specifying
the following lines

Process 93 93 -> 13 -13 93{4} Order_EW 2

where 93 is a shorthand for gluons and light quarks, 93 {x} requests up fo x addi-
tional partons of type 93, and Order_EW 2 specifies that all Feynman diagrams
must have two electroweak couplings, e.g. the production and decay of a Z-boson.
Events comprising the electroweak processes are generated by setting

Process 93 93 -> 13 -13 93 93 93{1} Order_EW 4 Min_N_TChannels 1.

The reduced number of additional partons in the final state speeds up the calcula-
tions of the matrix elements and generation of the events, four electroweak couplings
arerequestedand Min_N_TChannels 1 forces there to be at least one exchange of
an electroweak gauge boson thereby removing contributions from diboson-initiated
Z;j events such as the example given in Fig.7.2c.

A sample of events made up of both QCD and electroweak processes can be
generated by setting

Process 93 93 -> 13 -13 93 93 Max_Order_EW 4

where Max_Order_EW 4 specifies that diagrams with up to four electroweak cou-
plings should be generated. The reason for reverting to the core Z;jj process, and
foregoing any matching of the matrix elements to the parton shower, was to avoid
the problem of the SHERPA automatic scale setter not coping well with the case of
diagrams with different orders of the electroweak coupling [38]. Using these settings
both the QCD and electroweak matrix elements are included at the amplitude level,
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Fig.7.28 The effect of interference on the QCD-only mj; distribution in the a search, and b control
regions

and therefore the interference between them will also be calculated. These events
will be referred to as the Both sample. New samples of QCD-only and EW-only
events were also generated using just the core 2 — 4 configuration to ensure fair
comparisons.

The change in shape of the mj; distribution due to the interference terms was
estimated by subtracting the m;; distribution in the QCD-only and EW-only samples
from the Both sample, i.e. mJ‘Jm = m?mh_QCD_EW, after normalising each to their
respective fiducial cross sections. To estimate how this interference might affect the
fit for Ngw, m]‘]m is added to mj?CD (Fig.7.28) and used to derive a reweighting
function. This function is then used to reweight the background template in the
search or control regions only, where the assumption is made that the interference
affects only one of the regions and therefore provides a conservative estimate of the
uncertainty by maximising the effect on the measurement.

When reweighting the background template in the search region the value of
Ngw was reduced by 6.2 %. Reweighting the background template in the control
region resulted in the extracted value of Ngw increasing by 6.2 %. Therefore an
additional, conservative, systematic uncertainty of £6.2 % was assigned to the final
measurement.

The effect of the interference on the unfolded differential distributions was esti-
mated using the same set of dedicated MC samples, and found to be negligible.

7.6.5 Electroweak Fiducial Cross Section Results

The measured fiducial cross sections in the electron and muon channels were
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ol = 67.2 £6.9 (sta)y T137 (syst) & 1.9 (lumi) fb  and
olk = 45.6 £ 6.1 (stat) 794 (syst) £ 1.3 (lumi) fb.

The measurements in the two channels are consistent to within 1.70 when taking

into account the systematic uncertainties that are uncorrelated between the channels.

The two results are then combined using a weighted average, where the weight for

each channel is taken to be the inverse of the square of the uncorrelated uncertainty.
The combined fiducial cross section is

opw = 54.7 £4.6 sta) 1), (syst) £ 1.5 (lumi) b,

and the theoretical prediction from POWHEG for the electroweak Zj; cross section
is 46.1 & 0.2 (stat)"03 (scale) + 0.8 (PDF) =+ 0.5 (model) fb, which is in good
agreement with the data. The significance of the extracted signal is estimated using
pseudoexperiments and the background-only hypothesis was rejected at greater than
5o significance.

The fiducial cross section for electroweak Z;j production was also extracted using
events in the search region that also have mj; > 1 TeV, by simply integrating the
fitted signal template. This extreme region of phase space has the most sensitivity to
the electroweak component of the Z;; cross section, and therefore the least sensitivity
to the normalisation of the background. The measured value of the fiducial cross
section in this region was

opw (mjj > 1TeV) = 10.7 4 0.9 (stat) + 1.9 (syst) = 0.3 (lumi) fb,

which, once more, is in good agreement with the prediction of the fiducial Z;; cross
section from POWHEG, of

9.38 + 0.05 (stat) 703 (scale) + 0.24 (PDF) = 0.09 (model) fb

7.7 Limits on Anomalous Triple Gauge Couplings

The observation of electroweak Z;; production enables limits to be placed on anom-
alous triple gauge couplings (aTGCs). Typically aTGC limits have been set by mea-
suring vector boson pair production (Fig. 7.29), wherein all three bosons entering the
WW Z vertex have time-like momentum.

In the VBF production process (cf. Fig.7.1b) however, two of the gauge bosons
have space-like momentum transfer. Therefore electroweak Z;j can be used to pro-
vide a complimentary test of aTGCs. Indeed, it has been emphasised that complete
information about triple gauge couplings can only be obtained if VBF production is
measured in addition to vector boson pair production [39].
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Fig. 7.29 An example
Feynman diagram showing
vector boson pair production

The effective Lagrangian, £, for aTGCs can be written as

L
= g1z (WJVW“Z” - W,WWWZ”)
L-gwwz
)
Rz WIWZHY - S W W2 (7.13)
w

if only terms that conserve charge conjugation and parity are retained from the
general expression [40]. Here we have gwwz = —e cot(6w), e is the electric charge,
Ow is the weak mixing angle, W* and Z* are the W-boson and Z-boson fields,
Xy = 0, X, — 0yX, with X = W or Z and g1,7, kz and Az are dimensionless
couplings. The SM values of these couplings are g?l\g =1, K%M =land Az =0.
When using this effective Lagrangian the tree-level S-matrix violates unitarity at
large energy scales, which is preserved in the full theory by form factor effects, i.e.

the couplings can be modified by a dipole form factor

A ao
“O =Ty

where ag is the bare coupling, § is the partonic centre-of-mass energy and A is a
unitarisation scale. In this measurement two choices of unitarisation scale are made,
A =6TeV and A = co.

Limits on the aTGCs are set by counting the number of events that enter the search
region and also have mj; > 1 TeV. There are 900 such events in data. 291 signal events
are estimated using the SHERPA electroweak Z;; samples and 592 background events
are expected after fitting the m;; spectrum with signal and background templates.
The change in number of signal events for a given aTGC form factor and set of
parameter variations is estimated by varying the corresponding parameters in SHERPA
and generating a new sample of events. For a given aTGC parameter, the predicted

number of signal events at detector level, N, geTtGC, is estimated by

N(zilTGC O,aTGC
et _
WA

(7.14)
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Fig.7.30 The expected number of signal events with mj; > 1TeV in the search region as a function
of a Ag1,z, b Akz and ¢ Az, for a unitarisation scale of 100 TeV. Figures (c—f) show the same plots
but for a unitarisation scale of 6 TeV. In each of these plots, one parameter is varied whilst the other
parameters are fixed to the SM values

where Ngé\t/[ = 261 is the predicted number of events for the SM coupling, o-*T6C
is the electroweak aTGC cross section in the fiducial region (search region plus
mj; > 1TeV) and oM s the electroweak SM cross section in the same fiducial
region.

Figure 7.30 shows the predicted number of signal events when varying a given
aTGC parameter and keeping the others fixed to their SM values. Changing the aTGC
parameters in the Lagrangian in Eq. (7.13) corresponds to altering the matrix elements
ultimately used to calculate the cross section. Since cross sections are proportional
to squared matrix elements, altering the aTGC parameters leads to changes in the
cross section that can be fit with the quadratic functions shown in Fig. 7.30. There is
a large increase in the number of events for large values of Ag| 7 and A)z, implying
that this analysis will be most sensitive to those coupling parameters.

The expected number of signal events are used, along with the estimated number
of background events and information about the size of systematic uncertainties, as
input to the ATLAS Standard Model groups fitting code, in which a profile likelihood
test [41] is used to set frequentist confidence intervals. Full details can be found
in [31, 42].

Table 7.6 shows the 95 % confidence intervals obtained on the anomalous coupling
parameters A g,z and Az. The limits are not as powerful as the ones which have been
setin a previous ATLAS measurement of W Z production [43], however they are the
first ever limits set on aTGCs using the vector boson fusion production channel.
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Table7.6 From [7]. The 95 % confidence intervals obtained on the aTGC parameters from counting
the number of events with mj; > 1TeV in the search region

aTGC A =6TeV (obs) | A =6TeV (exp) | A = oo (obs) A = oo (exp)
Ag1.z [—0.65, 0.33] [—0.58,0.27] [—0.50, 0.26] [—0.45,0.22]
Az [—0.22,0.19] [—0.19, 0.16] [—0.15,0.13] [—0.14,0.11]

Observed and expected intervals, labelled ‘obs’ and ‘exp’ respectively, are presented for unitarisation
scales of A = 6 TeV and A = oo
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Chapter 8
Conclusions

The QCD description of quark and gluon radiation is important for a wide range
of ATLAS analyses, since uncertainties associated with the QCD modelling can be
large. Studies have been performed to precisely measure properties of the quark and
gluon radiation in top-antitop and Z + jets final states. Those properties have also
been exploited to determine characteristics of the underlying physical processes in
which the radiation was observed.

A measurement of tt production with a veto on additional central jet activity was
performed using 2.05fb~! of proton-proton collision data collected by ATLAS at
/s = 7 TeV. A precise measurement of the jet veto efficiency performed for the
first time in tt events showed generally good agreement between the data and predic-
tions produced with next-to-leading order and multi-leg leading order Monte Carlo
generators. However in some regions of phase space the precision of the measure-
ment allowed some slight deviations to be observed. For example the MC@NLO
generator was found to underestimate the amount of additional radiation produced
in very central regions of the detector, |y| < 0.8. The results were used to constrain
the uncertainty associated with the QCD modelling of quark and gluon radiation in
tt events. The uncertainty was reduced by approximately a factor of two and lead to
reduced uncertainties for all subsequent measurements sensitive to tt final states.

Two phenomenology studies of the additional quark and gluon radiation in boosted
tt events were also performed. In the first, dedicated algorithms were used to tag
hadronically decaying boosted top jets, produced in the decay of a new heavy res-
onance. The remaining soft radiation was analysed, and it was determined that the
jet veto efficiency can be used as a tool to identify the colour structure—colour sin-
glet or colour octet—of a new heavy particle decaying to tt. A detailed feasibility
study showed that if a heavy resonance was observed at the LHC, its colour could
be reliably extracted with around 10fb~! of data recorded at /s = 14 TeV.

During the first phenomenology study an unexpected difference was observed in
the efficiency to tag top-jets originating from either the colour singlet or colour octet
resonance. This was investigated further in a follow-up study. Detailed investigations
using four widely-used top-tagging algorithms confirmed that the colour structure of
an event can have a large impact on the efficiency of tagging top-jets. The difference
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was found to be due to the different patterns of quark and gluon radiation produced
in association with the tt system. A heavy colour singlet s-channel resonance pro-
duces more additional radiation than a heavy colour octet. This is in stark contrast
to the exchange of a t-channel colour singlet, such as the vector boson fusion sys-
tem studied later. The flow of colour from initial to final state in that case results in
reduced amounts of additional quark and gluon radiation. The additional soft radia-
tion produced in association with the heavy resonances and tt systems contaminates
the jets used as inputs to the top-tagging algorithms and worsens their performance.
The results have consequences for experimental searches; the algorithm used should
be considered carefully, and the algorithm parameters optimised to minimise the
efficiency differences. In particular, jets used as input to the algorithms should be
defined using a radius parameter that is as small as is feasible, and attention must
be paid to the tightness of cuts since efficiency differences increase as background
mis-tag probabilities are reduced.

Finally, measurements of the electroweak production of a dijets in association
with a Z -boson and distributions sensitive to vector boson fusion were performed
using pp collision data recorded by ATLAS at /s = 8 TeV. Five regions of phase
space were defined with varying sensitivity to the electroweak component of the ij
cross section, and several distributions were measured in each region of phase space.
For example differential cross sections as a function of various kinematic properties
of the dijet system and distributions sensitive to the additional radiation produced in
the events, such as the jet veto efficiency. An iterative Bayesian unfolding procedure
was used to correct the measured data for detector acceptance and resolution effects.
Data were then compared to predictions from next-to-leading order and multi-leg
leading order Monte Carlo generators, which were able to describe the data with
varying degrees of success. The electroweak contribution to the Zj; cross section was
extracted using a two-component template fit to the dijet invariant mass distribution
in a search region of phase space in which the electroweak component was expected
to be enhanced. A fiducial cross section of

54.7 £4.6 (stat) TS, (syst) =+ 1.5 (lumi) b

was measured and found to be in good agreement with the next-to-leading order
theory prediction of

46.1 £ 0.2 (stat) 703 (scale) =+ 0.8 (PDF) £ 0.5 (model) fb.

An estimate of the measurement significance showed that the background-only
hypothesis was excluded at greater than the 5o level.
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