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Abstract
Searches for New Physics using Dijet Angular Distributions in proton-proton
√
collisions at s = 7 TeV collected with the ATLAS Detector
by Ryan Mark Buckingham

Angular distributions of jet pairs (dijets) produced in proton-proton collisions at a centre-of√
mass energy s = 7 TeV have been studied with the ATLAS detector at the Large Hadron
Collider using the full 2011 data set with an integrated luminosity of 4.8 fb−1 , and reaching
dijet masses up to 4.5 TeV. All angular distributions are consistent with QCD predictions.
Analysis of the dijet angular distribution, using a novel technique simultaneously employing
the dijet mass, is employed. This analysis is sensitive to both resonant new physics and
phenomena with a slow-onset in mass. Using this technique, new exclusion limits have been
set at 95% credibility level for several hypotheses of physics beyond the standard model
including: quantum gravity scales, with 6 extra dimensions, below 4.11 TeV, quark contact
interactions below a compositeness scale of 7.6 TeV, and excited quarks with a mass below
2.75 TeV.
In a large and complex scientific experiment, such as ATLAS, the collection, management
and usability of coherent data and metadata is a challenging operation. The availability
of these data to physicists within the experiment is essential to all analysis efforts. A new
web-based interface called “RunBrowser”, which makes ATLAS and LHC operations data
available to the ATLAS Collaboration, is introduced.
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Chapter 1
Introduction
For hundreds of years, humans have been struggling to come to grips with the complex
behaviour of the universe around them. Some physicists have sought to identify the most
fundamental ingredients of our existence and the illusive forces that dictate their behaviour.
This reductionist approach has given birth to the field of particle physics, which over decades
of research, has led to the development of what we now call the Standard Model (SM).
After nearly 20 years of design, development, construction and testing: on the 9th of December of 2009 the Large Hadron Collider (LHC) [1] took up the mantle as the world’s highest
energy particle collider. The experiment is hosted by European Organisation for Nuclear
Research (CERN).
The Large Hadron Collider will allow us to push our understanding of the fundamental
structure of nature to the next level. Through studies of proton collisions at this new energy
regime, it hoped that our understanding of nature will be advanced. Be it the Standard
Model Higgs, Supersymmetry or even Extra Dimensions, results from the LHC are bound
to stimulate our curiosity and prompt yet more flavours of possible theories of nature.
Although the SM has been shown to be a very successful theory, it is believed by most to be
incomplete, or a restricted subset of a more general and complete model. In total, the SM
has 19 free parameters including the coupling constants of the forces, the lepton and quark
masses, the mass of the Z boson and the four parameters of the CKM matrix1 . One obvious
short fall of the standard model is the absence of gravity in its interactions. A consistent
renormalisable quantum theory of gravity has long been a goal of modern particle physics,
with string theory providing one possible idea.
1

The CKM (Cabbibo-Kobayashi-Maskawa) matrix describes the extent to which quarks from different
generations mix through the weak force. For a further description: see [2].
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If, in fact the SM is part of some more fundamental theory, then there is a strong case for new
physical processes at the TeV energy scale, which either extend or alter our understanding
of the SM. This thesis is concerned with the search for such phenomena.

1.1

New physics searches

A search for a previously unobserved physical process must have a clearly defined goal and
strategy. Without this structure, biases can creep into the analysis: leading to a false
discovery or a missed opportunity to identify a new physics effect.
As a first step, one must have a solid understanding of the dominant processes that are
observed in particle collisions. By analysing the phenomenology of such processes, one can
identify situations in which an additional new physics process would lead to a measurable
departure from the expected SM behaviour.
Whether or not one begins with a particular new physics model in mind should not effect
the result of the analysis. For example, in a search for the SM Higgs boson: although some
final-state signatures are well-motivated, and therefore are popular to study, emphasis must
be placed on understanding the background processes dominating that final-state, and on
calculating an unbiased quantification of the agreement between the data and the background
estimation.
Before any data is analysed, new kinematic variables may be constructed, which provide
optimised differentiation between the SM background and a new physics process. For example, in this thesis a variable is constructed that allows one to differentiate between the
angular behaviour of jets of particles produced in the SM, to the angular behaviour of jets
of particles produced by a set of new physics signal hypotheses.
An analysis should identify a control region, i.e. a restricted sector of the kinematic phase
space, where a new physical signal is not expected and it is therefore believed that the
observables in the analysis are well-understood. A search region should also be defined,
where one will look for any deviation from the expected kinematic behaviour.
Once data has been recorded, the control region can be used as a test for any background
simulation, or can even be used to determine an overall process normalisation to be extrapolated to the search region. The data that falls into the search region should not be analysed
until the behaviour of data in the control region is well-understood - once this condition is
satisfied, then the search phase of the analysis can begin.
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The aim of the search phase is to assess the extent to which the recorded data agrees with a
background hypothesis: known as the Null Hypothesis. A full explanation of the methodology
for this process is given in Chapter 8 of this thesis. Briefly, a p-value is calculated: defined
as the probability of observing data that is at least as discrepant from the null hypothesis as
the data that was observed, taking into consideration all of the uncertainties associated with
the data and null hypothesis simulation. No new physics scenarios need to be considered
at this stage. If this p-value is found to be very small2 , then one is not able to place much
confidence in the original null hypothesis: and it is possible that a new physics process has
been observed.
In the event that the p-value indicates no significant deviation from the null hypothesis,
then we can proceed to the limit-setting stage of the analysis. For the limit-setting state,
the question is posed: “If I assume that my new physics model is valid: given the null-result
in the search phase, what constraints can I place on the free parameters of my model?” In
order to answer this question, a simulation of the new physics signal is required, where it
is possible to vary the parameters that we wish to constrain. The method for containing a
model parameter is discussed in detail in Chapter 8.
Briefly, the ‘observed’ constraint on the model parameter is obtained by considering the
probability distribution of the observable about the null hypothesis. The data is then compared to this distribution of possible outcomes. Disregarding the data, for the moment, it is
possible to calculate an ‘expected’ constraint on a model parameter, where one pretends that
the recorded data behaves exactly as the background simulation. Comparing the expected
and observed results, one is able to gain another indication of the extent to which the data
agrees with the null hypothesis of the background.

1.2

An overview of the Standard Model

The Standard Model (SM) [2–6] is a relativistic quantum field theory consisting of an
array of elementary particles along with a Lagrangian that describes their behaviour and
interactions. The elementary particles can be split into two groups: the spin-1/2 fermions
from which matter is formed, and the spin-1 gauge bosons which are responsible for mediating
three of the fundamental forces.
2

A common convention is to require a p-value of less than (or equal to) 0.0000003 in order to claim a
discovery of a new physics process. For an observable, which follows a normal distribution, this corresponds
to measuring a value that is greater than (or equal to) 5 standard deviations from the mean.
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The SM describes three of the four known fundamental interactions: the electromagnetic,
the weak and the strong; leaving out the gravitational interaction. Although gravity does
not fit into the SM3 it is predicted by some theories that the force may be mediated by
the hypothetical electrically neutral and massless spin-2 graviton. The possible inclusion of
gravity into a more-complete model for particle physics provides a strong motivation for this
thesis and a part of Chapter 4 is dedicated to this subject.
Within the SM, there are twelve fermions (each with a respective anti-fermion), twelve gauge
bosons and one neutral Higgs particle. The fundamental fermions are split into groups:
quarks and leptons: quarks carry non-integer electric charge and also carry colour charge
(meaning that they interact via the strong force), however leptons carry unit electric charge
and carry no colour charge (and consequently do not interact via the strong force). Each of
these groups can then be grouped into three generations. For the leptons, each generation is
composed of an electrically charged lepton and an electrically neutral neutrino: electron (νe ,
e− ), muon (νµ , µ− ) and tau (ντ , τ − ). The SM leptons and their properties are summarised
in Table 1.1.
Particles
Anti-particles
Generation
Flavor
Charge Flavor Charge
(Q)
(Q)
1
electron - e
−1
ē
+1
νe
0
ν̄e
0
2
muon - µ
−1
µ̄
+1
νµ
0
ν̄µ
0
3
tau - τ
−1
τ̄
+1
ντ
0
ν̄τ
0

Rest Mass
0.510998910 ± 13 × 10−9 MeV
< 1 MeV
105.658367 ± 4 × 10−6 MeV
< 1 MeV
1776.84 ± 0.17 MeV
< 1 MeV

Table 1.1: The leptons of the standard model [8]. Recent experimental evidence [9] suggests that neutrinos have non-zero masses, however these masses can be assumed negligible
in the context of this thesis.

For the quarks, the six flavours are grouped into three generations according to: (u, d), (c,
s) and (t, b). The up (u), charm (c) and top (t) quarks have an electric charge of +2/3, and
the down (d), strange (s) and bottom (b) quarks have an electric charge of −1/3. The SM

quarks and their properties are summarised in Table 1.2.

The interactions between the SM fermions are mediated by the gauge bosons. A summary
of these particles and their properties is given in Table 1.3. The photon is associated with
the electromagnetic force, the W ± and Z are associated with the weak force, and the gluon
is associated with the strong force.
3

Gravity cannot be included in any current renormalisable quantum field theory [7].
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Particles
Anti-particles
Generation
Flavor
Charge
Flavor
Charge
Rest Mass
(Q)
(Q)
1
up - u
+2/3
anti-up - ū
−2/3
1.5 − 3.3 MeV
down - d
−1/3
anti-down - d¯
+1/3
3.5 − 6.0 MeV
2
charm - c
+2/3
anti-charm - c̄
−2/3
1270+70
−110 MeV
strange - s −1/3 anti-strange - s̄ +1/3
104+26
−34 MeV
3
top - t
+2/3
anti-top - t̄
−2/3 171.2 ± 2.1 GeV
bottom - b −1/3 anti-bottom - b̄ +1/3
4.2+0.17
−0.07 GeV
Table 1.2: The electrical charges and masses for the quarks of the standard model [8].

Boson
Photon - γ
Z
W+
W−
Gluon - g

Charge
(Q)
0
0
+1
−1
0

Spin

Rest Mass

1
1
1
1
1

< 1 × 10−18 eV
91.1876 ± 0.0021 GeV
80.398 ± 0.025 GeV
80.398 ± 0.025 GeV
0

Table 1.3: The gauge bosons of the standard model [8]. Note that the gluon has a
theoretical mass of zero, however a mass as large as a few MeV may not be precluded [8].

The SM is based on the gauge group [3–6] SU (3)C × SU (2) × U (1), where C denotes colour.

The complete Lagrangian is obtained as the sum of the electro-weak Lagrangian, LEW , and

the QCD (quantum chromodynamics) Lagrangian, LQCD . The electro-weak Lagrangian,

which is invariant under the SU (2)L × U (1) part of the SM, is not discussed here4 . The

QCD Lagrangian, which is invariant under the SU (3)C part of the SM, describes particle
interactions under the strong force and is therefore particularly relevant in the context of
jets. QCD and its role in a hadron collider is described in Chapter 2.

1.2.1

The hierarchy problem

One common motivation for new physics is the hierarchy problem. In the context of the
Higgs boson, large quantum corrections due to radiation of virtual particles (mostly top
quarks) enter into its mass term. Without the presence of new physical processes below
the Planck scale5 , these corrections will become quadratically divergent. Divergences are
resolved through fine-tuning, however this is regarded as unnatural, since terms are required
4

See [10] for a good description of the electro-weak Lagrangian and its properties.
The Planck scale [8] is the energy scale at which the non-renormalisability of gravity becomes problematic
for quantum field theory. The Planck scale is further discussed in Section 4.1.1.
5
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2
to cancel with a precision of ∼ O(MD2 /MEW
) ∼ 10−32 , where MEW is the Electro-weak

scale6 . Alternatively, the need for fine-tuning can be avoided if new physics is in the order of
the Higgs scale. Contenders for such a theory include Supersymmetry [11], technicolor [12]
and extra dimensions (see Section 4.1), however the scope for some of these theories has
been limited by the recent observation of a new particle consistent with the SM Higgs
Boson [13, 14].

1.2.2

Current status: on the existence of the Higgs boson

On the 4th of July 2012, both the ATLAS and CMS experiments at CERN announced that
they had observed a new particle, consistent with a SM Higgs boson [13, 14].
The ATLAS result [13], based on 4.8 fb−1 of 7 TeV data and 5.8 fb−1 of 8 TeV data, observed
a neutral boson with measured mass 126 ± 0.4(stat) ± 0.4(sys) GeV with a significance of
5.9 standard deviations7 .

The CMS result [14], based on 5.1 fb−1 of 7 TeV data and 5.3 fb−1 of 8 TeV data, observed
a neutral boson with measured mass 125.3 ± 0.4(stat) ± 0.5(sys) GeV with a significance of

5.0 standard deviations.

Further work is currently in progress, which will aim to measure Higgs boson production in
all of its possible decay channels, and also to understand its properties.

1.3

Searches for New Physics using Dijet Angular Dis√
tributions in proton-proton collisions at s = 7 TeV
collected with the ATLAS Detector

In this thesis, I will describe the most recent experimental results from searches for new
physical processes in the never-before explored territory of hadron collisions with a centre of
mass energy of 7 TeV. This thesis will concentrate on the analysis of collisions that result
in the production of two high energy jets. The production of particle jets is a dominant
process at the LHC and will thus provide the signal or define the measurement environment
6

The Electro-weak scale is the typical energy associated with electro-weak interactions. A commonly
√ −1/2
quoted value for the electro-weak scale is the vacuum expectation value of the Higgs field v = (GF s)
=
246 GeV [8].
7
A significance of 5.9 standard deviations corresponds to a background fluctuation probability of 1.7 ×
−9
10 .
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for many analyses. A search for new physics signals within dijets is therefore also well-suited
for searches employing early LHC data.
As by far the most dominant process for producing such final states, the motivation, evidence
and simulation of Quantum Chromodynamics (QCD) will be introduced in Chapter 2.
As the experimental apparatus of this thesis, the LHC and, in particular, the ATLAS detector
are introduced in Chapter 3. The detector design and layout is discussed, however the
description is mostly limited to those components that contribute to the reconstruction of
jets.
In Chapter 4, the possibility of physics Beyond the Standard Model (BSM) will be explored. Three models are chosen that are predicted to have significant deviations from the
standard model dijet behaviour. These models, which are fundamentally different in their
phenomenology, are used as benchmark scenarios: allowing comparison between similar analyses at other experiments. In the event of finding good agreement between data and the
SM, simulation of these BSM models allow one to constrain the possible values of certain
model parameters. This, in turn, guides theorists to explore the most likely models, given
our experimental observations.
Two models for quark sub-structure are described: these have been traditionally used as
benchmark models, such that exclusion limits from various collider experiments can be easily
compared. In addition, models including the extra spacial dimensions, aiming to explain
gravity’s relation to the SM, are discussed. As a relatively unexplored model, with a large
rate of decay to dijets, Quantum Black Holes are described in Section 4.2.
The methodology and performance of jet reconstruction in ATLAS is discussed in Chapter 5.
The journey from voltage measurements in the ATLAS calorimetry system to a full-calibrated
jet object, which is compared to a detailed Monte Carlo situation, is described.
Chapter 6 will then describe the phenomenology of the dominant signature of QCD: twojet final states, or more commonly, dijets. By combining angular, momentum and energy
information of the jets, an analysis objective is to explore as much of the dijet kinematic
phase space as possible. Variables are defined which enable one to explore this phase space,
with the aim testing agreement between data and simulation in the tails of the kinematic
reach, whilst reducing exposure to systematic uncertainties. Techniques detailed in this
section include a new method, developed with Dr. Frederik Rüehr (University of Arizona),
for probing mass-dependent changes in the angular behaviour of the dijet system. This
method, which is sensitive to both resonant new physics and threshold effects that operate
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above a given energy scale, was first used in [15] and is the main analysis method for this
thesis.
In Chapter 7, the analysis procedure is described in detail. The selection of an unbiased
sample of dijet events from LHC collisions is described. Systematic uncertainties arising
from theoretical simulation of background process and experimental effects are considered
in full and their effects on the physics analysis are quantified. Environmental effects such as
detector malfunction and the high rate of proton-proton collisions are also discussed. Finally,
control distributions are produced in order to validate the simulated background processes.
Chapter 8, will discuss statistical interpretation of results from the analysis of 4.8 fb−1 of
√
proton-proton collisions at s = 7 TeV. Emphasis is placed on a new and novel technique,
known as Fχ (mjj ), which is sensitive to both a resonant excess of central dijet events, and
the slow onset of angular behaviour producing an excess of dijet events. In the event of good
agreement between data and the SM Monte Carlo prediction, limits are placed on selected
model parameters. The process for this limit setting is described in detail.
Chapter 9 will summarise and draw conclusions based on the previous chapters. Implications of results are discussed in both the immediate context of the LHC, and further: to
implications for physics, in general. Future work and areas for potential improvements in
the analysis are also discussed.
Finally, Chapter 10 outlines work performed as part of the ATLAS Tag Coordination group.
This work is independent of the physics analysis described in this thesis, and summarises
contributions made to the area of data management and coordination: foremost the development of the RunBrowser interface for accessing ATLAS data based on the selection of
various LHC and detector conditions.

1.4

Author’s contribution

The work described in this thesis includes a combination of contributions from multiple
members of the ATLAS Collaboration. Most of the analysis, results and conclusions have
been performed by the Exotics Dijet Analysis team, of which I am a member, with the
support of the ATLAS Jet Performance Group. Throughout this thesis I endeavour to
reference particular individual contributions from my colleagues.
In this section I will attempt to outline, in chronological order, my contributions to the work
contained in this thesis, and related publications.
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Although not the topic as this thesis, during the 2009 summer preceding the official beginning
of my DPhil, I worked on an ATLAS internal note [16] investigating the use of the charge
asymmetry in W +jets production as a new probe of parton distribution functions in different
kinematic regions at the LHC. This method is now being further developed for use within
ATLAS.
Each new member of the ATLAS collaboration must carry out ‘service work’ in order to
become a qualified author. I began this work at the beginning of my first year: working with
Dr. Elizabeth Gallas and the ATLAS Tag Coordination Group. The details of this work are
outlined in Chapter 10. This work involved developing a new web-interface - allowing ATLAS
users to locate portions of data which satisfy a variety of selection criteria. A portion of the
results from this work were presented in a poster session at the Computing in High Energy
Physics (CHEP) conference in Taipei, Taiwan in October 2010 [17–19]. The proceedings of
this contribution were published in [20].
Towards the end of my first year, I began to look at the first data coming from the LHC at
√
s = 7 TeV. In particular, I concentrated on trying to understand the rate and physics of
events that were being diverted into a separate ‘debug stream’ independent from the main
‘physics stream’ which contains events primarily designated for analysis. As the first person
to analyse this debug stream data, I was able to identify a bias for high-pT , high multiplicity
events to cause time-outs in the High-Level-Trigger (HLT) system. After further investigation, along with my supervisor Dr. Çiǧdem İşsever, it was decided that these events should be
included in all physics analyses. This work contributed to many jet-based measurements resulting in a number of publications for the International Conference in High-Energy Physics
√
(ICHEP)[21–24] and also the first ATLAS publications at s = 7 TeV [25–27]. This investigation also led to an improvement in the on-line muon trigger algorithms [28], which
in-turn eliminated the bias for jet events to enter the debug stream.
At the beginning of my second year, I relocated to CERN for a long-term attachment. I
joined the Exotics dijet team, responsible for searching for evidence of new physics resulting
in two-jet final states. The search strategy for this team can be divided into two categories:
resonance searches and analysis of dijet angular distributions. I decided to concentrate on the
latter: since this method lends itself to searches for threshold effects such as extra-dimensions
and strong gravity described in Chapter 4.
I became a key analyst for analysis of the full 2010 data-set of 36.4 pb−1 resulting in a
publication at the beginning of 2011 [15]. Working with Dr. Frederik Rüehr (University of
Arizona) and Dr. Nele Boelaert (Neils Bohr Institute, Copenhagen), I was made responsible
for limits based on distributions with fine binning in angular distributions, and coarse binning
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in mass. This publication also resulted in first limits on the Quantum Black Hole models [29]
described in Section 4.2 of this thesis. This paper was published in the New Journal of
Physics [15] and was subsequently selected by the journal editors for inclusion in the exclusive
‘Highlights of 2011’ 8 collection [30].
In 2011, I enjoyed further responsibility within the research group. Working again with
Dr. Frederik Rüehr (University of Arizona), I was responsible for limits based on a new
angular analysis strategy using the variable Fχ (mjj ) (see Chapter 7). These results formed
a publication with 4.8 fb−1 of data, the analysis and results of which form the bulk of this
thesis. The results of this analysis were published in [31].

8

Papers are chosen on the basis of referee endorsement, novelty, scientific impact and broadness of appeal.

Chapter 2
Collider physics and quantum
chromodynamics
Over the last century, much headway has been made in understanding the behaviour of
particles that interact through nature’s dominant force - the strong force. Beginning with
the first attempts to explain the observed spectra of hadrons (baryons and mesons) by G.
Zweig and M. Gell-Mann, the idea of the quark as a fundamental constituent of the hadrons,
was born. The postulation of only 3 flavours of quark: up, down and strange, was sufficient
to explain some of the observed phenomena - and even led to the prediction of the later
observed Ω− . We now know that there are six flavours of quark, with the discovery of the
charm, bottom and top - where the top quark was discovered as recently as 2005. The main
interest at the LHC lies in the interactions of the proton constituents: the quarks and gluons.
The theory concerning the interactions of these constituents is Quantum Chromodynamics
(QCD).
This chapter will introduce the motivation, theory and application of QCD - the theory
that describes the strong force. As the dominant orchestrator of the physical interactions
considered in this thesis, the evolution of the development of QCD and its experimental
confirmation over the years, will be briefly discussed. To start, the experimental motivations
for QCD will be discussed in Section 2.1, followed by an introduction to the theoretical
framework in Section 2.2. As a hadron-hadron collider at a new energy frontier, the LHC
presents a unique opportunity to test the accuracy of QCD in a never-before encountered
regime. The phenomenology of proton-proton collisions at the LHC will be introduced in
Section 2.3 and their simulation using Monte Carlo techniques is discussed in Section 2.4.
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Scattering experiments and the parton model

The idea that quarks carry a three-fold ‘colour’ charge was introduced in order to explain
the observation of particles such as the ∆++ . This extra degree of freedom was required
in order to allow the ∆++ to have simultaneously the correct permutational symmetry and
satisfy Fermi-Dirac statistics.
Further progress was made through deep inelastic scattering experiments (discussed below),
where a high energy lepton is scattered from a hadron. A key factor to consider is the
wavelength, λ, of the probing particle, which is related to the transferred momentum Q2 by
1
λ∼ p .
Q2

(2.1)

Therefore, a large momentum transfer is equivalent to a high resolution. J. D. Bjorken [32]
predicted that, in the limit of infinite Q2 (know as the deep inelastic limit), the hadronic
factor in the cross section would depend only only on the Lorentz-invariant ratio
x=

Q2
2p · q

(2.2)

where Q2 = −q 2 = −(p − p0 )2 is the difference between the initial (p) and final (p0 ) lepton
4-momentum. R. P. Feynman [33] interpreted this effect, known as ‘scaling’, as elastic

scatterings with constituents of the hadron that he called ‘partons’ : the parton model.
Bjorken’s x variable can be identified as the fraction of the longitudinal hadron momentum
carried by a given parton. This prediction was initially verified by a joint experiment of the
SLAC and MIT groups [34].
Subsequent data on deep inelastic scattering showed that the scattering cross-section also
varies with Q2 and that the carriers of electric charge within hadrons have spin 1/2 [35–38].
The experimental evidence suggests that the proton is made up from 3 valence quarks - two
up quarks and one down quark, along with a ‘sea’ of lower energy quark-anti-quark pairs
that continuously pair-produce and annihilate.
The contribution of each quark flavour is described by its momentum distribution function
q(x, Q2 ), where q(x, Q2 )dx represents the probability of carrying a momentum fraction of the
parent hadron between x and x+dx, when the hadron is probed at scale Q2 . The combination
xfi (x, Q2 ) is known as the Parton Distribution Function (PDF) for the parton of flavour
i, where parton can refer to a quark, anti-quark or gluon. PDFs are further discussed in
Section 2.2.3.
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In terms of these momentum distributions functions, for the proton we have the following
sum rules:

Z

1

Z

2

1

uv (x, Q ) dx = 2,
0

dv (x, Q2 ) dx = 1,

(2.3)

0

where uv and dv are the valence contributions to the patron momentum distribution functions. It was also found that if one sums over the momenta of all quarks and anti-quarks in
the nucleon, expressed as Σ(x, Q2 ), then one observes that
Z
0

1

xΣ(x, Q2 ) dx ∼ 0.5.

(2.4)

This, at first, unexpected result is now explained fully within the framework of QCD due to
the momentum carried by gluons: the gauge boson responsible for the strong force, which is
described by the theory of quantum chromodynamics.

2.2

Quantum chromodynamics

The strong force is described by Quantum Chromodynamics (QCD), which is a Quantum
Field Theory (QFT) based on the non-Abelian SU (3)C group, where C denotes the colour
charge, which is conserved under the strong force. The 8 generators of the SU (3)C group,
Aµa , a = 1, . . . , 8, result in the 8 types of gluon that are responsible for mediating the force.
The quantity gs is the QCD coupling constant.
The QCD Lagrangian density is given by
LQCD =

X
f

1
ψ̄fi (iγ µ (Dµ )ij − mf δij )ψfj − Gaµν Gµν
a ,
4

(2.5)

where ψf are the Dirac spinors of the different quark fields, which come in a colour triplet
representation with red (r), green (g) and blue (b), γ µ are the Dirac spin matrices1 , Dµ is
the covariant derivative (described below), and mf are the quark masses. The gluon field
strength tensor Gµν
a is given by
µ
ν
µ ν
ν µ
bc µ ν
µ ν
ν µ
Gµν
a = ∂ Aa − ∂ Aa − igs [Aa , Aa ] = ∂ Aa − ∂ Aa + gs fa Ab Ac ,

(2.6)

where Aa (a = 1, . . . , 8) are the eight gluon fields and fijk are the structure constants of the
SU (3)C group. The covariant derivative Dµ describes the interaction between the fields and
1

For a good explanation of the Dirac spin matrices, and their role in the Dirac equation describing the
behaviour of particles with spin, see [2].

Chapter 2. Collider physics and quantum chromodynamics

14

is given by
µ
Dij
= δij ∂ µ + igs (ta )ij Aµa ,

(2.7)

where (ta )ij are the 3×3 hermitian matrices which, for the fundamental triplet representation
of SU (3), are (λa )ij /2, where λa are the Gell-Mann matrices2 . The strength of the strong
interaction is determined by the coupling strength gs , which defines the strong coupling
constant αs = gs2 /4π. The non-Abelian nature of the SU (3)C group leads to self-interaction
between the gluons - this can be seen in the Lagrangian as through the presence of the final
term in Equation 2.6.

2.2.1

Calculation of a cross-section from a Lagrangian

The Lagrangian in Equation 2.5, describing the theory of the strong force, is constructed such
that it is invariant under the symmetries of the SU (3) group. By respecting the symmetries
of the group, the theory is able to benefit from the mathematical representations of the
group, and their properties.
A prescription for calculating the rates for processes in any QFT was developed by Feynman.
Each term in the Lagrangian represents the interaction between various fields, and the
strength with which they interact. Feynman rules can be derived for each of the terms3 .
Feynman diagrams are then used as a short hand to describe a calculation for one process
of a fixed order of perturbation theory. Perturbation theory is a method for calculating
the solution to an equation for which there is no analytical solution. Perturbation theory is
applicable if the problem at hand can be formulated by adding progressively “smaller” terms
to the mathematical description of the exactly solvable problem. This leads to an expression
for the desired solution in terms of a formal power series in some “small” parameter, α, that
quantifies the deviation from the exactly solvable problem. The precision of the perturbative
solution will then depend up on the number of terms that are included and the sizes of
additional terms. The highest power of α included in the expansion is know as the order 4
of the expansion. Figure 2.1 shows a few terms in the perturbative expansion of gluon
propagation (depicted by the curly lines) between two fermions (depicted by the straight
lines). Vertical displacement represents particle motion and time proceeds horizontally from
left to right. Each diagram carries a definite quantum mechanical amplitude for the process
that it represents. These amplitudes (commonly known as matrix elements) are constructed
2

The Gell-Mann matrices are one representation of the SU (3) group. For further details, see [2].
These rules are derived using QFT. For a good introduction, see [39].
4
It is a common convention to refer to processes as ‘leading order’ (LO) or ‘next-to-leading order’ (NLO),
depending upon the order of α included in the perturbative expansion.
3
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from the Feynman rules, where each factor in the matrix element is formed from a term
associated with a feature of the diagram. Lines, of all sorts, represent the propagation
of particles, and vertices (points where two or more lines meet) represent the interaction
between particles. A full description of the Feynman rules associated with the SM is given
in [39].
Once a matrix element has been formed for a process, QFT provides a proscription for
arriving at a final cross-section: see [39] for a description of these calculations.

2.2.2

Singularities, renormalisation and asymptotic freedom

Ultra-violet divergences can arise from divergent integrals, when one tries to include all
possible quantum fluctuations into the perturbative expansion: in the case of the gluon
propagator, loop insertions can be due to both fermions (quarks) and gluons. The first three
terms in the perturbative expansion for the gluon propagator are shown in Figure 2.1. Both
contributions diverge logarithmically but with coefficients of opposite sign.

−

+

+...

Figure 2.1: Loop corrections to the gluon propagator.

These non-physical infinities can be removed via renormalisation, resulting in a finite solution. Renormalisation works by subtracting infinities through counter-terms embedded in
so-called bare parameters, which are not measurable. The procedure introduces a correction
to the ‘renormalised parameter’ depending on the renormalisation scale µR - which can be
interpreted as the scale at which the subtraction is made. As an arbitrary parameter, solely
introduced to allow one to approximate calculations, µR cannot ultimately influence the
relationship between physical observables. When calculating QCD effects, one is forced to
choose a value of µR . As a result, the physical observables of the calculation will develop an
additional dependence upon the relation between µR and the physical scale of the interaction
Q2 .
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In the case of the QCD coupling constant, αs , the scale-dependence is described by the β
function:
Q

β1
∂αs
β0
≡ 2βQCD = − αs2 − 2 αs3 − O(αs4 )
∂Q
2π
4π

where β0 = 11 − 32 nf and β1 = 51 −

19
n
3 f

(2.8)

and nf is the number of ‘active’ quark flavours at

the scale Q. Using Equation 2.8, one can calculate the value of αs at any scale Q, starting

from an experimental measurement of αs at a known scale µR , via

ln

Q2
µ2R



Z

αs (Q)

=
αs (µR )

dα
.
β(α)

(2.9)

It is conventional to quote a value of the strong coupling constant at a mass of the Zboson, which is determined for a combination of various measurements. The current preferred value, based on next-to-next-to leading order perturbative calculations is given by
αs (MZ ) = 0.1182 ± 0.0027 [40].
Calculating Equation 2.8 to LO in β(αs ):
αs (Q2 ) =

α(µ2R )
,
1 − α(µ2R )β0 ln(Q2 /µ2R )

and making the substitution ln(Λ2QCD ) = ln(µ2R ) −
αs (Q2 ) =

1
β0 αs (µ2R )

1
β0 ln(Q2 /Λ2QCD )

(2.10)

gives
.

(2.11)

From this expression, we can interpret ΛQCD as the scale at which αs becomes infinite. The
remarkable result that αs (Q2 ) → 0 as Q2 → ∞ is known as asymptotic freedom: when a

hadron is probed at low scales (corresponding to a low spatial resolution - see Equation 2.1)

we observe confined quarks, however for a high Q2 interaction (corresponding to a high
spatial resolution), such as deep inelastic scattering, we observe almost free quarks. The fact
that the strong force increases at larger length scales, results in the confinement of coloured
particles, i.e. it is not possible to produce a particle with colour charge in isolation and only
colour singlets composed of quarks and gluons can be observed. The increasing strength of
the strong force with distance, causes perturbative methods to break down as colour charges
move apart.
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Parton distribution functions

With an understanding of how QCD predicts the interactions between coloured partons, it
is possible to further-develop the parton model described in Section 2.1. In particular, one
can model the hadron as a dynamic object containing three valence quarks along a sea of
quarks and gluons which are continuously radiated and absorbed by each other. As described
above, through scattering experiments, it has been possible to measure the contribution of
each parton flavour to the parent hadron. By combining these experimental measurements
with theoretical tools provided by the QCD framework, we can deduce the phenomenology
of hadron interactions.
Within the proton, gluon emission gives a quark a large momentum kT with probability
proportional to αS dkT2 /kT2 at large kT . In the collinear region (as kT → 0), this leads to

a non-physical divergence, since the perturbative QCD approximation is not valid in this
region. This divergence is removed by introducing a factorisation scale, µF : which can be
interpreted as an energy limit for describing the parton behaviour within the proton. In
a similar fashion to the renormalisation scale, the factorisation scale absorbs the collinear
divergences, resulting in a scale-dependent PDF.
Although perturbative QCD provides no absolute prediction for the PDF, it does dictate how
the PDF will evolve with Q2 . This scale-evolution is described by the DGLAP5 equations,
which are coupled equations for the change of the quark, anti-quark and gluon densities
∂
∂ ln Q2

qi (x, Q2 )
g(x, Q2 )

!

αs (Q2 ) X
=
2π
j

Z
x

1

dξ
ξ

!
!
Pqi qj ( xξ , αs (Q2 )) Pqi g ( xξ , αs (Q2 ))
qj (ξ, Q2 )
Pgqj ( xξ , αs (Q2 ))

Pgg ( xξ , αs (Q2 ))

,
g(ξ, Q2 )
(2.12)

where the qi , qj are momentum distribution functions and are taken to include both quarks
and anti-quark distributions. The splitting function Pba (z, Q2 ) represents the probability
for parton a to radiate parton b, where b takes a fraction z of a’s momentum. In analogy
with the running coupling constant described in Section 2.2.2, the PDF must be measured
at some known scale µR before it can be evolved across the kinematic range. A combination of complementary measurements is employed from many scattering experiments6 , has
allowed constraint of each of the individual parton PDFs over a range of values of x and
Q2 . The extent to which this phase space have probed to date is shown in Figure 2.2. From
the diagram, it is clear that the LHC will present the opportunity to probe the proton at
5

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
Example scattering experiments include the ZEUS and H1 experiments at HERA, which was an electronproton collider at the DESY laboratory, as well as CDF and DØ experiments at the Tevatron, which was a
proton-anti-proton collider at Fermilab.
6
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previously un-explored regions of low-x and high-Q2 . In addition, the overlap with previous
experiments allows the opportunity to test the validity of previous PDF fits that have been
derived from the collisions of different types of particle.
7 TeV LHC parton kinematics

Tevatron parton kinematics
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(a) Tevatron parton kinematics
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Figure 2.2: Parton kinematics in the x, Q2 plane for (a) Tevatron and (b) LHC colliders [41]. Kinematic ranges reached by the HERA collider and fixed target experiments are
included for comparison. In the Figure, M indicates the mass of a given heavy particle
produced at rapidity y.

There are various competing PDF parameterisations, with each providing varying degrees
of agreement across the currently explored kinematic range. Examples are MSTW [42] (see
for example Figure 2.3), CTEQ [43] and combined fits to the HERA7 data [44]. There are
some overall constraints, such as sum rules to guarantee the correct quantum numbers of the
mother hadrons, that are used to motivate parametrised functions at some starting scale.
These parametrisations can then be evolved to the Q2 of the data using next-to-leading order
perturbative QCD. The parameters are then determined by a χ2 fit to the data. For the
PDF parametrisations mentioned above, most supply systematic errors, which are larger than
their statistical errors. A correct treatment of systematic errors is therefore very important,
especially for extrapolation to higher Q2 . The effect of the uncertainty associated with PDF
7

HERA is an electron-proton collision experiment at the DESY laboratory in Hamburg, Germany.
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parametrisations on the production of two-jet event considered in this analysis is discussed
in Section 7.4.
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Figure 2.3: Proton PDF distributions for s = 7 TeV as a function of x according to
the MSTW collaboration [42] for up (u), down (d), charmed (c) and strange (s) quarks
and their corresponding anti-quarks are shown. The left plot is for Q2 = 10 GeV2 and the
right plot shows function for Q2 = 104 GeV2 . Both plots also show distributions for g/10
which is the gluon distribution scaled down by a factor of 10 in order to fit the same scale
as the other partons.

2.3

The cross-section for a hard hadronic process

The entire process of a general hadron-hadron event involving a hard scatter, shown in Figure 2.4, can be factorised into several scale-dependent processes. For a collision between two
protons, the resulting scatter can be characterised as either hard, involving a large momentum transfer, or soft, involving a lower momentum transfer. Although QCD is responsible
for describing each of these interaction types, there are vital differences in the understanding.
For a hard interaction with a large momentum transfer, the methods of perturbative QCD,
discussed above, can be used: since αs is small when Q2 is large. Conversely, for scales closer
to ΛQCD the coupling αs becomes large and perturbative techniques are no-longer valid.
It is common for a hard-scatter to be accompanied by the possibility of quark and gluon
Initial-State Radiation (ISR) and Final-State Radiation (FSR) as depicted in Figure 2.4.
The remnants of the original protons, with one parton removed, are no longer colour singlets
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outgoing parton

"Hard" scattering

proton

proton

underlying event
underlying event

initial−state radiation

final−state radiation

outgoing parton

Figure 2.4: Schematic for a proton-proton collision resulting in a hard-scatter between
two partons. Other possible interactions from initial and final state radiation and underlying event are also included.

and will react to produce an underlying distribution of soft partons. This distribution is
known as the Underlying Event (UE).
The factorisation theorem [45] states that the hadron-hadron cross-section can be constructed
from a convolution of the calculable parton-level cross-section, with the parton momentum
distribution functions of the incident hadrons. This theorem is based on the differing timescale, energy-scale and distances involved in each of the terms. One may think of µF as
the scale that separates these two regimes and so separates what we refer to as the hard
interaction itself, and what could be referred to as the inner-workings of the proton, described
by the PDF. We therefore have a cross-section that is dependent upon two scales: the
renormalisation scale µR is associated with the limited precision of hard scatter calculations
in αs ; and the factorisation scale µF is the scale associated with the partons within the
proton. We summarise this in the expression for the cross-section:
2

dσhard (pA , pB , Q ) =

XZ

dxa dxb fa/A (xa , µ2F )fb/B (xb , µ2F ) dσ̂ab→cd (αs (µ2R ), Q2 /µ2R ) (2.13)

ab

where dσ̂ab→cd is the parton-parton cross-section at a hard scale Q2 and fa/A is the parton
momentum density of a parton a in hadron A at a factorisation scale µF . The initial parton
momenta are given by pa = xa pA and pb = xb pB .
Given that it is not possible to perform calculations to all orders, the final cross-section
will retain some dependence on the renormalisation scale (µR ) and the factorisation scale
(µF ). The variation of these parameters will therefore present a systematic uncertainty on
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behaviour of a large number QCD simulations. Figure 2.5 shows the inclusive jet crosssection as a function of leading jet momentum, where µR = µF = µ and is compared to the
√
leading jet pT - note that this plot is for s = 8 TeV and is the only distribution for this
√
energy included in this thesis (unfortunately, the plot was not available for s = 7 TeV). It
can be seen that whilst the LO cross-section falls with the scale of the interaction, the NLO
cross-section reaches a maxima for µ/pT,1 equal to 1. This fact alone is a strong motivation
for using an NLO cross-section: whilst one can ‘handpick ’ a cross-section for LO by choosing
the scale, the NLO contains a maxima. A convention within ATLAS is to set the nominal
scale values to this maximum: µ/pT,1 = 1. The uncertainty on this choice is then calculated
by varying µR and µF by a factor of 2, up and down.

Figure 2.5: LO, NLO and NNLO cross-section for inclusive jet cross-section as a function
of leading jet pT [46].

It is noted that a change from LO to NLO cross-section calculation will not only increase the
accuracy of the prediction, but also decreases the uncertainty on the choice of scales. This
serves as additional motivation for using an NLO calculation, where possible. Determination
of theoretical systematics and NLO calculations will be discussed in Sections 7.3 and 7.4.

2.4

Monte Carlo simulation of QCD processes

In this analysis, Monte Carlo simulation of QCD processes from proton-proton collisions is
used as a null hypothesis, in order to search for beyond the standard model physics signals.
As by far the dominant background to any process involving a jet in the final state, a good
understanding of the simulation of QCD interactions is paramount to identifying all potential
sources of systematic uncertainty. When two protons collide there is a vast array of possible
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outcomes, with the probability of each outcome described by Equation 2.13. Therefore, in
order to deduce any significant conclusions, a very large number of proton-proton collisions
needs to be considered. The LHC will provide billions of proton-proton collisions that will
be recorded for analysis. In order to quantify the agreement between the data and theory,
one must therefore simulate a large number of Monte Carlo processes for comparison. The
generation of these Monte Carlo events can be split into multiple steps outlined below.
The nature of the incoming partons taking part in the hard subprocess, i.e. their flavour and
momentum distributions (described in Section 2.2.3), determine the main characteristics of
the event. One parton from each beam particle initiates a shower of partons: the remainder
of which contribute to the beam remnants, or may take part in multiple parton interactions.

2.4.1

Simulation of the hard scattering process

The leading order cross-sections for a given physics process can be calculated using Equation 2.13. Calculations for NLO effects (and beyond) for the hard scattering are notoriously
difficult - and due to the large scale of the interaction, it is usually sufficient to restrict the
calculation to leading order. However, in some areas of phase-space, next-to-leading order
effects (and beyond) can be non-negligible Although some NLO MC event generators are
available for some subprocesses (e.g. Powheg-Box [47–49]), these have taken many years
to develop and are still not completely trusted.

2.4.2

Parton showering

When two coloured particles exist in either the initial or final state, there is a finite probability
of either of the particles radiating another parton. As seen in Section 2.2.2, this can lead to
either infra-red or collinear divergences. An alternative to summing higher order terms from
the DGLAP formalism is provided by some Monte Carlo generators. In the parton shower
approach, e.g. used by Pythia [50], the few partons produced in the hard interactions are
related to partons close to the QCD scale ΛQCD . At this scale a phenomenological model
can then be used to perform the hadronisation of final state partons. The evolution can
be expressed in Sudakov form factors, which give the probability that a parton evolves to a
higher scale than a given value8 . For a further discussion of Sudakov form factors and their
behaviour at different scales, see [51]. Parton showers provide a very good description of
8

In Pythia 6.4, which is used in this thesis, the relative transverse momentum of the two partons is used
as the scale of choice.
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collinear and infra-red emission, while the fixed order calculations can be used for the widely
separated partons. Care must be taken to avoid double-counting in kinematics regions where
both techniques overlap.

2.4.3

Hadronisation of coloured particles in the final state

Hadronisation is the process by which colour neutral hadrons are created from outgoing
quark and gluons from the final state. As coloured particles move apart, the strong interaction between them increases. The potential between the two partons increases linearly with
their separation, until there is sufficient energy to produce a new parton pair. This new parton pair is then able to neutralise the colour charge of each of the initial partons producing
a hadronic state. Within a collision experiment, all outgoing partons will therefore undergo
parton showering and transform into hadrons. These hadrons will in-turn form jets - sprays
of particles, which to a good approximation point in the direction of the original high energy
parton. This process is called hadronisation and results in the experimentally measurable
jets. As the hadronisation process evolves, the scale of the parton radiation will decrease
leading to a larger strong coupling - perturbative methods cannot therefore be used to describe the hadronisation process and phenomenological models must be relied upon instead.
Models describing hadronisation include the Lund string model [52] (used in e.g. Pythia)
and the cluster model [53] (used in e.g. Herwig [54]). In each of these models, colour singlet
structures are formed from colour connected partons and are decayed into hadrons, whilst
ensuring that energy and momentum are conserved.

2.5

QCD Monte Carlo simulation used in this thesis

The background process considered in this thesis will consist of events generated at leadingorder for the hard scattering process by the Pythia generator. Pythia [50] is a complete,
multi-purpose event generator with leading-order matrix elements. This program has become the standard across multiple experiments due to its wide range of simulated processes
from both within and beyond the standard model. The QCD hard scattering interactions
are simulated using the Pythia 6.4 [50] event generator with the ATLAS AUET2B LO**
tune [55] which uses the MRSTMCal [56] modified leading-order (LO**) parton distribution
functions (PDF).
As shown Figures 7.12(c) and 7.12(d), the inclusive jet cross-section features a steep drop
with jet pT : the simulation of the QCD process is therefore split between certain regions
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in leading jet pT . This allows the generation of a large number of events across the whole
spectrum, ensuring sufficient statistics for a quantitative conclusion. The samples are split
into the ‘J’ samples (where ‘J’ stands for jet) in Table 2.1 and Table 2.2.
Slice name
J0
J1
J2
J3
J4
J5
J6
J7
J8

pT range [GeV]
8-17
17-35
35-70
70-140
140-280
280-560
560-1120
1220-2240
2240+

cross-section [nb]
1.2030E+07
8.0726E+05
4.8048E+04
2.5369E+03
9.9608E+01
2.5950E+00
3.5489E-02
1.3391E-04
5.6799E-09

Nevents simulated
1400000
1399500
1399999
1393998
2799997
2799497
2798499
399999
2798997

Table 2.1: J-slices of Pythia QCD Monte Carlo with their respective leading jet pT
ranges, cross-sections and the number of events that are simulated.

Slice name
J7a
J7b

pT range [GeV]
1120-1680
1680-2240

cross-section [nb]
1.3282E-04
1.1057E-06

Nevents simulated
1400000
1389999

Table 2.2: J7 exists as a single sample, but also as a sample split into two leading jet pT
ranges: each is included in the analysis for an increase in statistics.

In order to obtain a next-to-leading order (NLO) prediction for jet production in this thesis,
NLO k-factors are used and are described in Section 7.3. Next-to-leading order effects will
be included using the NLOJET++ [57] generator. Although a new Monte Carlo generator
Powheg-Box now includes NLO inclusive jet production complete with parton showers,
this generator is not considered in this thesis9 .

9

This generator is not considered, since at the time of the analysis, the generator had not been validated
within the ATLAS software framework.

Chapter 3
Experimental apparatus
This chapter will describe the motivation, design and layout of the experimental apparatus
used in this thesis. After a brief overview of the Large Hadron Collider itself (Section 3.1),
the ATLAS detector will be described (Section 3.2) with particular attention being paid to
tracking, calorimetry and triggering. As the main sub-detector for this thesis, the ATLAS
calorimeter systems are described in Section 3.2.3. Other crucial aspects of the ATLAS
detector such as the trigger and data acquisition systems are described in Section 3.3.

3.1

The Large Hadron Collider

The Large Hadron Collider (LHC) is a proton-proton (pp) collider situated about 100 m
underground, crossing the French-Swiss border. Its mandate is to push our current understanding of the fundamental structure of our universe to new limits, whilst offering the
first opportunity to test theories: predicting the existence of new particles and forces that
manifest themselves at O(TeV) energies.
Large superconducting magnets focus two counter-rotating beams of protons in separate
beam tubes (or for some experiments heavy Pb ions are used instead). The collider is situated
in the former Large Electron Positron (LEP) collider tunnel, which has a circumference of
about 27 km.
The layout of the LHC main ring is a series of eight arcs and straight regions. In four of
these straight regions, proton beams are forced to cross and collide at the centre of large
detectors. The other four regions are mainly used for beam cleaning, beam dump systems

25
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Figure 3.1: Underground layout of the LHC tunnel. The Super Proton Synchrotron
(SPS) and its connection to the LHC is also shown. Also shown, are the locations of
ATLAS, CMS, LHCb and ALICE. This Figure is taken from [58].

and Radio Frequency (RF) and beam instrumentation. A view of the LHC experiments is
shown in Figure 3.1.
The LHC is designed to have up to 2808 circulating proton ‘bunches’, where each bunch
is made up of about 1011 protons. The bunches are organised into ‘trains’, with a spatial
distance of about 7.5 cm between bunches. Proton bunches are directed by 8.3 T magnetic
fields generated locally by more than 1200 superconductive magnets.
With a nominal luminosity of L = 1033 cm−2 s−1 , the number of events per second produced
in the centre of the detector is

dNevent
= Lσ
dt

(3.1)

where σ is the cross section for a given physical process. The cross section for various
processes as a function of centre of mass collision energy and the event rate are shown in
R
Figure 3.2. Over an interval of time, one can expect Nevents = Lσ dt. Due to the small

cross-sections of some physical processes, it is imperative that the LHC is able to maximise
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Figure 3.2: Cross section for various processes as a function of centre of mass collision
energy and the event rate [41].

its delivered luminosity. The calculation of the instantaneous luminosity delivered by the
LHC is discussed in [59].
The detectors at the four separated interaction points are named ATLAS (A Toroidal LHC
ApparatuS), CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment)
and LHCb (LHC beauty). ATLAS and CMS are general purpose detectors designed to
cover a multitude of physics: ranging from the confirmation of Standard Model physics to
the search for new particles and forces. ALICE is a heavy ion collision detector and LHCb
is specially designed for b-physics study1 .
Two further experiments operating at the LHC are TOTEM (TOTal cross section, Elastic
scattering and diffraction dissociation Measurement at the LHC), designed for precise measurement of the proton-proton interaction cross-section, and LHCf (LHC f orward), designed to study of neutral particles, produced from proton-proton collisions at very small
angles to the beam line.
1
This involves studies of particles which contain b quarks which allow us to study the phenomenon of
Charge-Parity (CP) symmetry violation.
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Overview of the ATLAS detector

The ATLAS detector [60], which is located at interaction point 1 of the LHC tunnel, is a
general purpose detector designed to detect electrons, photons, muons, hadrons and missing
transverse momentum. The overall layout of the detector is shown in Figure 3.3.

Figure 3.3: The ATLAS detector [58].

The detector consists of layered concentric sub-detector, which encompass the collision point
in the centre, with four major components: the Inner Detector (comprising of the SCT
Tracker, Pixel Detector and TRT Tracker) is used to measure the tracks of charged particles,
the liquid argon and tile calorimetry is designed to contain and measure the energy of
electromagnetic and hadronic showers of particles, and the muon spectrometer is used to
detect muons.
By combining the data collected from these layers, we are able to track, identify and measure the momentum and energy of certain particles produced after a collision. The main
performance goals of the sub-detectors are described in [60] and are summarised in Table 3.1.
ATLAS includes two magnet systems: used to bend the trajectories of charged particles so
that their momenta can be measured. A 5 Tesla solenoid surrounds the inner detector and
a large 2 − 8 Tesla superconducting barrel toroidal magnet lies outside the calorimeter. The
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Detector component
Tracking
EM calorimetry
Hadronic calorimetry (jets)
barrel and end-cap
forward
Muon spectrometer
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Required resolution
σpT /pT = 0.05%p
√ T ⊕ 1%
σE /E = 10%/ E ⊕ 0.7%

√
σE /E = 50%/√E ⊕ 3%
σE /E = 100%/ E ⊕ 10%
σpT /pT = 10% at pT = 1 TeV

η coverage
Measurement
Trigger
±2.5
±3.2
±2.5
±3.2
±3.2
3.1 < |η| < 4.9 3.1 < |η| < 4.9
±2.7
±2.4

Table 3.1: General performance goals of the ATLAS detector [60]. Note that, for high-pT
muons, the muon-spectrometer performance is independent of the inner-detector system.
The units for pT and E and GeV.

toroidal magnet is specifically designed to bend the track of muons that are able to penetrate
the rest of the detector.

3.2.1

The ATLAS coordinate system

The ATLAS coordinate system has the nominal interaction point at its origin with the +z
axis defined by the clockwise beam direction. The x − y plane is transverse to the beam

direction with the +x axis pointing towards the centre of the LHC ring and the +y axis
pointing upwards. The azimuthal angle φ is measured in the x − y plane, whilst the polar

angle θ is measured from the beam axis. In most of the analysis which follows, it shall be
convenient to use the pseudo-rapidity η defined as
η = − ln tan (θ/2) ,

(3.2)

which is the ultra-relativistic
approximation to the Lorentz-invariant rapidity given by

L
y = 12 ln E+p
, where E is the particle energy and pL is the component of the particle
E−pL
momentum which is parallel to the beam axis. The relation between η and θ is depicted in
Figure 3.4. For particles with zero mass: η = y. Angular distances within the detector are
measured in ∆R, which is defined in the pseudo-rapidity-azimuthal angle space as:
∆R =

p
∆φ2 + ∆η 2 .

(3.3)
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Figure 3.4: Pseudo-rapidity η and polar angle θ in the ATLAS coordinate system.

3.2.2

The ATLAS inner detector

At the heart of ATLAS, the inner detector is designed to make the most precise measurements
possible. The system consists of high-resolution silicon detectors with full coverage in φ
space and a pseudo-rapidity range of |η| < 2.5. Arranged in concentric cylinders around the
beam axis, these detectors allow location of the interaction vertex, as well as measurement of

displaced vertices from long-lived particles. The presence of the 2 T magnetic field, generated
by the superconducting solenoidal magnet, allows measurement of track momenta. The
primary vertex is defined as the vertex with the highest sum of transverse momentum (pT )
pointing to it, normalised by the number of tracks.
A computer-generated image of the inner detector, with its components, is shown in Figure 3.5. The system consists of a silicon Pixel detector (Pixel), a silicon strip SemiConductor
Tracker (SCT) and a Transition Radiation Tracker (TRT). The Pixel detector consists of
semiconducting pixels, assembled in silicon wafers called sensors. The SCT is build from
modules formed from semiconductor micro-strips arranged parallel to the beam pipe in the
barrel region, and radially in the end caps. By gluing sensors together in pairs at a 40 mrad
stereo angle, the z-coordinate of the track can also be determined. Finally, the TRT is
comprised of straw tubes filed with a Xenon-based gas mixture. The TRT is designed to
provide particle identification: in particular it is designed to distinguish between electrons
and pions. Further details of all Inner Detector components are given in [60].

3.2.3

The ATLAS calorimeters

Calorimetry, or energy measurement, is an integral part of modern particle physics experiments. A complete discussion of the ATLAS calorimeters is included in [60]. Combined with
accurate momentum measurement, calorimetry can also provide particle identification over
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Figure 3.5: Computer-generated image of the ATLAS inner detector and its components [61].

a range of energies. All calorimetry measurements are destructive processes: and for this
reason calorimeters are located spatially outside of other sub-detector systems. The ATLAS
calorimetry system employs a sampling technique. Layers of active and passive material,
allow the calorimeter to both absorb and measure energy: resulting in a compact design
with almost complete containment of the showers.
Calorimetry can be split into two broad classes: electromagnetic (EM) and hadronic. Whilst
EM calorimeters employ fine granularity for precise measurement of electrons, positrons and
photons, hadronic calorimeters employ a coarser granularity which is sufficient to contain
and measure the energy of incident hadrons2 . In the case of hadronic showers, during the
interactions of particles, there will be a component of energy that is absorbed in nuclear
breakups and excitations that is fundamentally undetectable in the calorimeter - this is
known as invisible energy. As well, there may be muons and neutrinos produced that will
often escape the detector without being detected - this leads to escaped energy. In order
to account for these energy losses, calorimeters can be designed to be compensating. However, the ATLAS calorimeters are non-compensating: the hadron response is lower than the
response for electromagnetically interacting particles, for the same incident particle energy.
2

EM calorimeter data is also used in the energy measurement of hadrons, since a hadron may begin
showing before it has reached the hadronic Tile calorimeter.
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The correct energy scale for hadronic interactions is restored ‘offline’ - at the data analysis
level. The techniques employed to calculate this Jet Energy Scale, (JES) are discussed in
Section 5.4.

Figure 3.6: Layout of the ATLAS calorimetry system [58].

The ATLAS calorimetry is comprised of six subsystems divided into barrel, extended barrel and end-cap regions (See Figure 3.6). The barrel region consists of a Liquid Argon
(LAr) electromagnetic calorimeter and presampler, and a scintillating plastic TILE hadronic
calorimeter (TILE). The end-cap calorimeters are all based on LAr sampling technology: an
electromagnetic presampler and ElectroMagnatic End-Cap (EMEC), the Hadronic EndCap (HEC) and the Forward CALorimeter (FCAL). An extended barrel region of hadronic
calorimeter surrounds the end cap calorimeters, as seen in Figure 3.6.
The calorimeters are designed to provide a good containment of electromagnetic and hadronic
showers: otherwise a shower may punch-through into the muon system. The calorimeter
depth is tailored to limit this punch-through. The total thickness of the EM calorimeter is
≈ 22 radiation lengths (X0 ) in the barrel and ≈ 24 X0 in the end caps: where 9.7 interaction

lengths (λ) of active calorimeter material in the barrel (and 11 λ in the end-cap) is adequate
to provide good resolution for high-energy jets - see Table 3.1.
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Electromagnetic LAr calorimetry

The ATLAS Electromagnetic calorimeters (commonly known as the LAr calorimeters and
a section of which is shown in Figure 3.7) are sampling calorimeters consisting of layers of
liquid argon, steel and lead. Sheets of 1.5 mm thick lead plates sandwiched between 0.2 mm
of stainless steel are structured with an accordion geometry in order to provide complete
coverage in the φ coordinate. Lead is used as an absorber in order to induce showering
within the calorimeter. Liquid argon has been chosen as the active material for its intrinsic
linear behaviour, its stability of response over time and its intrinsic radiation hardness.
As charged particles penetrate the calorimeter, they ionise the liquid argon with the resulting
electrons drifting towards copper electrodes. At η = 0, a 2 kV electric field results in an
electron drift time of approximately 450 ns. This drift time is dependent upon environmental
factors such as electric field and temperature - these factors must therefore be monitored
(and kept as constant as possible) when in operation. The width of the gap is 2.1 mm in the
barrel, but varies with η. Therefore, the high voltage must vary in order to ensure a uniform
calorimeter response over the full η range.
The two LAr calorimeter barrels span up to |η| = 1.475. In the forward region, two coaxial

wheels give coverage over 1.375 ≤ |η| < 2.5 and 2.5 ≤ |η| < 3.2. A ‘crack ’ region exists

between the barrel and forward detectors in order to accommodate instrumentation and
cooling infrastructure to the inner detector. The crack region corresponds to 1.375 ≤ |η| <

1.52.

The structure of the LAr calorimeter barrel is depicted in Figure 3.7. The calorimeter
consists of three main layers: the first has a fine granularity of ∆η × ∆φ = 0.0031 × 0.098,

which is used to reconstruct the η position of the shower and provide particle identification

information; and the other two, with a granularity of ∆η × ∆φ = 0.0245 × 0.0245 and
0.0245 × 0.05, collect the bulk and tail of the electromagnetic shower. A particle can travel
between 22 and 33 radiation lengths when traversing the LAr detector.

A significant amount of inactive material lies in front of the EM calorimeter, which can
lead to energy loss. In order to correct for this, a PreSampler (PS) is placed in front of
the EM calorimeter and is read out independently. The energy within the presampler is
weighted to recover the correct energy for particle which begin to shower before reaching the
calorimeters.
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Figure 3.7: The LAr calorimeter barrel [61].

3.2.3.2

Hadronic Tile calorimetery

The hadronic tile calorimeter (commonly known as the Tile) is a sampling calorimeter consisting of alternate layers of steel and scintillating plastic. The plastic tiles are staggered in
depth and are connected at both sides to photomultiplier tubes via optical fibres. The Tile
is a non-compensating calorimeter with longitudinal segmentation allowing jet energies to
be weighted based on depth of energy deposition. Particles interact with the scintillator producing an amount of light proportional to the energy deposited. This light is then collected
using wavelength-shifting fibres.
The Tile is shielded by the EM barrel calorimeter (with approx. 1.2 λ) and the coil of
the solenoid used to generate the magnetic field for the inner detector. It is split into
three sections: a central barrel region with |η| < 0.8 and two extended barrel sections at
0.8 < |η| < 1.7. A vertical gap between the two regions contains cabling and service pipes

for the EM calorimeters. Each section of the barrel and extended barrel is split into three
layers (See Figure 3.8).

Chapter 3. Experimental apparatus
3865 mm

η=0,0
D0

0,1

0,2

0,4

0,3

D1

BC4

0,6

0,5

BC5

BC6

BC7

BC8

2280 mm
0

A2 A3
500

A4

A5
1000

A6

A7

A8

A9

A10

1500 mm

~

1,0

0,9

1,2

1,1

1,3

D4

B9
A1

0,8

0,7

D3

D2

BC1 BC2 BC3

35

D6

D5

1,4

C10
E1
E2

B12

B11
A12

B15

B14

B13

1,5
1,6

A13

A14

A15

A16

E3

E4

beam axis

Figure 3.8: Segmentation in depth and η of the tile-calorimeter modules in the central
(left) and extended (right) barrels. The bottom of the picture corresponds to the inner
radius of the tile calorimeter [60].

3.2.3.3

Forward Calorimetry

In the forward region, calorimetry is provided by the hadronic end-caps, at 1.5 < |η| < 3.2.

Due to the larger and higher energy particle flux in the forward direction, liquid argon is

again employed as the active material3 . The hadronic end-caps are situated 2.03 m from
the interaction point, with 8.5 mm active gaps between the copper plates. Each hadronic
end-cap consists of two wheels: each with different widths for the copper plates. There is also
a forward calorimeter (commonly known as the FCal) extending up to |η| < 4.9, however
this detector is not employed in this analysis.

3.2.4

The ATLAS muon system

The muon spectrometer measures the momentum of muons by measuring their curvature
in the ATLAS toroidal magnetic field. The spectrometer consists of four subsystems: the
Monitored Drift Chambers (MDT), the Cathode Strip Chambers (CSC), the Resistive
Plate Chambers (RPC) and the Thin Gap Chambers (TGC). The latter two subsystems
are used for triggering. Further details of the ATLAS muon sub-detector are included in [60].
3

The large radiation environment in the forward regions makes plastic scintillation a poor detector material, since the high radiation levels will lead to accelerated ageing of the scintillator causing it to turn black.
however, liquid argon can be readily replaced without dismantling the detector.
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The ATLAS trigger system

With up to 1 GHz of data being delivered by the LHC during nominal running conditions, it
is impractical to store all of the detector information for every collision event. The multilevel
trigger system of ATLAS is designed to allow efficient identification and recording of ‘events
of interest’. For a full description of the ATLAS trigger system and its performance, see [62].
The identification of interesting events is based on the presence of one or more high transverse
momentum objects - for example a muon, electron, photon, jet, tau lepton or Missing
Transverse Energy (MET)4 . These interesting events are characterised by sets of criteria
known as a trigger configuration (or trigger menu) which are composed of trigger chains.
Each one of these chains can be thought of as a logically independent set of criteria which
is either passed or failed by each event. For processes with high cross-sections, a trigger
prescale may be defined such that, for example, only 1 in 200 of events which satisfy that
trigger are recorded for further analysis. These prescales may be adjusted during data taking
in order to synchronise with the software model for offline processing and analysis.
ATLAS employs a three-level trigger system, with the rate of data recording being reduced
at each stage as a more stringent triggering criteria is applied. The Level 1 (L1) trigger is
hardware-based, using coarse detector information from the calorimeter, muon and forward
subsystems. The next two trigger levels are collectively known as the High Level Trigger
(HLT), and individually known as the Level 2 (L2) and Event Filter (EF). The HLT is
software-based with the EF running a physics reconstruction that is close to the offline
software. A schematic of the ATLAS trigger system, along with the nominal data-rates and
latencies5 , is shown in Figure 3.9.

3.3.1

Triggering on jets

In this thesis, jet triggers are used to select events that contain a jet with high transverse
momentum. The inputs to the L1 jet trigger are the ∆η × ∆φ = 0.1 × 0.1 calorimeter

towers. A sliding window algorithm selects local maxima in transverse energy, ET . For a
4

Assuming that the total linear momentum in the transverse plane of the detector is zero, the missing
momentum (or energy) is calculated from the vector sum of the momenta of all of the object coming from
the primary vertex.
5
Latency is how long the trigger hardware takes to reach a decision. In the case of the L1, the latency
is a strict limit of 2.5 µs, since this is the length of the data pipelines. In addition to latency, dead-time is
a trigger veto that exists to stop the readout hardware being overwhelmed. Simple dead-time occurs when
the L1 trigger accepts an event: the system will subsequently not accept any event from the next 5 bunch
crossings. The dead-time gives the readout system a breathing space of 125 ns to deal with the accepted
event.
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Figure 3.9: Schematic of the ATLAS trigger system. The latency of each trigger level
and the desired output rates are shown [62].

given event, if the measured ET is above the trigger threshold, then the event is retained
and the raw data within the Region Of Interest (ROI)6 is passed to the L2 trigger. The
L2 trigger is based on a simplified version of a cone clustering algorithm7 . The EF uses the
same reconstruction algorithms as the offline reconstruction, the only difference being the
calorimeter calibration, and the fact that the clusters used to make the jets are only those
inside a ROI surrounding the direction of the L1 jet. Further details of the L2 and EF jet
triggers can be found in [61].

3.4

Simulation of the ATLAS detector

In order to compare recorded data to our SM theory predictions, one must have an accurate
simulation of the ATLAS detector and its performance. The Geant4 software package [63],
along with the ATLAS simulation framework [64] has been designed for this purpose. The
energy deposited by particles in the active detector material is converted into detector signals
6
7

The ROI has a typical size of 0.1 × 0.1 in η − φ.
See Section 5.1 for an introduction to Jet algorithms.
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and reconstructed with the same format as the ATLAS detector read-out and online software.
The simulation is tuned by using data from test-beam and in-situ measurements.
The analysis presented in this thesis uses the ATLFAST II [65] package in order to provide
a faster and less CPU-intensive simulation of the ATLAS detector. ATLFAST II employs FastCaloSim [66] for the simulation of electromagnetic and hadronic showers in the
calorimeter. Careful comparisons with detailed simulations of the ATLAS detector [63, 64]
using the Geant4 package [63] show differences of the order of 1 − 2%. A study performed
in the context of the dijet angular analysis is included in Appendix B.

3.5

Data used in this thesis
√

√
s = 900 GeV, the LHC energy was increased to s =
√
2.36 TeV in late 2009. The machine energy was then ramped up to s = 7 TeV - delivering
After a brief period of running at

48.1 pb−1 of data in 2010 and 5.61 fb−1 of data in 2011.
The dataset analysed in this thesis corresponds to approximately 4.8 fb−1 recorded between
March and October of 2011. Although the LHC delivered 5.61 fb−1 of data in 2011, analysis
can only be performed on a subset of this data. This is mainly due to ATLAS being unavailable for short periods of time and also the time taken for ATLAS to begin recording data
once the LHC has achieved stable beams. The systematic error on the integrated luminosity
for the dataset considered in this thesis (this corresponds to data collected between March
and November of 2011) is 3.9% [59].
Figure 3.10 (a) shows the luminosity delivered and recorded by the LHC and ATLAS during
2011 proton-proton collisions. One can see the exponential increase in the instantaneous
luminosity, which occurs as a consequence of the continuous beam development.
A side effect of an increase in instantaneous luminosity is an increase in the number of
proton-proton interactions within the same bunch - know as in-time pile-up. It is also
possible to have multiple interactions from different bunches during the time taken for the
detector to process a single event - known as out-of-time pile-up. Out-of-time pile-up has
a further contribution from the circulation of multiple subsequent bunches in neighbouring
bunch-trains. The effects of pile-up are discussed further in Chapters 5 and 7.
The peak average number of proton interactions per bunch crossing is shown in Figure 3.10 (b).
As expected, the increase in the peak average is noticeably correlated to the instantaneous
luminosity (i.e. the gradient of the distribution in Figure 3.10 (a)).
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(b)

Figure 3.10: (a) Cumulative luminosity versus week delivered to (green), and recorded
by ATLAS (yellow) during stable beams. (b) The maximum mean number of events per
beam crossing versus day. This version shows the average value for all bunch crossings in
a lumi-block. The online luminosity measurement is used for this calculation as for the
luminosity plots. Only the maximum value during stable beam periods is shown [67].

Chapter 4
Beyond the standard model
Although the SM allows precise predictions for many processes: there is still room for many
alternative (and/or extended) theories to be correct. This chapter will introduce two scenarios of beyond the standard model physics for which the analysis of this thesis is sensitive. The
scenarios are presented as effective theories with measurable deviation from the dominant
QCD cross-section and are considered as benchmark models: used to quantify the search
reach of a new physics analysis.
As well as being interesting examples of new physics scenarios, the three models are chosen
due to their fundamentally different final state phenomenology. Whilst the excited quark
model (Section 4.3.1) produces a resonance state, the quark contact interaction model (Section 4.3.2) and Quantum Black Hole (Section 4.2) models are threshold processes with a slow
turn-on above a certain energy scale. In addition, whilst quantum black hole production is
independent of any other SM processes, the quark contact interaction model interferes with
the dominant QCD background.

4.1

Extra dimensions

Our every day experience is that of four dimensions - three of space and one of time. But
is it necessary that these are the only dimensions in our universe? Extra dimensions are
often postulated by theories which attempt to solve some of the biggest problems in theoretical physics, for example: the hierarchy problem, quantum gravity and unification of the
fundamental forces of nature.

40
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Whilst General Relativity (GR) is one of the most successful and elegant theories in terms of
cosmological and astrophysical observations, its down fall occurs in the form of singularities
which occur at the high energies for which quantum effects become important. At the
other extreme, Quantum Mechanics (QM) impressively accounts for all known small scale
physics - however conceptual problems occur when it is applied to macroscopic systems. A
convolution of the two - a quantum theory of gravity is a holy grail of modern physics.
One belief is that the forces of the standard model, and perhaps also gravity, are in fact manifestations of the same underlying force. This is known as unification. Some work towards
this goal has been achieved. Extra dimensions were first considered in connection to these
issues by the pioneering works of Kaluza [68] and Klein [69] in the 1920s. These works used
higher dimensional representations of the metric tensor in order to unify electromagnetism
with gravity.
The existence of > 3 spatial dimensions would have many interesting phenomenological
consequences, many of which, depending on the size and number of the ‘extra’ dimensions,
could be observable at the LHC.
If extra dimensions do exist, there must be some reason that we do not experience them in
our every day lives. Traditionally, this phenomenon is explained by supposing that any extra
dimensions are compactified on a small scale. Perhaps the two most popular configurations of
extra dimensions are the ADD (Arkani Hamed-Dimopoulos-Dvali) [70] and RS (RandallSundrum) [71].

4.1.1

The Planck mass, MD

In the ADD [70] scenario of extra dimensions, space-time can be factorised into a 4-dimensional
part and a n-dimensional part (for n extra spatial dimensions). Following the PDG convention [8], the space is constructed as R4 × Mn , where R4 is our usual 4-dimensional space-

time and Mn is a n−dimensional compact space with finite volume Vn . The factorisation
of the 4-dimensional and n−dimensional parts of the space-time allow one to express the
4-dimensional reduced Planck mass as
M̄P2 l = M̄D2+n Vn ,

(4.1)

√
where M̄P l = MP l / 8π = 2.4 × 1018 GeV and M̄D is the reduced Planck mass for the D-

dimensional theory. Following [72], the fundamental D−dimensional Planck mass is given
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by
MD = (2π)n/(2+n) M̄D .

(4.2)

In the ADD scenario, the hierarchy problem is solved by hypothesising that MD is O(TeV)
with the apparent M̄P l being obtained with a large value of Vn .

4.1.2

Experimental limits from other experiments

Limits have been set on the parameter MD by other experiments. A summary table of the
latest such limits, from collider experiments, in the large extra dimension scenario are shown
in Table 4.1.
n
2
3
4
5
6
7
8

√
LEP ( s = 209 GeV)
1.60
1.20
0.94
0.77
0.66
-

√
√
CDF ( s = 1.96 TeV) DØ ( s = 1.96 TeV)
1.18
0.884
0.99
0.864
0.91
0.836
0.86
0.820
0.83
0.797
0.797
0.797

Table 4.1: Lower limits on MD (in the Large Extra Dimension scenario) at the 95%
confidence level from other accelerator experiments [73].

The most stringent limits to date (for the ADD model) derive from astrophysical observations:
• the supernova SN 1987A did not emit more Kaluza Klein gravitons than compatible

with neutrino signal distributions observed by Kamiokande and IMB, leading to limits
of MD > 22 TeV for n = 2 [74];

• the Energetic Gamma Ray Experiment Telescope (EGRET) lead to limits [75, 76]:
from cosmic γ-ray background analysis of MD > 70(5) TeV for n = 2(3); from neutron
star halo analysis of 100 MeV γ-rays of MD > 97, 8, 1.5 TeV for n = 2, 3, 4; and analysis
of neutron starts in the galactic bulge leading to limits of MD > 1130, 57, 7, 1.8 TeV
for n = 2, 3, 4, 5.
Table top experiments such as [77], have also tested the 1/r2 -law of gravitation excluding
extra dimensions with R > 44µm
Discussion of limits from this analysis, as well as other analyses from the LHC, are discussed
in Chapter 9.
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Warped extra dimensions

In the RS [71] model for extra-dimensions, the apparent weakness of gravity in our everyday
4-dimensional space-time is caused by a gravitational red-shift in a warped extra dimension.
The theoretical set-up consists of two 4-dimensional branes separated by a 5th y-coordinate.
The SM fields are located on the InfraRed (IR) brane and the other brane is known as the
UltraViolet (UV) brane. Solving Einstein’s equation given the element
ds2 = exp(−2k|y|)ηµν dxµ dxν − dy 2 ,

(4.3)

with the UV and IR branes located at y = 0 and y = πR, respectively; R is the compactification radius and k is the curvature of the extra dimension. In contrast to the ADD case, the
RS space is not factorised and so the 4-dimensional metric (and so the strength of gravity)
is dependent upon the extra-dimensional coordinate y.

4.1.4

Higgsless extra dimensional models

Although not of relevance to the particular models considered in this thesis, it is noted that
extra spatial dimensions also offer new possibilities for breaking gauge symmetries. Light
Kaluza-Klein modes on compactified spaces, corresponding to broken generators of the group,
acquire masses and allow the SM to respect unitarity up to E ∼ 12π 2 MW /g ∼ 10 TeV (for
a single extra dimension) [8].

4.1.5

Classical Black holes

The idea of a body so massive that even light could not escape was first put forward by
geologist John Michell in a letter written to Henry Cavendish in 1783.
Classically, in order for a particle of mass m to escape from the surface of a planet or star
of mass M :

1 2 GM m
mv >
,
2
r

(4.4)

where G is the gravitational constant and r is the radius of the planet or star. Therefore, in
the limit that the escape velocity is equal to the speed of light, c, then
r = rS =

2GM
,
c2

(4.5)
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where rS is known as the Schwarzschild radius: a particle that is at a distance d < rS from
the centre of mass will require a speed > c in order to escape the gravitational attraction of
the body. The sphere about the centre-of-mass of M with radius rS is known as the event
horizon: due to the universal speed limit of any object being c [78], any event within the
event horizon can have no causal effect beyond the event horizon.
For ordinary stars and planets r > rS . For example, our sun has r = 700, 000 km with
rS = 3 km. However, as explained above, for r < rS , we have a situation where an object
would require a speed > c in order to escape the star: a black hole is formed.
Later, solutions to Einstein’s equations were found for rotating, charged and charged rotating
Black Holes (BHs) eventually leading to the no-hair theorem stating that a stationary black
hole solution is completely described by the three parameters of the Kerr-Newman metric:
mass, angular momentum and electric charge.

4.1.6

Higher dimensional Black Holes

In the absence of extra dimensions, the creation of a BH requires extremely large CM energies:
reducing the CM energy down to energy scales accessible at the LHC leads to a Schwarzschild
radius, which is so small that a BH can not be formed.
For a universe with extra dimensions, if the Compton wavelength of a given mass is much
larger than the size of the extra dimensions, then the mass will behave as a 4-dimensional
object: this is the situation for regular objects such as people, planets and classical black
holes. If, however, the Compton wavelength of an object is smaller than the size of the extra
dimensions, then the object exists as a higher-dimensional object that is completely submerged in a higher dimensional space-time. The presence of the extra dimensions facilitates
the creation of BH, since, for a higher dimensional object, the scale of gravity is increased:
increasing the corresponding Schwarzschild radius for a given mass.
By lowering Plank scale MD closer to the EW scale, the possibility of BH production in highenergy scattering processes becomes a possibility for reactions with trans-Plankian centre√
√
of-mass energies, s > MD . For a centre-of-mass energy ŝ with D = 4 + n space-time
dimensions, the Schwarzschild radius is given by [79]
1
rS = k(D)
MD



M
MD

1
 D−3

,

(4.6)
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where k(D) is a numerical coefficient depending only on the number of dimensions1 :

k(D) =

1
 ! D−3
D−1
√
Γ
D−7
2
.
2D−4 π
D−2

(4.7)

k(D)

The functional form of the k(D) factor is shown in Figure 4.1.
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D=n+4

Figure 4.1: Functional form of factor k(D), defined in Equation 4.7.

There are a variety of predictions as to the behaviour and properties of these ‘micro-BHs’.
One class of theories, describes semi-classical BHs which, like their larger cousins, have a
Hawking temperature [80] and therefore decay thermally via Hawking radiation [81]. It is
possible to calculate this emission spectrum if one assumes that the energy of the emitted
particle is small compared to the BH mass, MBH  ω. This is necessary so that the

presence of the emitted particle does not effect the metric in the vicinity of the BH. In turn,
this requires that the Hawking temperature, TH be small compared to MBH , and therefore
MBH  MD . Of course, this condition must break down at some point: what happens after
this point is a source of much debate.

If the impact parameter, b, between the two particles is less than the Schwarzschild radius,
rS , then according to GR and the Hoop-conjecture [82], strong gravitational effects will lead
to the production of a BH with production cross-section given by
σ ∼ πb2 ∼ πrS2 .
1

This equation uses the Gamma function Γ(n) =

R∞
0

tn−1 e−t dt = (n − 1)!.

(4.8)
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During this process, not all of the incident energy of the two particles is bound to the BH.
A fraction of the energy will be lost through gravitational radiation.
In a scenario with extra dimensions, the trans-Plankian regime may lie slightly above the
TeV scale. In this case, it is entirely possible trans-Plankian reactions already take place in
the atmosphere [83–86]. In this thesis, the possibility of these reactions taking place under
the controlled conditions of the LHC is considered.

4.2

Quantum Black Holes

In [87–90] it is argued that the semi-classical black holes (described above) are highly suppressed and will in-fact occur in only a very limited parameter range of the models, if at all.
In addition, the expected number of particles to be emitted from the BH is only above 2 for
MBH ≥ 1.5MD . The steeply falling parton distributions functions of the proton lead to a
cross-section for BH production that is strongly peaked at their production threshold, which

is assumed to be MD . As alluded to above, the behaviour of particle interactions around the
Planck scale is shrouded by a lack of knowledge of quantum gravity. It is therefore perhaps
more appropriate to refer to such an interaction of a ‘quantum gravitational effect’ or ‘resonance’, however we follow the common convention of referring to such states as Quantum
Black Holes (QBH).
Despite the absence of a complete quantum theory of gravity, by making a few assumptions
and relying on fundamental principals [91], it is possible to construct a model for production
and decay of QBHs in proton proton collisions at the LHC [79].

4.2.1

Quantum black hole production at the LHC

For a proton-proton (pp) collision, following the arguments outlined above, it is required
that any two partons (i, j) have an impact parameter b < bc ' rS , where bc is the critical

value and rS is given in Equation 4.6. The parton-level production cross-section is simply
√
σij ' πrS2 (ŝ), where ŝ is the centre-of-mass energy of the colliding partons. In order to
construct the complete cross-section, we must sum over all possible parton combinations, and

weight them according to the parton distribution functions fi (x), which give the probability
of finding a parton of flavour i, with momentum fraction x of the colliding proton. The total
pp cross-section for the production of a BH from the collision of two partons, a and b, may
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be written as
σ(QBHpq1 p2 )

=

XZ
a,b

1

M 2 /s

Z

1

dxmin
xmin

dx  xmin 
fa
fb (x)πrS2 ,
x
x

(4.9)

where sxa xb = sxmin = ŝ (xa and xb are the fractional energies of the two partons relative
to the proton energies), and fa and fb are the PDFs for the proton. The naming convention
for QBH states used in [79] has been adopted in this thesis such that the state QBHpq1 p2 is
formed from parton types p1 and p2 and has electric charge q. Since it is natural for local
gauge symmetries of QCD colour and electric charge to be conserved during the black hole
formation [90], the possible decay states of the QBH are determined by q and the colour
state composed from p1 and p2 . It should be remembered that this production cross-section
is, most likely, an over-estimation, since we have assumed bc ' rS and that all of the energy

goes into the creation of the BH. As discussed above, it more likely that bc < rS and that a
significant fraction of the CM energy is lost through gravitational radiation effects.

4.2.2

Simulation with the BlackMax generator

QBH simulations are produced using the BlackMax V2.0 Monte Carlo generator [92, 93].
BlackMax is a versatile semi-classical and quantum black-hole generator that simulates
a number of different extra dimension models and black-hole evolution scenarios. In this
thesis, a QBH model resulting in two final-state particles is simulated. A basic model is
√
√
chosen for QBH states to be produced for MD ≤ ŝ ≤ s, where 100% of the combined
partonic energy is included in the QBH production2 . The production and decay of the QBH

is simulated as an s-channel process with an isotropic decay distribution in the final state. In
the decay of the QBH states, it is required that baryon number be conserved. The resulting
branching ratios to SM particles for the case of MD = 4 TeV and n = 6 are shown in
Table 4.2 - the total branching ratio for dijet final states is 96.32%.
The production cross-section for n = 6 extra dimensions and values of MD ranging from
2 TeV to 5 TeV are given in Table 4.3. For limit setting purposes, 10,000 events of each
mass-point for the n = 6 scenario were simulated and passed through the ATLAS simulation
chain described in Section 2.4.
As the value of MD increases, so does the energy threshold for the production of QBH states:
resulting in a lower production cross-section. The variation of the production cross-section
with n can be understood through Equation 4.7 and Figure 4.1.
2

The parameter file for the particular model is included in Appendix E of this thesis.
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Topology
qq
qg
gg
ll
νν
lν
γγ
VV
HH
other
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Branching ratio (%)
91.11
5.07
0.14
0.03
0.01
0.03
0.00
0.02
0.00
3.58

Table 4.2: Percentage occurrence (Branching Ratio, BR) for each decay topology. Values
are for BlackMax parameters described in Appendix E, with MD = 4000 TeV and n = 6.

MD
[TeV]
2
2.25
2.5
2.75
3
3.5
4
4.5
5
5.5
6

n=2
2.0892E+01
7.7299E+00
2.9191E+00
1.1186E+00
4.2543E-01
5.7247E-02
6.7466E-03
6.5117E-04
4.5274E-05
1.9733E-06
3.8140E-08

Cross-section σ [pb]
n=3
n=4
n=5
4.1668E+01 6.5877E+01 9.4451E+01
1.5526E+01 2.4428E+01 3.5195E+01
5.8983E+00 9.4895E+01 1.3440E+01
2.2533E+00 3.5908E+00 5.1773E+00
8.5510E-01 1.3637E+00 1.9626E+00
1.1637E-01 1.8583E-01 2.6797E-01
1.3708E-02 2.1921E-02 3.1515E-02
1.3148E-03 2.1365E-03 3.0650E-03
9.2105E-05 1.4964E-04 1.9574E-04
4.0274E-06 6.5051E-06 9.3774E-06
7.7826E-08 1.2722E-07 1.8384E-07

n=6
1.2425E+02
4.6859E+01
1.7818E+01
6.8306E+00
2.5969E+00
3.5423E-01
4.2397E-02
4.1171E-03
2.9195E-04
1.2541E-05
2.4380E-07

n=7
1.5844E+02
5.8936E+01
2.2345E+01
8.6651E+00
3.2996E+00
4.5084E-01
5.3352E-02
5.1739E-03
3.6673E-04
1.6037E-05
3.1513E-07

Table 4.3: Cross-sections for QBH samples generated with the BlackMax MC simulator
for n = 2 − 7 extra dimensions and various values of MD .
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Quark sub-structure

The SM does not predict the masses of fermions or their family structure described in
Section 1.2. In addition, the SM does not motivate the relationship between the charges
of elementary particles. This situation allows a hint for the possibility of fermions being
composite objects.
It is hypothesised that if quarks and leptons consist of bound constituents (often named
preons) then new interactions will be measurable at some energy scale Λ, known as the
composite scale. In the following sections, two effective models of quark sub-structure are
described. These models provide a popular benchmark scenario for NP searches among highenergy collider experiments: allowing simplified comparison between the performance and
methods of different collaborations.

4.3.1

Excited quarks

The excited quark model [94–96] is one implementation of a theory with quark sub-structure
and is a commonly used benchmark signal in high-energy experiment searches: used to
quantify the search reach of an analysis. Quarks consisting of tightly bound elementary
constituents are energised to excited states and then subsequently decay in an s-channel
process. If the energy scale at which compositeness effects are relevant, Λ, is smaller than
the centre-of-mass energy of the LHC then it is expected that such quark resonances will be
visible.
Taking the first generation of excited quarks, denoted as q ∗ (u∗ , d∗ ), are assumed to have
spin and isospin equal to 1/2 with their couplings to SM quarks and gauge bosons dictated
by the Lagrangian [96]:
Lq ∗



1 ∗ µν
λa a
τ
0 0Y
=
q̄ σ
gs fs Gµν + gf Wµν + g f Bµν qL + h.c.
2Λ R
2
2
2

(4.10)

where Gaµν , Wµν and Bµν are the field-strength tensors of the SU (3), SU (2) and U (1) gauge
fields, respectively. The quantities λa , τ and Y (gs , g and g 0 ) and the corresponding gauge
structure constants (gauge coupling constants). The parameters fs , f and f 0 control the
composite dynamics and are expected to be of order one. For mq∗ > mV (V = W ± , Z 0 ) and
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1 TeV
BR(u → ug)
82.7%
∗
2.4%
BR(u → uγ)
3.5%
BR(u∗ → uZ 0 )
∗
−
BR(u → uW ) 11.4%
Γ(u∗ )/mu∗
0.0374
∗

2 TeV
81.4%
2.5%
3.8%
12.3%
0.0352

3 TeV
80.7%
2.6%
4.0%
12.8%
0.0341

50
1 TeV
BR(d → dg)
82.7%
∗
BR(d → dγ)
0.6%
BR(d∗ → dZ 0 )
5.3%
∗
+
BR(d → dW ) 11.4%
Γ(d∗ )/md∗
0.0374
∗

2 TeV
81.4%
0.6%
5.7%
12.3%
0.0352

3 TeV
80.7%
0.7%
5.9%
12.8%
0.0341

Table 4.4: Branching ratios and relative decay widths for q ∗ (mq∗ = 1, 2, 3 TeV) to various
decay channels. Using ATLAS MC09 tuning [99] and taken from [100].

massless ground-state quarks, the partial widths [96–98] for the q ∗ decays are
m3q∗
1
αS fS2 2 ,
3
Λ
1 2 m3q∗
αf
,
Γ(q ∗ → qγ) =
4 γ Λ2

2 

m2V
1 gV2 2 m3q∗
m2V
∗
f
1− 2
Γ(q → qV ) =
2+ 2 ,
8 4π V Λ2
mq∗
mq∗
Γ(q ∗ → qg) =

(4.11)

with
fγ = f T3 + f 0

Y
,
2

fZ = f T3 cos2 θW − f 0

(4.12)
Y
sin2 θW ,
2

f
fW = √ ,
2
where T3 is the third component of weak isospin and Y is the hypercharge of q ∗ .
A compositeness scale Λ = mq∗ and SM couplings (fS = f = f 0 = 1) results in the branching
ratios given in Table 4.4. With a coupling strength of m2jj /Λ2 ∼ O(1), the excited quark

production has a coupling greater than 2 orders of magnitude above αS . Consequently,
any interference terms between the excited quark Lagrangian (Equation 4.10) and SM QCD
processes can be neglected. Distributions of the excited quark signal for the observables used
in this thesis are shown in Sections 8.2.2 and 8.2.3.
This excited quark model is available in the Pythia 6 [50] event generator, and has been
used as a benchmark to set limits on q ∗ in ATLAS, in CMS, and in TeVatron experiments.
An example of the kinematic distributions for an excited quark with a mass of 1 TeV is
shown in Figure 6.7. Unfortunately, in the course of preparing for analysis of ATLAS 2012
collision data it has been found that there is a problem with this benchmark. In 2012,
ATLAS is using the C++ based Pythia 8 [101] event generator for processes previously
simulated with Pythia 6 since the older generator will no longer be supported by its authors.

dσ/dmjj (pb/GeV)
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Original Q*
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y < 0.6, m * = 3 TeV
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Figure 4.2: Comparison of the q ∗ mjj distribtions from Pythia 6 with and without the
FSR correction, for a q ∗ mass of 3 TeV.

In anticipation of this change, a number of studies have been done in ATLAS comparing
standard model and NP processes with these two generators. The q ∗ comparison studies
show that there are noticeable differences in the dijet mass distributions predicted by the
two generators. In particular, the Pythia 8 dijet mass peak for q ∗ is substantially wider
than that for Pythia 6.
The Pythia authors confirm that there is a problem with the showers in Pythia 6 for the
excited quark model: the generator gives too little final state radiation (FSR). The problem
lies with the matrix-element (ME) correction machinery, which is intended to ensure that
the showers are correct to NLO. Pythia 6 handles the FSR correctly for SM and MSSM
processes but in the case of q ∗ , and some other processes, it rejects most radiation associated
with one of the jets. In Pythia 8, the list of matrix elements is the same, but the process
identification is more sophisticated, and the colour flow is handled correctly.
The q ∗ mjj distributions from Pythia 6 can be brought into close correspondence with
Pythia 8 by setting the Pythia 6 MSTJ(47) parameter to zero, approximating the correct
process identification and restoring the FSR.
Since Pythia 6 with the default setting has been used by a number of experiments to set
q ∗ limits, it has been decided to create two sets of MC samples, with and without the FSR
modification, and to calculate the q ∗ exclusion limits for both cases. A comparison of the
signal shapes for an excited quark of mass 3 TeV is shown in Figure 4.2.
The corresponding cross-sections and number of events for the excited quark samples generated with Pythia 8 are shown in Table 4.5.
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mq∗ [GeV]
2000
2250
2500
2750
3000
3250
3500
3750
4000
4250
4500
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cross-section sigma [pb] Nevents generated
1.5721
20000
0.54626
20000
0.19819
20000
0.071970
20000
0.026747
20000
0.010041
20000
0.0039463
20000
0.0015547
20000
0.000639
20000
0.00028174
20000
0.00013449
20000

Table 4.5: Cross-section and number of events generated for Pythia 8 excited quark at
q ∗ masses from 2 to 4.5 TeV.

The best non-LHC exclusion limits, to-date, on the mass of the q ∗ were set by CDF Run 2
at the Tevatron and excluded the mass region 260 < mq∗ < 870 GeV [102].

4.3.2

Quark contact interactions

In contrast to the tightly bound constituents of the excited quark model in Section 4.3.1, it
is often postulated that partons may simply be unstructured collections of preons [103–105].
Of particular interest, is the possibility of a four point ‘Contact Interaction’ (CI). For a
2 → 2 process, we have the possibility of two energy regimes depicted in Figure 4.3. For

M  Λ the interaction is dominated by classical QCD. However, for energies at and beyond

Λ, the interaction can be described by the effective Lagrangian:
LΛ =

g2
[ηLL (q̄L γ µ qL )(q̄L γµ qL ) + ηRR (q̄R γ µ qR )(q̄R γµ qR ) + 2ηRL (q̄R γ µ qR )(q̄L γµ qL )] , (4.13)
2Λ2

where the coefficients ηab can be set to 0, +1 or −1 in order to turn terms on/off or select
constructive/destructive interference.

In this thesis, the common convention of left-left isoscalar destructive interference is employed
as a specific example as an alternative to the QCD null hypothesis. The resulting Lagrangian
is
LΛLL =

4π
(q̄L γ µ qL )(q̄L γµ qL ).
2Λ2

(4.14)
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q

low energy approx.
M

q̄

q̄

Figure 4.3: Sketch of interaction between quark constituents (left) and the low energy
approximation of a regular four-point interaction (right).

Adding LΛLL to the SM QCD Lagrangian leads to an additional interference terms in the

differential cross-section3 dσ/dpT proportional to 1/Λ2 , as well as a pure CI term of 1/Λ4 .
There are also additional contributions to the angular behaviour of the form
dσqi q̄i →qj q̄j
d cos θ̂

∼

1
(1 + cos θ̂)2 ,
Λ4

i 6= j.

(4.15)

The cross-section for the destructive interference case can be shown to always be lower than
the constructive interference case. Limits placed on the the parameter Λ for destructive
interference therefore represent conservative limits on any CI phenomena.
In contrast to the excited quark case, the contact interaction model will probe compositeness
scales larger than the dijet invariant mass being recorded: e.g. at mjj ∼ 2.5 TeV, it is possible

to probe Λ ∼ 10 TeV. This leads to a coupling term of m2jj /Λ2 ∼ 1/16, which is much closer
to αS , making interference terms with SM QCD non-negligible.

CI signal samples are generated using Pythia with the configuration described above. Since
the contact interaction signal interferes with the QCD background, it is necessary to simulate
the QCD and CI signal at the same time. The samples used in this thesis, together with
their cross-sections and number of events generated are contained in Table 4.6. As with the
pure QCD background described in Section 2.5, the samples must be split into J-samples in
order to ensure sufficient statistics across the whole jet pT spectrum.
Again, distributions for contact interaction signals are shown for the variables used in this
thesis in Sections 8.2.2 and 8.2.3.
3

The presence of these terms in the differential cross-section can be seen by remembering that the crosssection is obtained from the square of the matrix element (as described in Section 2.2.1) and the matrix
element is obtained from the Lagrangian via the Feynman rules.
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cross-section σ [nb] Nevents generated
Λ = 4 TeV
J3
J4
J5
J6
J7
J8
Λ = 6 TeV
J3
J4
J5
J6
J7
J8
Λ = 8 TeV
J3
J4
J5
J6
J7
J8
Λ = 10 TeV
J3
J4
J5
J6
J7
J8

2.5381E+03
9.9535E+01
2.5913E+00
3.8594E-02
7.7826E-04
7.0357E-07

200000
299999
300000
300000
300000
300000

2.5386E+03
9.9465E+01
2.5859E+00
3.5180E-02
2.2246E-04
1.3176E-06

299998
600000
600000
600000
599998
600000

2.5376E+03
9.9482E+01
2.5908E+00
3.4959E-02
1.4484E-04
4.0349E-08

300000
599500
600000
599500
600000
600000

2.5361E+03
9.9554E+01
2.5901E+00
3.5033E-02
1.2958E-04
1.7067E-08

300000
600000
599999
599000
599999
599999

Table 4.6: Cross-section and number of generated events for Pythia contact interactions
model for various values of composite-scale Λ. Sample are split into J-slices corresponding
to pT ranges in Table 2.1.

Previous restrictions on the scale Λ of such contact interactions have been placed using data
from the Tevatron excluding Λqq < 2.7 TeV at the 95% confidence level [106].

Chapter 5
Jet reconstruction
A jet is a narrow cone of hadrons and other particles produced by the hadronisation of a
quark or gluon. Within the ATLAS detector, many, if not most, interesting final states will
include at least one jet in the final state.
The expected behaviour of final state partons was discussed in Chapter 2. This discussion
described proton collisions resulting in final state hadrons, together with a cross-section for
that process. This chapter will look at these processes from the other direction: starting
with energy depositions in the ATLAS calorimetry from highly energetic hadrons, we shall
describe the procedure required to extract a measurement of the process at the particle level.
The ultimate goal is to be able to compare theoretical predictions, introduced in Section 2.3,
with experimental measurements.

5.1

Motivations for jet definitions

Since we are unable to observe the final-state partons of a hard scatter in a proton-proton
collision, a common prescription must be defined for accurate comparison of jets from theory
and experimentally measured jets. This prescription must describe how to uniquely map a
set of four-momenta (whether particles, partons or calorimeter objects) into a jet object.
Following the convention of 2007 Les Houches accord [107], a complete jet definition must
include:
• a jet algorithm that defines how to group four-momenta of particles, partons or
calorimeter objects into jets;
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• the full specification of the jet algorithm parameters;
• the recombination scheme: a set of rules for obtaining the four-momentum of the
final jet object from its constituents.

The development of a jet definition must take into account both theoretical and experimental
considerations. Some of these factors will be discussed below, however a more complete
description is given in [108].
As described in Chapter 2, the scaling of the strong coupling constant leads to distinct
energy regimes where perturbative QCD methods may or may not be employed. These
issues can lead to apparent singularities in the cross-sections associated with infra-red and
collinear emissions of quarks and gluons. The jet definition must be resilient to the presence (or absence) of these low-energy emissions. Theoretically, well-behaved jets give finite
perturbative results at all orders and allow meaningful comparisons of data with the most
recent theoretical predictions. A jet definition that is insensitive to the presence of additional
very soft particle radiation1 is known as infra-red-safe. A jet definition that is insensitive to
the presence of additional particles radiated at a very small angle, with respect the original
parton, is known as collinear safe.
It is also required that the jet definition is able to reproduce the same physics results:
whether the input objects are particles, partons or calorimeter objects - in other words,
the jet definition should be detector-independent. Furthermore, it is desirable that the
jet algorithm is invariant under longitudinal boosts along the beam axis: therefore aiding
comparison between the lab and the CM frame.
Experimental considerations include the implementation and speed of the jet algorithm,
as well as its resilience toward calorimeter noise, pile-up conditions and the calibration
scheme. For the ATLAS experiment, the jet reconstruction software is implemented through
the ATHENA software framework, which employs the FastJet [109, 110] classes for jet
finding. Detector and calibration effects for some jet algorithms are discussed below.

5.2

Jet finding algorithms in ATLAS

There are two broad collections of jet algorithms: those based on geometrical cones in
(η, φ); and those that involve repeated recombination of constituent particles, based on some
1

i.e. In the limit of increasingly low momentum particle radiation
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predefined distance parameter. Each approach has relative theoretical and experimental
strengths and so are employed in different areas of an ATLAS analysis.

5.2.1

The cone algorithm

The seeded fixed cone algorithm starts with ordering the inputs according to decreasing
transverse momentum, pT . The highest pT object is selected if it satisfies a seed threshold of 1 GeV. Subsequently, all objects within a cone of fixed-radius Rcone in (η, φ) are
combined with the seed. The four-momenta of the grouped objects are added to form the
four-momentum of a secondary seed around which a new cone is formed. Objects are then
(re-)collected in this new cone. The process continues until the direction of the collected
cone is stable, i.e. does not change significantly during successive iterations - resulting in a
final jet object. This process then begins again taking the next-highest pT seed.
The final collection of jets may share constituents, therefore a split and merge step is included:
jets that share more than a fraction fsm (fsm = 0.5 in ATLAS) of the pT of the jets are
merged, otherwise they are split.
The seeded cone algorithm is collinear but not infra-red safe: i.e. soft particles can easily
modify its behaviour. However, due to its speed, the seeded cone algorithm is used in order
to quickly form jet objects within the ATLAS jet trigger software: see Section 3.3.1.

5.2.2

The anti-kT algorithm

The anti-kT jet algorithm is an example of a sequential recombination algorithm and is the
default ATLAS jet algorithm. For this algorithm, all pairs (i, j) of input objects are analysed
with respect to their relative distance measures:
dij = min

1
1
, 2
2
pT,i pT,j

!

2
∆Rij
= min
R2

1
1
, 2
2
pT,i pT,j

!

∆ηij2 + ∆φ2ij
R2

(5.1)

and diB = 1/p2T,i , where the index B stands for Beam and R is a pre-defined cone size
parameter (for which we use R = 0.6). The algorithm then progresses as:
• The minimum distance dmin among dij and diB is found.
• If dmin corresponds to value from the list of dij : the objects i and j are combined into
a new object k.
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• Elements i and j are removed from the list of input objects and k is added to the list.
• If dmin corresponds to a value from the list of diB : object i is considered a jet and is
removed from the list.

• The procedure is repeated until all objects are removed from the list.
The anti-kT algorithm is both infra-red and collinear safe and requires no split and merge
stage.
After a detailed study of jet algorithms within ATLAS [111] (considering cone sizes of 0.4 and
0.7) it was decided that the anti-kT algorithm demonstrated the best overall performance and so was adopted as the default algorithm for offline reconstruction. It was found that the
anti-kT algorithm is stable against pile-up, due to the fact that it is infra-red and collinear
safe. However, since the algorithm does not use a seed, it is more sensitive to electronic
noise in the calorimeter. As a result of this, the algorithm is used with input objects that
are noise suppressed - see Section 5.3.
It was also found that the ATLAS trigger efficiency would improve through the use of antikT , however for the measurement described in this thesis, this has not-yet been implemented
and the trigger uses the cone algorithm.

5.3

Jet reconstruction in ATLAS

For the ATLAS experiment, jets can be reconstructed from different physics objects. In
this thesis, topological clusters, or topoclusters [112] are used as an input to the anti-kT jet
algorithm with R = 0.6. Alternative input objects are: groups of geometrically delimited
groups of calorimeter cells, known as towers; and reconstructed tracks, resulting in track
jets. Truth jets are also used in some studies, which are reconstructed from stable2 particles
generated by the Monte Carlo event generator. For a more complete description of the
behaviour of jets in ATLAS, see [113].
Topological clusters are groups of calorimeter cells that are designed to follow the shower
development, whilst taking advantage of the fine segmentation of the ATLAS calorimeters.
Starting with a seed cell, whose signal-to-noise ratio3 is above a threshold of 4, neighbouring
cells are included iteratively if their signal-to-noise ratio is ≥ 2, and then all neighbouring
2

A stable particle is defined to have a lifetime > 10 ps.
The signal-to-noise ratio is estimated as the energy deposited in the calorimeter cell divided by the RMS
of the energy distributions measured in randomly triggered events.
3
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cells are also also included. Once all prospective cells have been added together, all cells in a
topocluster are scanned for local maxima in terms of energy content. Any local maxima are
then used as seeds for a new iteration for topological clustering, which will split the original
cluster into more topoclusters.
Four-vectors for the final topoclusters are constructed with energy equal to the sum of
the energy of the included cells, zero mass and a reconstructed direction as that of a unit
vector originating from the centre of the ATLAS coordinate system and pointing to the
energy-weighted topocluster barycentre. The process for calibrating the energy of each of
the topoclusters, as well as moving the direction of each topocluster to the primary vertex,
is described in Section 5.4.

5.4

Jet energy scale & calibration

As described in Section 3.2.3, the ATLAS calorimeters are non-compensating. Starting
with energy deposits that have been calibrated at the electromagnetic scale, it is therefore
necessary to re-scale the energy of topoclusters to account for the lower hadronic response.
This Section will provide a basic description of the method used to calculate this Jet Energy
Scale (JES). The uncertainty on this knowledge is the major contributor to the systematic
uncertainty of the final observables of this thesis: details associated with the derivation,
application and uncertainty associated with the JES are discussed.
As a starting point, the energy deposits within individual readout cells are recorded at the
ElectroMagnetic (EM) scale. The EM scale calibration and its uncertainty are derived from
a combination of techniques, including: comparison of electronic pulse signal shapes4 , and
measurement of Z → ee events5 . The associated systematic uncertainty on this calibration

amounts to 1.5% for the electromagnetic energy deposited in the LAr calorimeters, 5%
for the energy deposited in the presampler and 3% for the energy deposited in the Tile
calorimeters [119].
Currently, the default ATLAS calibration scheme applies corrections as a function of the
jet energy and pseudo-rapidity to jets reconstructed at the EM-scale. By comparing reconstructed jet kinematics to that of the corresponding truth-level jets in Monte Carlo simulation, calibration factors are derived that are applied to the EM-scale jets to transform them
4

Electronic pulse signal shapes from incident particles are compared to measurements taken using test
beams of electrons and muon [114–118], and from MC simulation.
5
For a Z → ee decay, the invariant mass of the electron pair can be reconstructed to produce a resonant
peak at MZ = 91.1876 ± 0.0021 GeV, with a natural width of ΓZ (e+ e− ) = 83.984 ± 0.086 MeV [8].
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pile-up, absolute JES and the residual in situ corrections calibrate the scale of the jet,
while the origin and the η corrections affect the direction of the jet [121].

Offset correction (Pile-up correction) Multiple proton-proton interactions in the same
bunch crossing can lead to a situation where a jet can contain energy from more than one
interaction. This can lead to a mis-measurement of energy and direction. A correction,
derived from minimum bias data, is applied to the transverse energy ET of jets at the EMscale,
ETcorrected = ETuncorrected − O(η, NPV , τbunch ),

(5.2)

and is a function of the number of reconstructed primary vertexes NPV , jet pseudo-rapidity
η and the spacing between consecutive colliding proton bunches τbunch . The correction is
assumed to be independent of the jet energy, since contributions due to pile-up are uncorrelated with the proton-proton collision producing the jet of interest - this assumption is tested
for anti-kT jets (with R = 0.6) in [122]. Further details of the pile-up offsets correction can
be found in [122].

Origin correction As explained in Section 5.3, topocluster four-vectors are constructed
to point to the geometrical centre of the ATLAS detector. The origin correction moves the
direction of each topocluster to point back to the primary vertex6 . The jet object is redefined
as the vector sum of the corrected constituents resulting in a new value of pseudorapidity for
6

The primary vertex
P is defined as the vertex with the largest value of the sum of associated track transverse
momenta squared ( p2T,track ),
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the jet, ηorigin . Note that the origin correction improves the angular resolution whilst leaving
the jet energy unaffected.

JES correction The final calibration step uses MC to correct jets to the hadronic scale.
Calibration constants are calculated by comparing the kinematics of MC truth jets to the
kinematics of the same jets after the full simulation of the ATLAS detector, as outlined in
Section 2.4.

Residual in-situ calibration The agreement between data and Monte Carlo is further
improved by the application of steps based on in-situ studies [122]. First, the relative response
in |η| is equalised using an inter-calibration method obtained from balancing the transverse

momenta of dijets [123]. Then, the absolute response is brought into closer agreement with

Monte Carlo by a combination of various techniques based on momentum balancing method
between photons and jets, and between high-momentum jets and a recoil system of lowmomentum jets [121]. This completes all stages of the jet calibration.

5.4.1

Jet Cleaning

Jets are classified into three categories [124]: The bad, the ugly and the good.
• Bad: Jets due to either background events or caused by detector effects
• Ugly: Jets in problematic calorimeter regions that are not well measured
• Good: Jets to be used in a physics analysis.
Three sources of bad jets are considered [124]:
• Electromagnetic coherent noise: A noise burst in occurring in the electromagnetic
(EM) liquid argon (LAr) calorimeter might lead to a “fake” jet. A large fraction of
the energy of the resulting jets comes from EM LAr calorimeter input, i.e. fLAr , or
bad-quality7 calorimeter cells., denoted by QLAr These bad jets in the EM calorimeters
are identified by requiring: fLAr > 0.95 and |QLAr | > 0.8 and Qmean
LAr > 0.8 for jets with
|ηem-scale | < 2.8.

7

The calorimeter quality is a measure of the difference between the measured pulse shape (ameas
) and
i
pred
the predicted pulse shape (ai ) that is used to reconstruct the cell energy. The quality is computed as
P
meas
− apred
)2 .
i
samples (ai
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Most “fake” jets come from sporadic noise bursts in

single calorimeter cells in the hadronic end-cap (HEC). The jets typically have a large
jet-energy fraction in the HEC, denoted by fHEC . The problematic jets in the HEC

are identified by requiring: fHEC > 0.5 and |QHEC | > 0.5 and |QLAr | > 0.8; or

|Enegative | > 60 GeV.

• Non-collision backgrounds and cosmics :

Large amounts of energy can be

deposited in the calorimeter outside the nominal timing window for collisions. This is
mainly caused by cosmic ray showers or beam backgrounds. To help distinguish these
events, we identify fmax as the maximum energy fraction in one calorimeter layer, and
fcharge as the jet charge fraction: the ratio of the sum of the pT of tracks associated
to the jets divided by the calibrated jet pT . These events are identified by requiring:
fLAr < 0.05 and fcharge < 0.05 and |ηem-scale | < 2; or fEM < 0.05 and |ηem-scale | ≥ 2; or
fmax > 0.99 and |ηem-scale | < 2.

Two sources of ugly jets are considered:
• Jets extrapolated from masked cells:

Permanently problematic cells and cells

affected by high voltage trips are masked during jet reconstruction and their energy
is estimated from the surrounding cells. Jets that are built from a large fraction of
these masked cells, characterised by an EM energy contribution greater than 50%, are
flagged as ugly.

• Large energy fraction in the tile-gap layers: The calibration of the scintillator

response in the gap between the hadronic tile calorimeter and the end cap is not
currently fully understood [124]. Therefore, jets with an energy fraction from this
region greater than 50% are labelled as ugly.

The effect of including these cuts on the final analysis can be seen in Table 7.2.

5.5

Jet uncertainties

Uncertainties associated with the energy scale, energy resolution and angular resolution must
be considered.
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JES uncertainties

The uncertainty on the JES for a given jet is provided by the JESUncertaintyProvider (Version 00-05-10) [121]. The jet energy scale uncertainty is determined for jets with momenta
above 15 GeV and |η| < 4.5, based on the uncertainties of the in-situ techniques and on
systematic variations in Monte Carlo simulations. For the most general case, covering all jet
measurements made in ATLAS, the correlations among JES uncertainties are described by a
set of 59 nuisance parameters. The sources of uncertainty associated with these 59 nuisance
parameters, can be assigned to one of four categories: Detector description; Physics modelling; statistics and methodology; and a mix between detector and modelling effects. From
the relative η-intercalibration, the dominant uncertainty source is due to MC modelling of
jets at forward rapidities, where properties differ for the MC generators considered (Pythia
and Herwig) [121].
The fractional JES uncertainties for jets with various pT and η values is summarised in [121]:
a jet of pT = 1.5 TeV carries a fractional JES uncertainty of 3.3% across the η range. This
number can be compared to the CDF JES systematic uncertainty, which reaches values
of ∼ 3.4% for jet transverse momenta of 500 GeV [125]. The fact that ATLAS has been

above to achieve comparable JES uncertainties within two years of operation is an impressive
achievement. The DØ collaboration reported a JES uncertainty of ∼ 1.3% for central jets
with a transverse momentum of 400 GeV [126]. The impressive DØ JES uncertainty is due to
a data-driven absolute calibration - not depending upon a data-to-Monte Carlo comparison
of reconstructed physics objects. This allows avoidance of imperfect detector simulation.
An absolute calibration has not been employed by LHC experiments mainly because of the
difficulties related to the theoretical modelling at a new energy scale, however this situation
may change in the future.
Uncertainties due to pile-up, jet flavour, and jet topology are described by five additional
nuisance parameters (the uncertainty for jets originating from b quarks excluded). None of
these additional effects have an associated uncertainty in excess of 1% in the kinematic range
considered [121].
For the high pT dijet measurements made in the current analysis, the full correlation matrix
for the 59 nuisance parameters from the systematic and statistical uncertainties of in-situ
techniques is replaced by an equivalent combination of nine nuisance parameters, obtained
using a diagonalisation procedure [121]. Together with the pile-up and jet flavour uncertainties, this leads to a total of 14 nuisance parameters to be propagated through the dijet
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analysis. Details of the methodology for treatment of these 14 nuisance parameters, and the
resulting magnitudes for the effects, is given in Section 7.5.1 of this thesis.

5.5.2

Jet resolution uncertainties

The Jet Energy Resolution (JER) is defined as the width of the distribution of the relative
difference between the reconstructed energy of a given jet and its truth-level energy. The
Jet Angular Resolution (JAR) is defined as the width of the corresponding distribution
for the difference between reconstructed and truth-level η for a jet. The JER and JAR in
2011 data has been studied thoroughly but so far no result has been available outside of
the collaboration. The JER measured with the di-jet balance and the bi-sector techniques
[127, 128] in data and Monte Carlo is used to smear jets in the Monte Carlo simulation
according to the JER found in data [129]. For a given jet pT and η, if S is the corresponding
JER in MC and U is the corresponding JER uncertainty, the width of a Gaussian from where
pT and energy smearing factors are drawn randomly is:
σsmear =

p
(S + U )2 − S 2 .

(5.3)

The jet energy smearing factors, as a function of jet pT and the jet angular resolution as a
function of η are shown in Figure 5.2. After a steady reduction in the JER smearing factor
as a function of pT , the minima in Figure 5.2(a) corresponds to the range in pT where the
resolution in data and MC have the closest agreement, and therefore the JER uncertainty
is at a minimum. Figure 5.2(b) demonstrates an improvement in JAR for jets with larger
momentum, and also an improvement in JAR for larger values η.
The isolated single red cell in Figure 5.2(b) (just above 2 TeV) is caused by a single anomalous
event, with a low number of events entering that bin.

σsmearing
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Figure 5.2: JER and JAR as function of pT and η [130].

Chapter 6
Searches for new physics with dijet
angular distributions
When two protons collide, the majority of events with large momentum transfer occur when
a parton from one hadron scatters from a parton in the other through the exchange of a
gluon or a quark. Quantum Chromodynamics (QCD) provides a good description of these
2 → 2 processes at high energies. In this chapter, the analysis of proton collisions producing
two jets, commonly known as dijet events, is discussed.

Beginning with the partonic cross-section for such dijet events in Sections 6.1, methods are
then described for disentangling the angular dependence of the partonic-cross-section from
the parton distributions functions of the colliding protons (Section 6.2). Thus, it is found
that the angular behaviour of dijet events allows the possibility to detect the presence of
New Physics (NP) signals (Section 6.4).

6.1
6.1.1

Leading order dijet production
Parton level kinematics

As a typical parton-parton hard interaction, we consider the sub-process ab → cd, where

the initial state partons a and b are contained within the colliding protons A and B - see
Figure 6.1.
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Figure 6.1: Partons a and b from hadrons A and B undergo a hard scatter ab → cd with
cross-section σ̂. The parton momentum densities are fa/A and fb/B .

The Lorentz-invariant Mandelstam variables are defined as
ŝ = (pa + pb )2 ,

t̂ = (pa − pc )2 ,

û = (pa − pd )2 ,

(6.1)

where pi are the four-momenta of the partons. In the high energy limit, where parton masses
can be neglected, the Mandelstam variables can be approximated as
ŝ ≈ 2pa · pb ,

t̂ ≈ −2pa · pc ,

û ≈ −2pa · pd ,

(6.2)

resulting in the relation ŝ + û + t̂ = 0. We can also obtain expressions for ŝ, û and t̂ in terms
√
of Centre-of-Mass (CM) frame quantities: letting the initial parton energies E ∗ = ŝ/2 we
have that

ŝ
t̂ = − (1 − cos θ̂),
2

ŝ
û = − (1 + cos θ̂),
2

(6.3)

where θ̂ is the CM scattering angle, as defined in Figure 6.2.
If the initial proton four-momenta are PA and PA then letting
ŝ = (pa + pb )2 ≈ 2 pa · pb = 2 xa xb PA · PA ,

(6.4)

where xa and xb are the momentum fraction of the initial state protons carried by the
interacting partons. In the high energy regime, where we extend the massless approximation
to protons (such that 2 PA · PB ≈ (PA + PB )2 = s), we therefore have that
ŝ = xa xb s.

(6.5)
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In order to relate theory and experiment, measurable quantities need to be related to kinematic variables in the CM frame. Since we are unable to directly measure quantities such
as ŝ and the momenta of the initial state partons, we must relate these to the kinematics
of the final-state jets. The four-momenta of the initial state patrons can be constructed in
√
terms of the hadron-hadron CM energy s to give:
√

√
s
s
pa =
(xa , 0, 0, xa ) and pb =
(xb , 0, 0, −xb ).
2
2

(6.6)

The four-momenta of the final state partons can be constructed as:
pc = pT (cosh yc , cos φ, sin φ, sinh yc ) and pd = pT (cosh yd , − cos φ, − sin φ, sinh yd )

(6.7)

where yc and yd are the rapidities1 of the final state partons, which we assume to be inferable
from the rapidities of the final state jets; pT is the momentum of each of the final-state jets
in the transverse x − y plane2 ; and φc , φd are the azimuthal angles of the final state partons
(as introduced in Section 3.2.1). In these expressions, it is assumed that the initial-state
partons carry negligible transverse momentum and parton masses are also still neglected.
Employing energy and longitudinal momentum conservation we can combine Equations 6.6
and 6.7 to give:

pT
pT
xa = √ (eyc + eyd ) and xb = √ (e−yc + e−yd ).
s
s

(6.8)

Using the fact that differences in rapidities are invariant under Lorentz transformations, we
define
yB (= yboost ) = (yc + yd )/2 and y ∗ = (yc − yd )/2,

(6.9)

where ±y ∗ are the rapidities of the final-state jets in the CM frame, and yB is the required

boost to move between the CM frame and the lab frame. This situation is depicted in
Figure 6.2. Combining Equations 6.8 and 6.9, and noting that cos θ∗ = tanh y ∗ , one is able
to show that

pT
pT
xa = √ eyB cosh y ∗ and xb = √ e−yB cosh y ∗
s
s

(6.10)

ŝ = m2jj = xa xb s = 4p2T cosh2 y ∗ ,

(6.11)

and therefore

where mjj is the final-state dijet invariant mass.
1

Rapidity is defined in Section 3.2.1.
Assuming that the initial state patrons carry zero transverse momentum, conservation of momentum
leads to the final-state jets having equal and opposite transverse momentum.
2
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y ∗ = 12 (yc − yd )

θ̂
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yboost = 12 (yc + yd)
−y ∗

yd

Figure 6.2: Schematic of two final-state massless partons in the lab frame (with 4momenta pc and pd ) boosted to the centre-of-mass frame giving them equal but opposite
rapidities, ±y ∗ .

6.2

Angular dependence of dijet cross-section

The differential form of the hadron-hadron Master Equation 2.13 for inclusive dijet production can be written as
dσ(AB → jjX) X
dσ̂ab→cd
=
fa/A (xa , µ2F )fb/B (xb , µ2F )
.
dt̂
dt̂
ab

(6.12)

Following the prescription described in Section 2.2.1) of this thesis, the hard scattering
cross-section is given by
dσ̂
1 X
|M|2 δ 4 (pa + pb − pc − pd ),
=
16πŝ2
dt̂
where

P

(6.13)

denotes the average and sum over the initial and final spin states and colour

states and δ 4 (pa + pb − pc − pd ) is a Dirac delta function3 signifying that four-momentum is

conserved at the interaction vertex. This calculation has contributions from multiple process:
P
leading-order expressions for
|M|2 /(4παs )2 , together with their value at a centre-of-mass
scattering angle θ∗ = π/2 (t̂ = û = −ŝ/2) are shown in Table 6.1. Figure 6.3 shows some

of the leading-order diagrams contributing to the dijet production cross-section (the other
diagrams are obtained by crossing).
Taking the process qq 0 → qq 0 as an example, the matrix element squared (from Table 6.1) is
of the form αs2 ŝ

2 +û2

t2

. Using the fact that |t̂| < ŝ and |û| < ŝ, it follows that:
ŝ2
ŝ2 + û2
2ŝ2
<
<
,
t̂2
t̂2
t̂2

3

For a Dirac delta function δ(x),

R +∞
−∞

δ(x) dx = 1 and

R +∞
−∞

f (x)δ(x − a) dx = f (a).

(6.14)
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Process
qq 0 → qq 0
q q¯0 → q q¯0
qq → qq

q q̄ → q 0 q¯0
q q̄ → q q̄

q q̄ → gg
gg → q q̄
gq → gq
gg → gg

P

2
2CF
Ng

2
2CF
Ng

|M|2 /(4παs )2 =
2
2CF
Ng
2
2CF
Ng
ŝ2 +û2

ŝ2 +û2

t̂2
ŝ2 +û2
t̂2


ŝ2 +t̂2
+ û2
t̂2
2 2
2CF
t̂ +û2
 2 2Ng 2ŝ2 2 
ŝ +û
+ t̂ +û
ŝ2
t̂2

2CF CA
3
6CF CA
Ng2



4

t̂2 +û2

9

t̂û

4 t̂2 +û2
9 t̂û



ŝ dσ̂
πα2s dt̂

−
−

ŝ2 +û2
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θ̂ = π/2
2.22
2.22

−

8 ŝ2
27 ût̂

−

û2

3.26
0.22

8
27 ŝt̂


t̂2 +û2
ŝ2


2

t̂2 +û
ŝ2

û2 +ŝ2



2CF CA
− 49 ŝû + t̂2
Ng


2
4CA
t̂û
ŝû
ŝt̂
3
−
−
−
Ng
ŝ2
û2
tˆ2

2.59
1.04
0.15
6.11
30.4

P
Table 6.1: The invariant matrix elements squared |M|2 for 2 → 2 parton sub-processes
with massless partons, and their corresponding values for θ̂ = π/2. The colour and spin
indices are averaged (summed) over initial (final) states. The factors CF , CA and Ng are
the QCD colour factors (see [131, 132] for further descriptions) and carry values of 4/3, 3
and 8, respectively.

and thus, in a good approximation,

ŝ2 +û2
t̂2

≈

ŝ2
.
t̂2

For the other t-channel processes4 , where

t̂ → 0 (i.e. for small scattering angles when the t-channel gluon exchanges are dominating) it

can be shown that there is a similar behaviour for the matrix elements squared. In conclusion,
we find that the partonic cross-section is approximately inversely proportional to t̂2 :
α2
dσ̂
∝ 2s .
dt̂
t̂

(6.15)

It is noted that re-writing Equation 6.15 in terms of θ̂ reveals the usual Rutherford scattering
behaviour, typical of all t-channel exchange of massless vector bosons (gluons and photons):
dσ̂
d(cos θ̂)

∝ sin−4 (θ̂/2).

(6.16)

We define
χ = exp(yc − yd ) = exp(2y ∗ ),

(6.17)

Note that interactions of the form q q̄ → q 0 q¯0 , q q̄ → gg and gg → q q̄ can only take place via an s-channel
process. The angular behaviour of these processes, which have the smallest contribution of all processes (see
Table 6.1), will therefore not display the same angular characteristics.
4
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Figure 6.3: Some of the diagrams of dijet production [132] (the other diagrams can be
obtained by crossing). The distinction is made between identical (rows (b), (c) and (d))
and non-identical final-state patrons.

from which, using tanh y ∗ = cos θ̂, it can be shown:
χ=

1 + cos θ̂
1 − cos θ̂

.

(6.18)

Since we do not experimentally distinguish between partons in the final state, it is appropriate
to symmetrise over t̂ and û in each of the partonic cross-sections in Table 6.1: this is achieved
by adding terms of the form t̂ ↔ û,5 and therefore now write6 :
χ=

1 + | cos θ̂|

1 − | cos θ̂|

.

(6.19)

It is noted that one may use the definition of χ to write:
√
5

s = mjj = 2pT cosh(ln(χ)/2) = pT


√

1
χ+ √
χ


(6.20)

For a function of two variables f (x, y), adding a term of the form x ↔ y denotes adding a term of the
form of f (y, x), where the y and x variable have swapped places.
6
Alternatively, the symmetrisation over final states can be motivated by the fact that we collide protons,
and the experiment in therefore symmetric along the beam line, at the proton level.
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From this expression one can see that for a fixed

√
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s, low values of χ correspond to high

values of pT , and vice versa.
To a good approximation,
χ=

1 + | cos θ̂|

1 − | cos θ̂|

∼

1

ŝ
∝ .
t̂
1 − | cos θ̂|

(6.21)

Therefore, if one holds ŝ fixed, we can re-write Equation 6.15 as:
dσ̂
αs2
∝
(for ŝ fixed).
dχ
ŝ

(6.22)

It is therefore predicted that dσ/dχ should be approximately flat, as a function of χ, for a
restricted range in ŝ = mjj .
Alternatively, one can note that Equation 6.16 can be rewritten as
dσ̂
d(cos θ̂)
Therefore, noticing that

∝

1
(1 − cos θ̂)2

.

dσ̂
dσ̂
∝ (1 − cos θ̂)2
,
dχ
d(cos θ̂)

(6.23)

(6.24)

it can be seen that dσ̂/dχ is expected to be constant. This has been observed experimentally
in previous hadron collider experiments [133].
An isotropic angular distribution would be described by a constant value for dσ̂/d(cos θ̂).
Using Equation 6.19, we see that this would result in a a distribution of the form:
dσ̂
1
∝
,
dχ
(χ + 1)2

(6.25)

and a cross-section in χ that is peaked at low χ values.
The difference in the χ behaviour for t-channel gluon exchange processes (such as dominant
SM QCD processes), and an s-channel process with isotropic angular distribution makes χ
an attractive variable for NP searches. This idea is further-developed in Section 6.4.
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Maximising sensitivity to the partonic cross-section

Re-writing the total cross-section as a function of χ (and summing over all partonic contributions):
dσ X
=
dχ
i,j

Z

and noting that (at LO) yB =

dxa dxb fi (xa , µ2F )fj (xb , µ2F )
1
2

ln

 
xa
xb

dσ̂ij (µ2R , µ2F )
,
dχ

(6.26)

, we see that by looking at dijet events with a

particular value of yB , and also a particular value of mjj = ŝ = xa xb s, the values of xa and
xb are constrained and dependency of the PDF convolution is removed.
In order to study the partonic cross-section, it is therefore desirable to make measurements
at constant values of yB , however this is not realistic, since there are generally an insufficient
number of events at individual values of yB . Therefore, a compromise must be held between
opening up a range in yB , and therefore increasing the statistics of the sample, and opening
up sensitivity to the PDF. A kinematic cut on yB , when coupled with the experimental
limitation of only being able to measurable up to a finite value of ymax , also leads to a
restriction on the largest value of χ that can be measured:
|y1 + y2 | < c,
|y1 − y2 | < 2ymax − c,

(6.27)

where χmax = exp(2ymax − c) and the parameter c is chosen as a compromise between

statistics, PDF sensitivity and the measurable range in χ. Figure 6.4 depicts the region of

the angular phase space that is selected using these cuts.
We proceed by first choosing a value of χmax and a value of ymax . The effect including
a cut on yB is then demonstrated and its value is determined by choosing a value of c in
Equation 6.27 which implies the required values of χmax and ymax .
At very large y ∗ , every NP model under consideration is expected to approach QCD. It is
therefore required to choose χ (and therefore y ∗ ) only so large as to contain all of the signal
of the NP models under study. However, it is also desired to limit the range in χ in order
to ensure sufficient statistics across the full χ range. Furthermore, by limiting the minimum
jet pT (through a upper restriction on χ), for a given dijet mass range, it is possible to
take advantage of the higher luminosity recorded by triggers with a higher jet momentum
threshold. Figure 6.5 shows χ distributions7 for two of the NP hypotheses considered in this
7

NOTE: these distributions are not normalised. The binning for these distributions is motivated in
Appendix A.
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|y1 − y2| = 0

ymax

|y1 + y2 | < c
0
y1 − y2 < 2ymax − c

−ymax
−ymax

ymax

0

y1
y1 + y2 = 0

Figure 6.4: Rapidity range of a generic detector, before (grey square) and after (red
rectangle) applying selection cuts in Equation 6.27.

thesis, including Pythia NLO QCD as the dominant background8 . The dijet mass range
contained in this figure represents the search region for this thesis: the motivation for which
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is described in Section 7.2.2.
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Figure 6.5: dσ/dχ distributions for the (a) QBH and (b) quark contact interaction
signals. For the QBH signal, distributions are shown for MD = 3.5, 4, 5 TeV, whilst for
the quark contact interactions, distributions for Λ = 4, 6, 8 TeV are shown. Each figure
also includes NLO Pythia QCD as the dominant SM background process. Dijet events are
chosen with mjj > 2600 GeV, yB < 1.1 and χ < 30.
8

A more complete description of the NLO Pythia QCD background is given in Sections 2.4 and 7.3.

Chapter 6. Searches for new physics with dijet angular distributions

75

Previous ATLAS dijet analysis limits9 [15] on MD and Λ, with 36 pb−1 of integrated luminosity, are 3.67 TeV and 5.2 TeV. From Figure 6.5 it can be seen that the signal samples
corresponding to MD = 3.5 TeV and Λ = 4 TeV are predominantly contained within the
plotted χ range, and therefore the signal strength for which this higher-luminosity analysis is most sensitive will also be contained within χ < 30. A value of χmax = 30 (and a
corresponding value of |y ∗ | < 1.7) is therefore used in this analysis.
Motivated by detector and trigger performance in previous analyses, it was decided by the
analysis team to only consider jets with y < 2.8. This decision is motivated by two main
factors: confidence in the JES and its uncertainty across the extended rapidity range, and
the desire to not consider triggers that operate in the forward region. In future studies, it
should be possible to take further advantage of the full ATLAS geometry.
The above restrictions on χmax and ymax are consistent with a value of c = 2.2.
As discussed above, there is a theoretical motivation for also including a restriction on the
value of yB . The effect of including this cut is shown in Figure 6.6. For selections including
a cut on yB , the distributions are more flat than without - with the effect being significantly
more pronounced at lower dijet masses. This is expected, since even without applying
an explicit cut on yB , there is an implied constraint coming from the dijet mass. From
m2jj,min < m2jj = x1 x2 s < m2jj,max , we find that
1 m2jj,min
< x2 .
x1 s

(6.28)

In the extreme case of x1 = 1, we have
1
yB < ln
2



s
m2jj,min



 √ 
s
= ln
.
mjj,min

(6.29)

This shows that a minimum dijet mass causes an upper value for yB , which decreases with
mjj,min , e.g. for mjj,min = 1 TeV: yB < 1.95.
Moving forward, a value of c = 2.2 is chosen such that, when combined with an ymax = 2.8,
Equation 6.27 leads to restrictions of yB < 1.1, y ∗ < 1.7 and χmax = 29.9641.

9

Here the most conservative expected limits from [15] is quoted.
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Figure 6.6: Normalised χ distributions to demonstrate effect of including yB cut.
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Experimental observables for NP searches

The most obvious way to search for evidence of a new particle or resonance is to look for
a feature in the invariant mass of the dijet system. However, this thesis has demonstrated
that there is also a lot of angular information available to further distinguish between QCD
and a new physical process. Figure 6.7 demonstrates the clear difference in angular distributions predicted by QCD and a resonant NP signal due to an excited quark10 with mass of
1 TeV. Figure 6.7 (a) shows the distribution of QCD dijet events in the angular phase space,
parametrised by η1 and η2 11 , generated by the Pythia MC generator. There is a clear trend
for events to contain jets with large (and opposite) values of η. In contrast, the distribution
shown in Figure 6.7 (b), corresponding to an isotropic NP process, has a large number of

Signal events in 1 pb -1

QCD events in 1 pb -1

central (η1,2 ≈ 0) events.

102

1

10-1

10

10-2

1

10-1

-3

10

η

j2

η

2

j2

0
-2

-2

ATLAS Preliminary
(a)

0

2

η j1

2
0
-2

-2

0

2

η j1
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Figure 6.7: Surface plot describing the expected distribution of event yields in the observables ηj1 and ηj2 for dijets with 875 ≤ mjj ≤ 1020 GeV. (a) Shows the distribution
predicted by Pythia QCD MC and (b) shows the distribution predicted by a 1 TeV q ∗
Excited Quark, also generated using Pythia. Figures are taken from [134].

As described in Section 6.2, the angular phase-space of the system is constrained by placing
cuts on yB = (y1 + y2 )/2 and y ∗ = (y1 − y2 )/2. To compliment this angular information, the

most appropriate observable for investigating the energy and momentum of the system is the
p
dijet invariant mass mjj = (p1 + p2 )2 , where pi is the four-momentum of the ith -leading
jet. A critical step in the formation of dijet mass and angular distributions is to limit the
10

The excited quark model is an example of a NP process for which the main analysis of this thesis is
sensitive. It is introduced in Section 4.3.1.
11
η1 is the pseudo rapidity of the leading jet and η2 is the pseudo rapidity of the sub-leading jet.
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phase space to regions where signals associated with NP are most likely to appear. The
phase space covered in the current studies is determined by rapidity selection applied to the
leading jets and their combined dijet mass.

6.4.1

Slicing the dijet phase space

For a given value of yB , the kinematic phase space of the dijet system can be parametrised
by χ and mjj . The aim of this analysis is therefore to compare the observed χ − mjj

distribution with the predicted distribution from QCD MC. In principle, one could consider
one 2-dimensional distribution finely binned in χ and in mjj , but the collision event statistics
are insufficient for this to be practical, particularly at the highest dijet masses where new
phenomena would be expect to appear. The two-dimensional phase-space is therefore sliced
in two ways:
• Large slices in mjj and small slices in χ,
• Small slices in mjj and large slices in χ.
Whilst the first method provides greater sensitivity to the angular behaviour, the second
method is more sensitive to the case of a NP signal with the form of a narrow resonance.
For the first method, distributions of dσ/dχ are plotted for large ranges of dijet mass. For
example, in a recent ATLAS dijet publication [15], mass ranges of 520 < mjj < 800 GeV,
800 < mjj < 1200 GeV, 1200 < mjj < 1600 GeV, 1600 < mjj < 2000 GeV and
mjj > 2000 GeV were used. These mass ranges, and the mass ranges used in this thesis, are motivated by the performance of the single jet triggers available (see Section 7.2.2
for a further description). The resulting χ distributions are normalised in order to reduce
sensitivity to systematic uncertainties12 .
For the second method, a new13 variable is introduced: Fχ is the fraction of dijets produced
centrally versus the total number of observed dijets for a specified dijet mass range. This
12

Normalisation of the distribution eliminates sensitivity to the luminosity uncertainty of the data, and
also reduces sensitivity to other systematic uncertainties. A full discussion is included in Section 7.4 and
Section 7.5.1.
13
This variable was used for the first time in [15].
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definition is extended to a measure that is finely binned in dijet mass intervals:
Fχ ([mmin
jj

+

mmax
jj ]/2)

max
Nevents (χ < χinner , mmin
jj , mjj )
=
max
Nevents (χ < 30, mmin
jj , mjj )

(6.30)

∗
max
Nevents (|y ∗ | < |yinner
|, mmin
jj , mjj )
=
,
max
Nevents (|y ∗ | < 1.7, mmin
jj , mjj )

(6.31)

where Nevents is the number of candidate events with in the χ (or y ∗ ) interval and in the
specified mjj range. From this point forward, the variable will be referred to as Fχ (mjj ).
∗
|) defines the central region, where we expect to be
The interval χ < χinner (|y ∗ | < |yinner

most sensitive to new physics, while χ < 30 (|y ∗ | < 1.7) extends the angular range to where

∗
is explained in
QCD processes dominate. Determination of a value for χinner and yinner

Section 6.4.2.
As explained in Section 6.2, Equation 6.22 demonstrates that for a fixed value of ŝ, and
therefore a fixed value of mjj , the χ distribution for QCD is expected to be flat. It is
therefore expected that the fraction of QCD events with low χ (and therefore Fχ (mjj )) will
remain constant, when finely binned in mjj . This result is demonstrated in Figure 6.9.
New phenomena that are localised near a given dijet mass would typically show up as
bumps (“resonances”) above background in the Fχ (mjj ) distributions, with the latter being
due to signal events being more isotropic than the QCD background. The same excess of
central scatters could conceivably be detected above background in one χ distribution as an
excess at low χ, providing that the signal is large enough. The Fχ (mjj ) distribution can
also map the mass dependence of slow-onset phenomena, such as quark contact interactions
from sensitivity to the appearance of greater centrality in the angular distributions. The χ
distributions give up some resolution in mjj in order to achieve a high precision measurement
of the changing shape of the angular distribution as mjj rises.
Normalised χ and Fχ (mjj ) distributions are shown in Figures 6.8 and Figures 6.9, for the
NP signals introduced in Chapter 4. For the Fχ (mjj ) distributions in Figure 6.9, a value
of χinner = 3.32 (|y ∗ | < 0.6) has been chosen. In the figures, a clear difference can be seen
between the QCD background and the NP signals - where the difference reduces at the value
of the each of the model parameters increases. This effect is in-line with the discussions
of Chapter 4, where we reasoned that, due to the limited partonic collision energy, the
production cross-section for each of the NP processes would reduce as the resonance mass
or threshold mass increased.
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Figure 6.8: Normalised dσ/dχ distributions for the (a) QBH and (b) quark contact
interaction signals. For the QBH signal, distributions are shown for MD = 3.5, 4, 5 TeV,
whilst for the quark contact interactions, distributions for Λ = 4, 6, 8 TeV are shown. Each
figure also includes NLO Pythia QCD as the dominant SM background process.

6.4.2

Defining the inner and outer regions for Fχ (mjj )

∗
), which corresponds to the numerator of Fχ (mjj ), is
The optimal value of χinner (yinner

determined as the value that results in the largest expected limit14 for the excited quark
and quantum black hole models, as introduced in Chapter 4. This choice is therefore not
dependent upon the observed data, as required for a totally unbiased result.
The expected limits for various values of y ∗ , corresponding to the first 3, 4, 5 and 6 bins in
the χ distribution are shown in Table 6.2. The precision of these limits has been estimated
by calculating 20 independent limits, using a different random seed. The limits for each
model are vary by as much as 40 GeV. Whilst the results for y ∗ < 0.75 show a small increase
in sensitivity, the values for all choices of y ∗ are consistent within the estimated precision.
Based upon these results, we retain the definition of Fχ used in the previous publication
using Fχ (mjj ) [15]: y ∗ < 0.6.
14

The concept of an expected limit was first introduced in Section 1.1 and is discussed in detail in Section 8.2.

0.6
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Fχ
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Figure 6.9: Fχ (mjj ) distributions for the (a) QBH, (b) quark contact interaction and (c)
excited quark signals. For the QBH signal, distributions are shown for MD = 3, 4, 5 TeV;
for the quark contact interactions, distributions for Λ = 4, 6, 8 TeV are shown; and for
excited quarks, distributions for mq∗ = 2, 2.5, 3 TeV are shown.
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Model
y ∗ < 0.45 y ∗ < 0.6 y ∗ < 0.75 y ∗ < 0.9
QBH (n = 6) 4.15 TeV 4.16 TeV 4.19 TeV 4.17 TeV
Q∗
2.92 TeV 2.95 TeV 2.96 TeV 2.94 TeV
Table 6.2: Comparison of expected limits calculated using different definitions for the
numerator of Fχ .

6.5

Definition of control regions

As discussed in Section 1.1 of this thesis, in a search for new physics it is important to define
a control region and a search region.
The search region for the χ and Fχ (mjj ) analyses will aim to increase sensitivity to the highest
invariant masses possible, whilst ensuring sufficient events to draw a significant quantitative
conclusion. The control region will be used in order to validate the MC background simulation provided by Pythia: no normalisation or extrapolation into the search region is
∗
B
required. In the control region, distributions of mjj , p1,2
T , y1,2 , φ1,2 , y , y , and Njet will be

compared for data and LO Pythia QCD. The results of these comparisons are presented in
Section 7.9.
The motivation and definition of these regions is determined by the limitations of the experiment (most notably the trigger) and will be discussed in Section 7.2.3.
Furthermore, for the χ distributions, the lower broad dijet mass bins can also be used as
a control region. Given that these distributions will be produced with NLO QCD MC and
will include all relevant systematic uncertainties, they allow a more quantitative assessment
of the agreement with data. The method for quantifying agreement between data and MC
in the χ distributions will be discussed in detail in Chapter 8.

Chapter 7
Event selection, systematic
uncertainties and resulting
distributions
Building upon the theoretical and experimental foundations of previous chapters, this chapter
will discuss the analysis strategy and its results, with full consideration for the associated
experimental and theoretical uncertainties. The motivation for event selection criteria is
formed from a combination of sensitivity to New Physics, fiducial experimental constraints
and limitations of detector performance.
Details of the systematic uncertainties arising from Jet Energy Scale and Resolution are described in Section 7.5.1. The corresponding theoretical systematic uncertainties for the QCD
background description are described in Section 7.4. Additional possible uncertainty considerations due to the experimental conditions of Pile-up (Section 7.7) and detector malfunction
(Section 7.8) are given at the end of the chapter.
Final distributions for this analysis are shown in Figure 7.10 and their statistical interpretation is described in Chapter 8.

7.1

Event selection

In this section, the motivation and details for the analysis event selection is given. Each of
the selection criteria is outlined below, with a summary of the resulting number of events
after each cut summarised in Table 7.2. The initial number of events under consideration
83
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corresponds to the number of events passing any calorimeter related trigger (after prescale),
with a reconstructed dijet mass of > 700 GeV.

B: Trigger Selection -

This analysis employs single jet triggers in order to select events

containing a pair of jets with a high dijet invariant mass. It is therefore essential to find the
dijet mass above which a given single jet trigger is able to efficiently select the majority of
such events. Details of jet efficiency measurement are given in Appendix C. To avoid bias
from varying on-line trigger efficiency, events are required to pass a trigger in a region where
that trigger is > 99% efficient. If an event passes a given trigger below the trigger’s plateau
region, that particular trigger is ignored. The event may be accepted if it passes a looser
trigger that is 99% efficient.
The point at which the efficiency of each trigger reaches 99% is included in Table 7.1, as well
as the threshold including an additional 5% buffer1 .
Table 7.1: Values of mjj for which single-jet triggers become 99% efficient. After including a 5% buffer, the bin boundaries are determined that for the lower edge of the plateau
region for this analysis.

Trigger
mjj for 99% eff. [GeV] +5% buffer [GeV]
EF-j75-a4tc-EFFS
600
630
EF-j100-a4tc-EFFS
780
819
EF-j135-a4tc-EFFS
1000
1050
EF-j180-a4tc-EFFS
1330
1396
EF-j240-a4tc-EFFS
1680
1764
The trigger names in Table 7.1 can be broken down into 3 parts: EF and EF F S (Event
Filter Full Scan) signify that the trigger uses all three of the trigger levels (L1, L2 and EF);
jXXX, where XXX is the threshold in GeV where the trigger starts triggering (at the EM
scale); a4tc signifies that a full calorimeter scan of the L1 trigger towers is done using Anti-kT
R = 0.4 for jet finding.
If a trigger is unable to make a decision about an event in the allocated amount of time,
then this event is placed in a separate debug stream. These debug stream events are then
reprocessed offline. Events may also be placed in the debug stream if they cause an error or
crash in the on-line trigger system. Details of a debug stream analysis performed in early
2010 data are discussed in Appendix D. For the dataset analysed in this thesis (corresponding
to data recorded in 2011), no events passing the event selection used in this analysis were
placed into the debug stream.
1

A 5% buffer is included as a precaution to ensure that the analysis is using a trigger when it is maximally
efficient. 5% was deemed to be a suitable compromise between retaining the maximum number of events
and being cautious of the trigger efficiency.

Chapter 7 Event selection, systematic uncertainties and resulting distributions
C: GoodRunsList selection -

85

Events are only considered if they fall into a luminos-

ity block contained within a centrally produced GoodRunsList. Luminosity blocks and
GoodRunsLists are both discussed in Section 10.2. Briefly, a luminosity block is a period in
time, usually lasting a few minutes, for which the instantaneous luminosity is approximately
constant, and a GoodRunsList [135] is a list of luminosity blocks, which have been deemed
suitable for a physics analysis. Criteria include stable proton beams from the LHC, detector
component temperatures, magnetic field strengths and detector status.

Events are required to have a primary collision vertex defined by

D: Vertex selection -

two or more charged particle tracks. In the presence of pile-up, the primary collision vertex
is the one with the largest scalar sum of p2T for associated tracks, which insures that the
highest pT jets, used to reconstruct the dijet, have been associated with the correct collision
vertex.

E: LAr error cut -

Events are rejected if the data from the liquid argon calorimeter

have an unusual topology2 or there is evidence of data corruption [136].

F: Check for number of jets -

There must be at least two jets within |y| < 4.4 in

the event, and all jets with |y| ≥ 4.4 are discarded. The highest pT jet is referred to as the

“leading” jet (j1 ), and the second highest, as the “next-to-leading” jet (j2 ). The two jets are
collectively referred to as the ‘leading jets’.

G: Ugly jet cleaning -

According to the criteria described in Section 5.4.1, for events

to be retained, there must be no poorly measured jets with pT greater than 30% of the pT
of the next-to-leading jet. Poorly measured jets correspond to energy depositions in regions
where the energy measurement is known to be inaccurate.

H: LAr hole cut - A selection has been implemented to avoid an electromagnetic calorimeter defect in the region from -0.1 to 1.5 in η, and from -0.9 to -0.5 in φ that occurred during
part of the running period. The average energy loss for jets in this region is 20% to 30%.
Jets within ∆R = 0.1 of this region have been rejected if such jets have a pT greater than
30% of the next-to-leading jet pT . In order to retain the shape of dijet angular distributions
2

Examples of an unusual jet topology include: a jet formed by a single cell in the hadronic end cap (most
likely a noisy cell), or an out-of-time energy deposition (most likely due to a cosmic ray).
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in χ, the complete η slice from -0.9 to -0.5 in φ has been excluded removing 4.3% of the
events from the dataset.

I: Bad jet cleaning -

Completing the criteria described in Section 5.4.1, if either of the

leading jets is not attributed to in-time energy depositions in the calorimeters, the event is
to be rejected.

J: Jet pT cuts -

j2
Events are retained if pj1
T > 100 GeV and pT > 50 GeV. This selection

criterion, and those that follow, are applied to jets that have been corrected for the pileup
offset, and calibrated to the hadronic scale, as described in Section 5.4

K & L: y ∗ and yB cuts -

As described in Section 6.4, additional kinematic selection

criteria are used to enrich the sample with events in the hard-scattering region of phase
space. It is required that events must satisfy |y ∗ | < 1.7 and |yB | < 1.1. The combined y ∗ ,
yB criteria limit the rapidity range of the two leading jets to |y1,2 | < 2.8. The kinematic

selection also restricts the minimum pT of jets entering the analysis to 80 GeV, with the
maximum jet pT observed at 2000 GeV.

M: mjj cut -

Finally, the leading jets in the event are required to result in a reconstructed

dijet invariant mass mjj > 800 GeV.
Table 7.2: Cut flow for the full 2011 exotics data sample.

Selection criteria
Nev Efficiency (%)
A (before cuts)
27988283
B (Events passing any trigger in Table 7.1) 7782504
27.8
C (after GoodRunsList selection)
7240635
93.0
D (vertex check)
7240050
100.0
E (after LAr error cut)
7211390
99.6
F (njet check)
7211390
100.0
G (after ugly jet cleaning)
7210907
100.0
H (LAr hole cut)
6904928
95.8
I (after bad jet cleaning)
6903098
100.0
J (after jet pT cuts)
6899065
100.0
K (after y ∗ cut)
6378289
92.5
L (after yB cut)
5600889
87.8
M (after mjj cut)
3827771
68.3
Total Efficiency
13.7
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Table 7.3: Cut flow for the Pythia QCD MC.

Selection criteria
A (before cuts)
F (njet check)
G (after ugly jet cleaning)
H (LAr hole cut)
I (after bad jet cleaning)
J (after jet pT cuts)
K (after y ∗ cut)
L (after yB cut)
M (after mjj cut)
Total Efficiency

Nev Efficiency (%)
11534067
11534067
100.0
11533698
100.0
11282606
97.8
11280222
100.0
11261723
99.8
11141272
98.9
10879535
97.7
10393080
95.5
90.1

The selection criteria applied to MC samples are as follows: A, F, G, H, I, J, K, L and
M, and the cut flow for QCD MC is shown in Table 7.3. The cut flow and efficiency for a
selection of signal samples is shown in Appendix G. The overall signal acceptance (including
efficiency) for each signal sample discussed (and shown) in Section 8.2.1.
Cross-checks were employed to ensure that no events were duplicated within the analysis:
a situation that could arise due to reconstruction errors, or due to human error. As an
additional cross-check, the yield of events passing the final event-selection was calculated for
each LHC run. It is expected that, assuming the detector performance and beam conditions
are approximately stable over time, the yield of events will remain constant, within statistical
errors. From the distributions in Figure 7.1, it is possible to identify any anomalies, which
could be due to missing data files, or a hardware effect. The distributions have been split
into bins of dijet mass, where each individual distribution contains contributions from a
single trigger.
From the distributions, we observe that:
• In all mass bins, the yield is approximately flat over time.
• The onset of high-prescaling for the j180 trigger (1600 < mjj < 2000 GeV) is visible
in the larger error bars.

• The mass bin 2000 < mjj < 2600 has one entry with large uncertainty. This is from
the low-luminosity run 182013 (≈ 100 nb−1 ), in which one event survived the cuts.

• Similarly in the mass bin 2600 < mjj < 7000: run 180212 has low-luminosity (≈
100 nb−1 ), and has one event recorded.

• Another outlier in the mass bin 2000 < mjj < 2600 GeV (run 190297), comes from 10
events in a low-luminosity ≈ 1 pb−1 run.
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• In all mass bins, the yield is lower in the run range including 180614 and ending before
185353, where the LAr hole cut has been applied. During analysis, individual fits show

that the event yield is about 12% lower in this run range: consistent with the reduced
geometrical acceptance3 .

7.2
7.2.1

Histogram binning and trigger strategy
Binning and trigger strategy for Fχ (mjj )

Whilst using an unbinned method to analyse the reconstructed dijet mass spectrum would
maximise the amount of useful information that can be extracted [137], due to fluctuations
in the detector’s jet energy response, the reconstructed invariant mass has a finite resolution
below which no useful information can be extracted.
The Fχ (mjj ) analysis uses a mjj binning that is motivated by the absolute mass resolution
of the reconstructed signal. An explanation of the this method is given in Chapter 4 of [100]
and is summarised in Appendix A. The study results in dijet mass bin boundaries of: 500,
548, 601, 657, 717, 780, 847, 919, 995, 1076, 1162, 1253, 1350, 1452, 1561, 1676, 1798, 1927,
2064, 2209, 2363, 2526, 2699, 2882, 3076, 3281, 3498, 3728, 3972, 4230, 4503, 4792, 5098,
5422, 5765, 6128, 6513, 7000 GeV.
The mass boundaries for the use of each trigger are determined from the results in Table 7.1,
where the aim is to maximise the total amount of integrated luminosity in each mass bin.
By choosing the mass bin boundary immediately above the +5% buffer value, we are led to
the trigger strategy described in Table 7.4. The table also includes the effective luminosity
contained within each mass range. This corresponds to the total integrated luminosity in
the mass range, after the effect of the pre-scale has been included. The uncertainty on the
integrated luminosity was introduced in Section 3.5 and has a value of 3.9%.
Table 7.4: Triggers used for Fχ (mjj ) and their effective luminosity.

mjj range [GeV]
847. - 919.
1076. - 1452.
1452. - 1798.
1798. and above
3

Trigger
EF-j100-a4tc-EFFS
EF-j135-a4tc-EFFS
EF-j180-a4tc-EFFS
EF-j240-a4tc-EFFS

LEF F /pb
19.17
164.2
1248.
4767.

The φjet range from -0.50 to -0.88, which is ≈ 6% of 2π, for either leading jet, corresponds to a yield
reduction of 12%.

20

Yield [nb]

Yield [nb]
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(e) 2600 GeV < mjj < 7000 GeV.

Figure 7.1: Event yield, per run, for the analysis selection criteria. The x−axis is labelled
by run numbers, which are sequential labels for periods of ATLAS data-taking.

89

Chapter 7 Event selection, systematic uncertainties and resulting distributions

7.2.2

90

Binning and trigger strategy for benchmark χ distributions

The mjj bin boundaries for the benchmark χ distributions are motivated by the efficiency
plateaus of the single-jet triggers. Since it is undesirable to mix triggers within a given mass
bin, we are led to use the bin boundaries as defined in Table 7.5. Note that the effective
integrated luminosity for a the lower threshold triggers is dramatically reduced due to the
large prescale that is applied. With 4.767 fb−1 of integrated luminosity, there is sufficient
statistics to split the EF-j240-a4tc-EFFS trigger over two mass bins. By splitting this mass
window, we are able to increase sensitivity to NP processes which occur at higher energy
scales. As with Table 7.4, the uncertainty on the integrated luminosity was introduced in
Section 3.5 and has a value of 3.9%.
Table 7.5: Triggers used for χ and their effective luminosity

mjj range [GeV]
800. - 1200.
1200. - 1600.
1600. - 2000.
2000. - 2600.
2600. and above

Trigger
EF-j75-a4tc-EFFS
EF-j100-a4tc-EFFS
EF-j180-a4tc-EFFS
EF-j240-a4tc-EFFS
EF-j240-a4tc-EFFS

LEF F /pb
5.556
19.17
1248.
4767.
4767.

The binning in χ is determined using QCD MC simulation and aims to minimise the bin
migrations between truth level and fully-reconstructed events, whilst also considering the
migrations due to the granularity of the ATLAS calorimetry. A further discussion of the
methodology is detailed in Appendix A. The resulting bin boundaries are presented in Table 7.6.

7.2.3

Definition of search regions for χ and Fχ (mjj )

Based on the trigger and binning discussion above, the search regions for the χ and Fχ (mjj )
analyses are defined such that they contain the maximal integrated luminosity. Although
it is, in principle, possible to perform a statistical analysis using a search region containing
multiple triggers, the situation is complicated by the effect of varying pre-scales between
triggers. In this thesis, we therefore consider search regions using a single trigger, generating
the highest possible integrated luminosity.
1 1.350 1.822 2.460 3.320 4.482 6.050 8.166 11.023 14.880 20.086 30
Table 7.6: Table containing χ bin boundaries. Taken from [138] and discussed further in
Appendix A.
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Using Tables 7.4 and 7.5, the search regions for χ and Fχ (mjj ) are defined as mjj > 2600 GeV
and mjj > 1798 GeV, respectively. The lower regions of these search boundaries are also
well below the current best limits on NP models, calculated with these analyses [15]: thus
reducing the possibility of missing a NP effect at lower dijet masses.

7.3

QCD predictions

In the analyses described in this thesis, the QCD prediction is based on MC generation of
Pythia 2 → 2 event samples which cover the kinematic range in χ and mjj spanned by the

selected dijet events (See Section 2.5).

In-time pileup is simulated by generating samples of minimum bias events using Pythia 6,
which are also passed through detector simulation. To simulate QCD events in the presence
of pileup, hard scattering events are overlaid with a number, µ, of minimum bias events,
where µ is Poisson distributed and hµi is chosen to match its expected value in data. The
superposition of MC events is performed by summing simulated signals of hard scattering
and minimum bias events in each detector electronic channel.
The combined MC events, containing one hard interaction and several soft interactions,
are then reconstructed in the same way as collision data, including the jet correction and
calibration steps described in Section 5.4.
Since the MC samples have been generated based on an estimate of the average luminosity
during the 2011 data-taking, pileup reweighting is employed to adjust each MC event such
that the µ distribution for the MC sample matches the µ distribution observed in data. A
study of the effects of pile-up reweighting is included in Appendix F.
The corrected MC samples are subjected to the same event selection criteria as applied to
collision data.

7.3.1

NLO QCD calculations

Within Section 2.4, the issues surrounding simulation of QCD Monte Carlo were explained.
The main steps of simulation of the hard scattering process, the initial and final state radiation, multiple interactions and the non-perturbative hadronisation results in a Leading
Order (LO) description. Whilst a LO description may provide a good description of the
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main features of the cross-section, it is desirable to take advantage of Next-to-Leading Order
(NLO) calculations in order draw a more precise conclusion.
In this analysis, NLO corrections are applied through the use of bin-wise NLO k-factors,
where the k-factors are derived using NLOJET++ [57] and Pythia [50]. The prescription
developed in [139] is used in order to calculate k-factors for the benchmark-χ distributions,
and is then extended to also produce k-factors for the ‘inner’ and ‘outer’ distributions of
the Fχ (mjj ) analysis. This will result in a data-NLO QCD comparison for each of the two
analyses.
Four MC samples are generated as a function of x:
1. runCOMLETE (x): A complete LO MC sample (including hard scattering, showers and
non-perturbative effects) generated with Pythia,
2. runLO (x): LO matrix elements: generated with both Pythia (runLO Pythia (x)) and
NLOJET++ (runLO NLOJET++ ),
3. runNLO (x): NLO matrix elements generated with NLOJET++,
4. runSHOWER (x): Pythia LO hard scattering with parton showers only (non-perturbative
processes are switched off),
where each of the runs is produced with the same parameter setting and selection cuts. Note
that a LO PDF is needed for the LO calculations, whilst a NLO PDF is needed for the NLO
calculations. Using these runs, we are able to improve on our LO runCOMPLETE (x), through
the combination
runCOMPLETE (x) ×

runNLO (x)/runLO NLOJET++
,
runSHOWER (x)/runLO Pythia

(7.1)

where the numerator on the right isolates the NLO part of the calculation from the LO part
(leaving only the NLO residual) and the denominator is included to remove the showering
contribution from the NLO residual. If one assumes that the runLO NLOJET++ ≡ runLO Pythia4 ,
then one can conclude that Equation 7.1 is equal to

k(x)

z

}|
{
runNLO (x)
runCOMPLETE (x) ×
runSHOWER (x)
4

(7.2)

This is a non-trivial assumption, due to the possible differences in parametrisation of the strong coupling
constant.

1.3
1.25

K-factor

K-factor
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Figure 7.2: Bin-wise NLO k-factors for (a) the Fχ (mjj ) reconstructed mass spectrum
and (b) the un-normalised and reconstructed χ spectrum, split by the broad dijet mass
bins defined in Section 7.2.2.

where we can identify the NLO k-factor, k(x).
For this analysis, LO calculations are performed using the CT10 PDF [140], whilst the NLO
calculations are performed using the CTEQ66 PDF [141]. All samples use the AUET2B
LO** tune [55]. The resulting k-factors for χ and Fχ (mjj ) are shown in Figure 7.2. Note
that since the k-factors are NLO corrections to the cross-section of the process, they must
be applied to the χ distributions before normalising distributions to unit area. From the
figures, it can be seen that the k-factors are of order 1 for the lower end of the dijet range,
but grow to ∼ 1.11 and ∼ 1.18 at high dijet masses for χ and Fχ (mjj ), respectively.

7.4
7.4.1

Theoretical systematic uncertainties
Uncertainties due to factorisation and renormalisation scale

As discussed in Section 2.3, the uncertainty in the choice of a value of renormalisation (µR )
and factorisation (µF ) scale will contribute to the systematic uncertainty on the QCD background prediction. The size and behaviour of this systematic is investigated by measuring
the effect of independently setting µR and µF to 0.5, 1 and 2 times the average transverse
momentum µ0 of the dijet pair, resulting in nine combinations. Distributions for χ and
Fχ (mjj ) are generated at NLO using NLOJET++ together with APPLgrid [142]5 (using
the CT10 NLO PDF), and are shown in Figure 7.3.
5

APPLgrid [142] provides a fast and flexible way to reproduce the results of full NLO calculations with
any input parton distribution set in only a few milliseconds rather than the weeks normally required to gain
adequate statistics.
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Figure 7.3: Angular distributions generated with NLOJET++ (truth parton level), for
various choices of µR and µF [130].

The corresponding systematic uncertainties on χ and Fχ (mjj ), are calculated as the Root
Mean Squared (RMS) deviation of each the µR and µF variations from the central member.
The quantity
∆=

dσ/dχ(µR = rµ0 ; µF = f µ0 ) − dσ/dχ(µR = µ0 ; µF = µ0 )
,
dσ/dχ(µR = µ0 ; µF = µ0 )

(7.3)

is calculated for each variation, where r and f are the variation factors for µR and µF ,
respectively. The positive (upward) and negative (downward) error bars are then calculated
as
s
+ve scale uncertainty =

2X 2
∆ ;
8 ∆>0

s
-ve scale uncertainty =

2X 2
∆,
8 ∆<0

(7.4)

where ∆ > 0 implies a sum over all scale variations resulting in a positive value of ∆, and
∆ < 0 implies a sum over all scale variations resulting in a negative value of ∆. The factor
of 2/8 in the above expression comes from the fact that we are considering eight variations
about the central value (hence a factor of 1/8); and each sum is only one side of the possible
distribution, hence we must multiply the sum by 2 in order to make the error band correspond
to the width of the mean-squared distribution.
For Fχ (mjj ), the same method is used, where the errors are calculated for dσ/dmjj of each
mass bin, instead of dσ/dχ of each χ bin. The resulting scale uncertainty bands for the
Fχ (mjj ) and χ analysis are shown in Figure 7.8 and Figure 7.4(a), respectively. The scale
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Figure 7.4: Theoretical uncertainty bands for the χ distribution in each broad mass
bin [130].

uncertainty is largest at low χ and high mjj - reaching uncertainties with a magnitude of
8% for the normalised χ distributions and 18% for Fχ (mjj ). Equation 6.20 showed that
for constant mjj , low values of χ correspond to high value of pT : the variation of the scale
uncertainty is therefore consistent with a larger uncertainty for jets with higher transverse
momentum.

7.4.2

PDF uncertainties

Section 2.2.3 of this thesis included a brief discussion of the evolution of our understanding
of the nucleon PDF. It is important to understand the allowed variation in the PDF as this
will present a systematic uncertainty on any hadronic collision result. It is regarded as insufficient [51] to simply compare the results from different published parton distributions, since
most published sets of PDFs (for example CTEQ and MRST) adopt similar assumptions
and the differences between the sets do not fully explore the uncertainties that may exist.
With PDFs having been predominantly determined from Deep Inelastic Scattering and
Drell-Yan processes, the gluon distribution has been left relatively unconstrained6 , and thus
presents the largest uncertainty of any PDF.
We make use of the Hessian method for calculation of PDF errors, which results in N
orthonormal error eigenvectors for N free parameters in the PDF fit. For a given variable
X, its value using the central PDF for an error set is given by X0 . Xi+ is the value of
6

The gluon distribution has been determined indirectly at low x by measuring the scaling violations
mentioned in Section 2.1 of this thesis. Data from the Tevatron has also allowed direct measurement at
high-x.
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that variable using the PDF corresponding to the “+” direction for eigenvector i and Xi−
is the value for the variable using the PDF corresponding to the “-” direction. The Master
Equation is then used to calculate the total PDF error [51]:

+
∆Xmax

v
u N
uX
= t [max(Xi+ − X0 , Xi− − X0 , 0)]2
i=1

−
∆Xmax

v
u N
uX
= t [max(X0 − Xi+ , X0 − Xi− , 0)]2 .

(7.5)

i=1

The +ve and -ve components may be added in quadrature, since the PDF eigenvectors form
an orthonormal basis. We use NLOJET++ connected to APPLgrid with the CT10 error
members.
The resulting +ve and -ve PDF errors for Fχ (mjj ) are shown in Figure 7.8 and are included
in Table 7.7. The PDF uncertainty on Fχ is seen to increase with mjj , ranging from 0.33%
to 3.25%. PDF uncertainties are expected to increase with the invariant mass of the dijet
system, since these events will tend to be produced in collisions involving partons with higher
values of Bjorken-x, where the PDF uncertainty increases.
The resulting PDF uncertainties for χ are shown in Figure 7.4(b) and are included in Table 7.8. The size of the systematic uncertainty is found to range from being negligible to
a maximum of 1.06%, with the largest uncertainty occuring at low χ, corrsponding to high
jet momentum. This is consistent with the discussion of the PDF uncertainties for Fχ (mjj ),
where the uncertainty increases with the Bjorken-x of the interacting partons.

7.5
7.5.1

Experimental systematic uncertainties
Jet energy scale uncertainties

JES Pseudo-Experiments (PEs) obtained from MC have been used for the derivation of
the JES uncertainty. This is typically done by running over the MC samples 1000 times,
each time varying the JES of all jets in all events according to the uncertainty given by the
JESUncertaintyProvider. The JESUncertaintyProvider [121] is introduced in Section 5.5.1.
The 14 nuisance parameter configuration is used and it is assumed that the uncertainties on
jet energies have a Gaussian distribution. This means that each PE has a set of 14 random
numbers drawn from a Gaussian with zero mean and σ = 1. For PE i each jet ijet is then
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scaled with a factor:
(1 + r1 [i] σ1 [ijet]) × (1 + r2 [i] σ2 [ijet]) × · · · × (1 + r14 [i] σ14 [ijet]),

(7.6)

where r1,2,...,14 are 14 rows with random numbers with the dimension equal to the total
number of PEs. For each of these PEs the Fχ (mjj ) distribution have been constructed,
giving rise to an ensemble of PE distributions located around the nominal one. The 1-σ
uncertainty is then obtained from the envelope determined by the area that contains 68% of
the PEs around the nominal distribution. Figure 7.5 shows the results of 100 JES pseudoexperiments for the Fχ (mjj ) distribution. The spread of the pseudo-experiments is observed

Fχ

to increase with dijet mass - reflecting the greater variation in JES for higher energy jets. It is
0.3
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Figure 7.5: Fχ (mjj ) distributions for 100 of the 1000 JES pseudo experiments described
by Equation 7.6. As described in the text, the variance of uncertainty in each mass bin is
used to calculate the upper and lower JES uncertainty. It is clear that the final JES 1-σ
uncertainty band will increase with mjj .

perfectly possible that the situation is not symmetric, e.g. when there are more distributions
above the the nominal distribution than below. Therefore the 68% border of the number of
PEs above the nominal distribution (68% from those PE that lie above the nominal, not from
the total number of PEs) is used to determine the +1-σ uncertainty, and the 68% border of
the number of PEs below the nominal distribution (not the total number) is taken as the
−1-σ uncertainty.
The JES uncertainty is currently the largest component of the total systematic uncertainty:
as can be seen in Figure 7.8, where it is compared to all other sources of systematic uncertainty. The resulting JES uncertainty for the χ distributions is shown in Figure 7.6. As with
the systematic uncertainty due to scale variations, the larger uncertainties at low χ (maximally 17.2% in Figure 7.6) and high mjj (reaching 52.0% from Figure 7.8) are consistent
with a higher systematic uncertainty for events with high energy jets.
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Figure 7.6: The upper and lower jet energy scale uncertainty on the χ distribution for
each broad dijet mass bin [130].

7.5.2

Uncertainties due to jet energy and angular resolution

The Jet Energy Resolution (JER) in 2011 has been discussed in Section 5.5.2. Studies
of the effect of a limited jet resolution on this analysis were performed in [130]. Figure
5.2(a) showed the resolution for jets as function of pT and in various bins of η. The effect of
this finite resolution on the χ distributions has been investigated by smearing MC events:
for each jet in each event, the resolution is obtained using the 2011 JER Provider package
(Version 01-00-00) [121]. This number is then multiplied with a random number pulled from
a Gaussian with zero mean and unit width. Next, the χ distributions are reconstructed from
this smeared MC sample, and the ratio with respect to the unsmeared distributions is taken.
This is shown in Fig. 7.7(a). The distortion caused by the jet energy resolution is uniform
in χ and does not exceed 3% and is considered small compared to the other uncertainties
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Figure 7.7: (a) JER, (b) JAR, and their associated uncertainties on the χ distributions,
for each dijet invariant mass range [130].
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Figure 7.8: Envelopes for the dominant sources of systematic uncertainty in Fχ (mjj )
distributions: JES, scale, and PDF uncertainties.

The effect of a finite Jet Angular Resolution (JAR) has been studied in a similar way. Figure
5.2(b) showed the angular uncertainty in η obtained from MC. The angular resolution has
been estimated by matching reconstructed calorimeter jets to truth jets within a cone of
∆R = 0.3, in bins of η and pT . The RMS of the distribution of the absolute difference
between true η and reconstructed η has been taken as a first-order estimate of the angular
resolution. From this figure it can be observed that for jets with a pT above 100 GeV, the
resolution in the central region (η < 3.0) is uniform in χ and does not exceed 3%.
To study the effect on the χ distributions, jets in MC events are smeared in η with 4%,
while keeping the mass and energy of the jet unchanged. The ratios of these smeared χ
distributions with respect to the nominal distributions are shown in Fig. 7.7(b) and do not
exceed 4%: a small number compared to the other uncertainties included in the analysis.
In summary, the effects of JER and JAR are small, when compared to other sources of
systematic uncertainty, and result in a variation that is flat in χ. There uncertainties are
therefore not further-considered in this thesis.

7.6

Summary of systematics

Due to the construction of both the normalised χ distributions and the Fχ (mjj ) distributions,
many systematics are significantly reduced. The effects of luminosity uncertainty cancel at
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mjj range
(GeV)
847 919
919 995
995 1076
1076 1162
1162 1253
1253 1350
1350 1452
1452 1561
1561 1676
1676 1798
1798 1927
1927 2064
2064 2209
2209 2363
2363 2526
2526 2699
2699 2882
2882 3076
3076 3281
3281 3498
3498 3728
3728 3972
3972 4230
4230 4503
4503 4792

JES
up
5.38
5.76
5.86
5.43
6.98
6.68
6.74
7.01
8.11
8.18
9.90
10.49
10.13
11.49
11.29
9.62
14.01
15.14
18.79
28.47
32.54
37.89
41.01
49.83
51.98

(%)
down
-5.62
-6.92
-5.73
-4.44
-8.37
-5.75
-7.14
-6.42
-7.84
-8.24
-9.63
-10.15
-11.87
-10.08
-10.45
-11.87
-12.19
-15.21
-21.43
-24.85
-28.94
-29.83
-34.72
-35.49
-39.53

Scale
up
4.20
4.74
5.95
4.07
5.64
4.40
4.91
5.90
5.80
4.94
7.68
6.12
6.72
7.78
7.20
8.25
8.48
9.78
10.39
10.57
12.44
12.57
12.95
16.50
17.86

(%)
down
-1.72
-1.99
-2.52
-1.68
-2.38
-1.81
-2.04
-2.48
-2.45
-2.05
-3.21
-2.56
-2.81
-3.26
-3.01
-3.40
-3.47
-3.97
-4.16
-4.22
-4.82
-4.85
-4.95
-6.07
-6.43

PDF (%)
up down
0.46 -0.33
0.39 -0.27
0.44 -0.30
0.37 -0.29
0.45 -0.28
0.40 -0.24
0.38 -0.21
0.37 -0.18
0.43 -0.26
0.41 -0.23
0.27 -0.16
0.29 -0.19
0.36 -0.21
0.34 -0.25
0.37 -0.26
0.36 -0.26
0.50 -0.39
0.49 -0.48
0.48 -0.44
0.58 -0.59
0.65 -0.68
0.92 -0.95
1.35 -1.54
1.75 -2.45
2.02 -3.25

Total (%)
up
down
6.84 -5.88
7.47 -7.20
8.36 -6.27
6.80 -4.76
8.99 -8.70
8.01 -6.03
8.35 -7.43
9.17 -6.88
9.98 -8.21
9.56 -8.49
12.53 -10.16
12.15 -10.47
12.16 -12.20
13.88 -10.60
13.40 -10.88
12.68 -12.35
16.38 -12.68
18.03 -15.73
21.48 -21.83
30.37 -25.21
34.85 -29.35
39.93 -30.24
43.03 -35.11
52.53 -36.09
55.00 -40.19

Table 7.7: Summary of systematic uncertainties for Fχ (mjj ) due to JES, scale and PDF,
along with their total.

χ range
1
1.34
1.82
2.45
3.32
4.48
6.04
8.16
11.02
14.87
20.08

1.34
1.82
2.45
3.32
4.48
6.04
8.16
11.02
14.87
20.08
30

JES (%)
Scale
up down
up
9.27 -10.00 4.42
8.01 -11.20 4.31
7.46 -9.87
3.93
6.80 -8.10
3.49
3.83 -7.44
2.98
3.17 -5.56
2.24
2.58 -3.46
1.83
2.06 -1.59
0.76
0.94 -1.26 0.0061
2.17 -2.31
0.72
3.06 -2.19
3.05

(%)
PDF
down
up
-7.85 1.06
-7.66 0.72
-7.02 0.44
-6.27 0.51
-5.40 0.57
-4.12 0.60
-3.35 0.50
-1.50 0.31
-0.086 0.19
-0.39 0.066
-1.65 0.53

(%)
Total
down
up
-0.61 10.37
-0.47 8.78
-0.38 7.95
-0.56 7.35
-0.73 4.43
-0.85 3.80
-0.77 3.11
-0.40 2.38
-0.28 1.14
-0.11 2.24
-0.39 3.62

(%)
down
10.70
11.76
10.32
8.74
8.23
6.46
4.27
2.00
1.54
2.43
2.60

Table 7.8: Summary of systematic uncertainties for χ distribution in mass bin mjj >
2.6 TeV due to JES, scale and PDF, along with their total.
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first order and are ignored completely.
For both the normalised χ and the Fχ (mjj ) distributions, the dominant systematic uncertainties are found to arise from the JES and the choice of renormalisation and factorisation
scale. Numerical values for the systematic uncertainties due to JES, scale and PDF, for
Fχ (mjj ) and for the χ distribution in the highest dijet mass bin are included in Tables 7.7
and 7.8.
For χ, these uncertainties are maximal for the highest dijet mass bin and at low values of
χ, with the JES uncertainty reaching ∼ 16.5% of cross-section and the scale uncertainty

reaching ∼ 8% of the cross-section. Conversely, the PDF, JER and JAR are all found to
have an uncertainty not exceeding 3% (with the PDF uncertainty ∼ 1%).

For Fχ (mjj ), each of the derived systematic uncertainties, and their combination in quadrature is shown in Figure 7.8. The total systematic uncertainty is seen to increase across the
dijet mass range, ranging from 6.8% at the lowest dijet mass to 55% at the height of the displayed mass range (composed from 52% JES and 18% scale uncertainty). PDF uncertainties
are also most significant at the highest mass ranges, but do not exceed ∼ 3%. Although not

included in Figure 7.8, it is clear from the studies in the previous section that both JER and
JAR present a negligible contribution to the total systematic uncertainty - most notably due
to their uniform effect over the χ range for all broad mass windows.
Given their relatively negligible contribution to the total systematic uncertainty across both
the normalised χ and Fχ (mjj ) distributions, the PDF, JER and JAR uncertainties will not
be considered further in this thesis.

7.7

Studies of the effects of pileup

The effects of both in and out-of-time pile-up on the final dijet angular distributions have
been investigated in [130]. In the following sub-sections, the results of these studies are
discussed.

7.7.1

In-time pileup

Between the beginning and end of the ATLAS 2011 data taking period the LHC instantaneous luminosity rose substantially, with the average hµi of inelastic interactions per bunch
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crossing7 rising above 20 for the run periods with highest instantaneous luminosity.
One way to investigate the effectiveness of the offset correction is to study the variation of
Fχ in coarse mjj bins8 as function of NP V , which correlates with the number of inelastic
interactions in each crossing, µ. Fig. 7.9(a) shows the variation of Fχ from data with NP V ,
and Fig. 7.9(b) shows the same quantity from MC. Note that the MC has been reweighted
to represent the current pileup conditions in data: details of this procedure are described
in Appendix F. The data in the highest mass bin show a tendency for Fχ to decrease with

1.6

Fχ

Fχ

NP V , though the statistics in this highest mass range are marginal.
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Figure 7.9: For the full data and MC samples, these plots show the variation in coarse
binned Fχ distributions due to in-time pileup, which is strongly correlated with the number
of primary vertices, NP V [130].

7.7.2

Out-of-time pileup

In addition to in-time-pileup caused by minimum bias events in the same bunch crossing,
there are “out-of-time” pileup effects due to preceding and successive bunch crossings and
bunch train spacings. This effect arises because the LAr calorimeter has an electronic shaping
time of 450 ns, which is considerably longer than the bunch spacings in the 2011 data set ranging from 25 ns to 75 ns during the full run period. The out-of-time pileup is primarily
due to the tails of pulses from preceding bunch crossings, but also includes some overlap
7

hµi is measured by the ATLAS luminosity detectors [143, 144] and sampled in intervals of approximately
two minutes.
8
Here, Fχ carries the same definition as in Equation 6.31, however the usual ‘(mjj )’ dependancy notation
has been removed to signify that broad bins in mjj are being considered.
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with a few successive crossings because the leading edges of later pulses can be included in
the later time samples of the signal pulse being digitised.
When the signal crossing is well-contained within a train of evenly spaced pulses, the out-oftime pileup will be fluctuating around some equilibrium value related to the instantaneous
luminosity. But at the beginnings and ends of bunch trains there will be a transition period
as the system is reaching the next equilibrium value.
To assure that there are no remaining effects, due to out-of-time pileup and bunch train
spacing, that might modify the distributions of dijet observables, χ and coarse-binned Fχ
distributions from collision data are studied as a function of event position in the bunch
trains. The results of these studies are shown in Fig. 7.10. Although there is a hint of some
possible structure within these distributions, when taking the statistical uncertainties into
account, these plots are interpreted as being consistent with there being no variation in χ
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(1/σ) dσ/ dχ

or Fχ as a function of position in a bunch train.
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Figure 7.10: These plots show (a) the variation in dijet χ distributions and (b) the
variation in Fχ in coarse mjj bins; as a function of position in a bunch train, which affects
the amount of out-of-time pileup [130].

7.8

Effects from detector malfunction

Hardware defects of the calorimeters (e.g. non-working modules, temporary high voltage
problems) can lead to specific regions where jets are mis-measured or not measured at all.
If these regions are not simulated well within the Monte Carlo simulation, the results of the
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angular analyses can be affected because the defects will lead to different jet rates in different
pseudorapidity regions.
Permanently dead regions in the calorimeter could affect the measured distributions. In
the case of a dead tile calorimeter cell, a correction is applied to its raw energy scale. The
correction factor 1.0−BCH CORR CELL is equal to the sum of the energies in the corrected
cells neighbouring this cell divided by their total energy, and is applied such that
Eraw, corrected =

Eraw, uncorrected
.
(1.0 − BCH CORR CELL)

(7.7)

This correction is done by default in the reconstruction.
An improved correction can be applied at the jet level: BCH CORR JET equals the sum of
the estimation for bad cells in the jet cone divided by the total energy. The total correction
is then given by
Ejet-level corrected = Eraw, corrected

(1.0 − BCH CORR CELL)
.
(1.0 − BCH CORR JET)

(7.8)

The above formula cancels the default cell-based correction step and applies the new correction at the jet level. It is applied to the jet energy at the EM-scale before applying a
hadronic calibration. Performance studies have shown that the “jet-level” correction performs better in jet closure tests [121] and therefore we have used it through the entire dijet
analysis. Figure 7.11 shows the distribution of correction factors for data events that have

Njets

a fully reconstructed dijet mass above 700 GeV.
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Figure 7.11: Distribution of the bad tile channel correction factor for data events with
dijet mass above 700 GeV [130].
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In extremely rare situations —15 jets in nearly 30 million data events— the correction
becomes negative or is such that the corrected energy becomes smaller than the jet mass
itself. In those cases the bad channel correction is not applied to the jet. When looking at
the jet cleaning it was found that nearly all those jets are labelled as ugly because of a too
large value of BCH CORR CELL.

7.9

Validation of the QCD background

As discussed in Sections 1.1 and 6.5, a control region is used in order to validate the MC
QCD prediction in a region of the kinematic phase space where new physics is not expected.
With motivation from the Fχ (mjj ) analysis, the dijet mass region 1452 < mjj < 1798 is
considered, since it is the highest luminosity and highest dijet mass region, which is not
included in search region. These events also represent a subset of the events considered
outside of the search region of the normalised χ spectra analysis. The selection of the subset is motivated only by the trigger, which is shown to be unbiased in the dijet mass ranges
considered. Further validation for the normalised χ spectra is provided by analysing the
agreement for the normalised χ spectra at lower dijet mass ranges: this is done quantitatively
in Section 8.1.3.
As discussed in Section 6.5, below, data is compared to LO Pythia QCD for key kinematic
∗
B
variables: mjj , p1,2
and Njet . Although it would be better to compare
T , y1,2 , φ1,2 , y , y

data to an NLO QCD prediction, it is not feasible to produce a set of NLO k-factors for
every kinematic observable. Data and LO Pythia QCD show excellent agreement in most
distributions, however there are some possible discrepancies.
Each of the figures compared data (black dots) to QCD MC simulation (red line). Statistical
uncertainties on the QCD MC is also included in yellow. The bottom half of each figure
includes the ratio of data/MC, and their associated statistical uncertainties. Distributions
of mjj (Figure 7.12(a)), Njets (Figure 7.12(b)), p2T (Figure 7.12(d)), y1,2 (Figures 7.12(e)
and 7.12(f)), φ1,2 (Figures 7.13(a) and 7.13(b)) and |y ∗ | (Figure 7.13(c)) all show good
agreement between data and the QCD prediction. Figure 7.12(c), showing the leading jet
pT , shows an excess in data at high transverse momentum, however the discrepancy is not
significant when taking statistical uncertainties into consideration. Figure 7.13(d), showing
the distribution of yB , also shows an excess at low values of yB . This excess at low values of
yB suggests an excess of back-to-back events within the kinematic region considered in the
plot. One must also remember that these distributions do not include the uncertainty due
to the jet energy scale.
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Final distributions

The final distribution for Fχ (mjj ) is shown in Figure 7.14. Data (black points), correspond√
ing to 4.8 fb−1 of s = 7 TeV proton proton collisions, are compared to an NLO QCD
prediction, with systematic uncertainties included. The event selection for the figure, as well
as the calculation of associated systematic uncertainties and bin-wise NLO k-factors, have
been described throughout this chapter. The systematic uncertainties have been split into
two groups: the theoretical uncertainty, due to scale and PDF uncertainties, and the total
systematic uncertainty, which also includes the JES uncertainty. Three NP scenarios are
also included: a QBH model with 6 extra dimensions and a Plank mass of MD = 4 TeV; an
excited quark model with mq∗ = 2.5 TeV; and a contact interaction model with compositeness scale Λ = 7.5 TeV. A blue vertical line denotes the lower boundary of the search region.
To the left of the blue line (in the control region), it is noticeable that the data points lie
consistently above the QCD background. However, all data points do lie within the systematic uncertainties. In the search region, data points continue to lie within the displayed
systematic uncertainties. The data appears to be consistent with the QCD prediction, and
does not appear to behave as any of the example NP signals depicted in the figure.
The corresponding final distributions for normalised χ distributions are shown in Figure 7.15.
As in Figure 7.14, NLO QCD background and each of the systematic uncertainties considered
in this chapter as displayed. As an example of a NP scenario, the highest mass bin also
includes a QBH signal with 6 extra dimensions and a Plank mass of MD = 4.0 TeV. This
highest mass bin, containing events with mjj > 2.6 TeV, is the search bin for this analysis,
as discussed in previous chapters, with each of the lower mass bins providing a control region
for MC validation. The majority of data points are found to lie within the 1-σ systematic
uncertainty bands, with a few exceptions in the lower mass bins. By-eye, there appears to
be no evidence for an excess of events at low χ. The data does therefore not be behave as
predicted by the NP models considered in this thesis, and as exemplified by the QBH model
in the figure.
A quantified analysis of each of the distributions in Figures 7.14 and 7.15 is considered in
Chapter 8.
An high-energy dijet event candidate, measured with the ATLAS detector from a proton√
proton collision at s = 7 TeV, is shown in Figure 7.16. Within the event, two dense sprays
of particle tracks are visible in the inner detector, each pointing to areas of energy deposition
within the electromagnetic (free) and hadronic (red) calorimeters. These two high-pT jets are
back-to-back in the transverse plane, and are approximately back-to-back in the r − z-plane.
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Figure 7.12: Data (black points) are compared to LO QCD (red line). Statistical uncertainties on the QCD MC are included in yellow.
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Figure 7.13: Data (black points) are compared to LO QCD (red line). Statistical uncertainties on the QCD MC are included in yellow. The bottom half of each figure displays
the ratio of data/MC, and their associated statistical uncertainties.
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Figure 7.14: The Fχ (mjj ) distribution in mjj . The QCD prediction is shown with theoretical and total systematic uncertainties (bands), and data (black points) with statistical
uncertainties. The blue vertical line indicates the search region for new physics. Various
expected new physics signals are shown: a contact interaction with Λ = 7.5 TeV, an excited
quark with mass 2.5 TeV and a QBH signal with MD = 4.5 TeV and n = 6.
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Figure 7.15: The χ distributions for all dijet mass bins [31]. The QCD predictions are
shown with theoretical and total systematic uncertainties (bands), as well as the data
with statistical uncertainties. The dashed line is the prediction for a QBH signal for
MD = 4.0 TeV and n = 6 in the highest mass bin. The distributions have been offset by
the amount shown in the legend to aid in visually comparing the shapes in each mass bin.
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Figure 7.16: Highest mass event passing full event selection. The dijet mass is 4040 GeV
while the leading jets have (pT , η, φ, colour) of (1850 GeV, 0.32, 2.2, red) and (1840 GeV,
-0.53, -0.92, green). This event was observed during run 179938 and has event number
12054480.
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Chapter 8
Statistical interpretation and limits
on signals for new physics
When it comes to interpreting the results of the analysis, the strategy is clearly split between
a ‘search phase’ and a ‘limit-setting phase’.
The search phase is concerned with assessing to what extent the measured data agrees with
the simulated background prediction. Quantitatively, the most significant deviation of data
from the Monte Carlo (MC) is identified and a corresponding p−value that describes the
likelihood of such a deviation is calculated. In the event of reasonable agreement between
data and the MC prediction, we then proceed to the limit setting stage.
The purpose of the limit-setting phase is to assess the impact of the null-result from the
search phase on the phase space of New Physics (NP) scenarios. Multiple ‘benchmark’
models of NP processes are considered in this thesis, including: excited quarks, quark contact
interactions and Quantum Black Holes (see Chapter 4 for more details). One then asks the
question: if I assume that my NP model is valid, given the null-result in the search phase,
what constraints can I place on the free parameters of my model? Since the measurement
of data is subject to statistical and systematic uncertainties, it is only possible to constrain
model parameters at a certain Credibility Level (CL). Through constraint of NP model
parameters, these experimental results are able to guide theorists to reassess the plausibility
of many NP models and, where possible, provide direction for future work.
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Search phase: is there evidence of new physics?
Hypothesis tests and calculation of p-values

In order to infer the presence of a new physical process, which is not currently included
in the SM, one must introduce a quantitative hypothesis test. A Null Hypothesis, H0 , is
specified as that from which we search for a ‘significant’ deviation in data. The significance
required for the rejection of the null hypothesis must be specified as part of the procedure.
When testing the consistency of some data D with a null hypothesis H0 , ‘pseudo-data’,
using Pseudo Experiments (PE), are produced that assumes H0 . The p-value is calculated
in order to assess how the observed data compares to the N possible outcomes that H0 could
have produced:
p−value ≡ P(t ≥ t0 |H0 )

(8.1)

where the test statistic1 , t, is some function of the observable2 . The test statistic is a random
variable, since it depends on how the pseudo-data fluctuate around H0 . The observed test
statistic, t0 , is the value of t corresponding to the value of the observable in data.

8.1.2

Bayes’ theorem

Bayes’ theorem gives the relationship between the probabilities of A and B, P(A) and P(B),
and the conditional probabilities of A given B and B given A, P(A|B) and P(B|A). For
proposition A and evidence B:
P(A|B) ∝ P(B|A) P(A),

(8.2)

where P(A), the prior, is the initial degree of belief in A; P(B|A), the likelihood function,
is the probability of observing the evidence B assuming that the proposition A is true; and
P(A|B), the posterior, is the updated degree of belief in A having accounted for B. The
proportionality can be promoted to an equality by introducing a normalisation factor, which
will be denoted by N in the rest of this thesis.
1

In this definition of p-value, it is assumed that a larger value of t corresponds to a larger difference
between the data/pseud-data and H0 .
2
Considering an event A and an event B, the notation P(A|B) denotes the probability of event A occurring,
given that event B occurred.
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Consider N PE, of which S have t ≥ t0 . The probability of observing S events with t ≥ t0

is given by the Binomial probability distribution3 :

 
N
P(S|p−value) =
p−valueS (1 − p−value)N −S .
S

(8.3)

Using Bayes’ Theorem, the probability of obtaining a given p-value, given S out of N PE
having t ≥ t0 , is:
 
N
π(p−value)
P(p−value|S) =
p−valueS (1 − p−value)N −S ×
N
S

(8.4)

where N is a normalisation constant and π(p−value) is the prior probability distribution.

For a uniform prior of π(p−value) = 1, the most likely result for the p-value4 is S/N . This
result allows us to determine a p-value using a finite number of pseudo-experiments.
The significance required for the rejection of H0 is defined as α, where we claim discovery
if p-value ≤ α, and α ∈ [0, 1]. Also, the probability to wrongly rule out H0 (known as a

“Type-I error”) is equal to α, namely5 .

P (Type-I error) = P (p−value ≤ α|H0 ) = α.

(8.5)

In general, a hypothesis test must be constructed using the following steps [145]:
• Define a test statistic, t, which describes the difference between data and H0 . In this
thesis we shall use definitions of t for which a bigger difference between data and H0

corresponds to a larger value of t.
• Generate pseudo-experiments of H0 and find the distribution of the test statistic.
• Calculate a p-value of the test as the fraction of PE resulting in a test statistic greater
than, or equal to, the value observed in data.

Thus, the result of the test is a p-value. For a given α and a p-value = γ, if γ < α then
we would reject H0 , and if γ > α then we would keep H0 . For the first case (γ < α),
the discovery algorithm with the smallest Type-I error probability that would still declare
3
The Binomial probability distribution function
the probability
of obtaining n successes, out of
 n describes

N
N!
N −n
(1
−
p)
,
where
=
N trials, given a probability of success p: N
p
n
n
n!(N −n)! .

This is found by solving ∂P(p−value|S)
= 0.
∂(p−value)
5
It is shown in 8.1.5 that this is true no matter what
R ∞ hypothesis test the p-value is coming from, under
one condition: that there exist a solution ζ for which ζ ρt (x) dx = α, where ρt is the PDF followed by the
test statistic (t) under H0 .
4
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discovery, would still have a probability of α to be wrong, i.e. α is the smallest false-discovery
probability we can have, if we declare H0 to be false.
In this thesis two complementary approaches are used in order to quantify the agreement
between data and MC simulation.
First of all, a simple t = − ln L test statistic is used to calculate a p-value, where L is the

likelihood of the background prediction being correct, given the observed data6 . p-values are
calculated for each mass bin in χ, such that p-values of lower mass bins can be used as a
quantitative indication of background validation. p-values are then calculated for the search
regions of the χ and Fχ (mjj ) analyses.
Secondly, for Fχ (mjj ), the BumpHunter [145] approach is used in order to identify the most
discrepant region of the observed spectrum, whilst also producing a p−value that includes
a trials factor: thus accounting for the fact that we are looking for new physics with more
than one test statistic (we must define a new test statistic for each mass window).

8.1.3

tχ = − ln Lχ test statistic and systematics with χ distributions

In the case of the normalised χ distributions, a test statistic tχ = − ln Lχ is constructed,

where we wish to assess the likelihood of observing di events in χ-bin i, given that we are
expecting bi . The likelihood distribution is therefore constructed using a Poisson7 probability
distribution:

"

tχ = − ln Lχ ≡ − ln

Y
i

Lχ,i (di |bi ) = −

X
i

#
bdi i ebi
ln
.
di !

(8.6)

A value of tχ is calculated for data and also for each of the PE. For each PE, a value of
di is produced by sampling a Poisson probability distribution with mean bi . Systematic
uncertainties are included as nuisance parameters, λν , reflecting the potential variation of
the JES and scale uncertainties and their effect on the expected number of events bi :
tχ = − ln Lχ = − ln
= −
6

YZ Z

X
i

i

Li (di |bi , λν )

Z Z 
ln

2
Y

dλν

(8.7)

ν=1

 2
bi (λν )di ebi (λν ) Y
dλν .
di !
ν=1

(8.8)

The exact prescription for calculating a likelihood depends on the type of process under consideration,
with two examples being given in this thesis: a Binomial process for F χ(mjj ) (see Section 8.1.4) and a
Poisson process for χ (see Section 8.1.3).
7
A Poisson distribution is obtained from a Binomial distribution in the limit of a large sample size N .
The probability of obtaining exactly n successes is given by ν n e−ν /n!, where ν is the expected number of
successes. In terms of the Binomial parameters: ν = N p.
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As discussed in Section 7.4.2, the PDF, JER and JAR uncertainties will not be considered,
since they are small compared to the JES and scale uncertainties.
The nuisance parameters are varied, in turn, such that their variation is captured into
the overall likelihood. Practically, this is done by generating PE for each of the nuisance
parameters where each parameter is varied. For the case of the JES, each jet is varied
according to a Gaussian of mean 0 and a variance corresponding to a the JES uncertainty
for that jet (as described in Section 5.4). This is done for each of 1000 PE8 . For the case of
the systematic uncertainty due to the renormalisation and factorisation scales, each of the
9 variations described in Section 7.4.1 is included on each of the JES pseudo-experiments.
This results in 9 × 1, 000 = 9, 000 PE.
A p-value is calculated, for each of the broad bins in dijet mass, as the number of PE resulting
in a value of tχ greater than or equal to the value observed in data. The χ distributions in the
lowest 4 mass bins can are used as further background validation (as discussed in Section 7.9),
and for the highest mass bin: the p-value is used as an indication of the presence of the NP.
The resulting p-values for each dijet mass bin are given in Table 8.1. The p-values for each of
mjj bin [GeV]
800-1200
1200-1600
1600 -2000
2000-2600

p-value
0.23
0.31
0.56
0.83

Table 8.1: Comparing χ distributions to QCD predictions. p-values are calculated for
each of the broad dijet mass bins using the likelihood defined in Equation 8.8.

the mass bins indicate reasonable agreement with the null hypothesis of QCD background:
i.e. non of the p-values are even close to α = 0.05.

8.1.4

tFχ = − ln LFχ test statistic and systematics with Fχ (mjj )

A test statistic tFχ = − ln LFχ is constructed from the Binomial probabilities LFχ ,i , for each

dijet mass bin i, of observing: di data events with y ∗ < 0.6, given that there are Di data
events in total with y ∗ < 1.7, and assuming an expected fraction Fχ,i of events with y ∗ < 0.6
due to background:
tFχ = − ln LFχ ≡ − ln
8

Y
i

LFχ ,i (di |Di , fi ) = −

X
i

 

Di
di
Di −di
ln
(Fχ,i ) [1 − Fχ,i ]
.
di

(8.9)

After performing calculations with varying numbers of PE, it was found that results were unchanged
when using > 1000 PE. Values of up to 10000 PE were tried.
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For each PE, a value of di is produced by sampling a binomial probability distribution with
parameters Fχ,i and Di , where Di corresponds to the number of events observed in data
for mass bin i. Systematic uncertainties are included as nuisance parameters, λν , reflecting
the potential variation of the JES and scale uncertainties and their effect on the expected
fraction Fχ,i (λν ):
 
Di
LFχ ,i (di |Di , Fχ,i (λν )) =
(Fχ,i (λν ))di [1 − Fχ,i (λν )]Di −di .
di

(8.10)

Denoting the JES and scale nuisance parameters as λ1 and λ2 , respectively, these nuisance
parameters are integrated-over in order to convolve systematic uncertainties with the final
likelihood:
− ln LFχ = − ln

YZ Z
i

LFχ ,i (di |Di , Fχ,i (λ1 , λ2 ))

2
Y

dλν

(8.11)

ν=1

2
X Z Z Di 
Y
= −
ln
dλν .
(Fχ,i (λν ))di [1 − Fχ,i (λν )]Di −di
d
i
ν=1
i

(8.12)

A p-value is calculated for the search region: mjj > 1798 GeV. Using the definition in
Equation 8.12, values are generated for each of 9,000 PE. The distribution of likelihood
values from the 900,000 PE is shown in Figure 8.1, along with the value in data. By looking
at the number of PE with a likelihood as extreme, or worse, than the value from data, a
p−value is determined to be 0.380. This value indicates a reasonable agreement between

Number of PE / 9e5

data and the QCD background prediction, taking all systematic uncertainties into account.

0.06
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∫Ldt = 4.8 fb

-1
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p-value = 0.380

0.04
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0
0
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-ln LFχ

Figure 8.1: − ln L distribution for Fχ (mjj ) PE compared to value from data. The
corresponding p-value is found to be 0.380.
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Statistical interpretation with BumpHunter

The BumpHunter [145] procedure scans localised windows of various width in the Fχ (mjj )
spectrum and returns a p−value that corresponds to the most discrepant region, i.e. the
region where there is the most significant deviation from the predicted QCD background.
The size of the window can vary from two to half of the number of dijet mass bins.
Using the results in data, a p−value is calculated for each mass window using Equation 8.10.
The resulting p−value for each mass window combination, is shown in Figure 8.2(a). The
figure shows that the mass range 1798−2882 GeV corresponds to the smallest p-value with a
value of O(10−18 ). However, this p-value does not take into account systematic uncertainties,

or the fact that we have performed multiple statistical tests over a much larger mass-range:

1
10-1

Pseudo-experiments

Binomial p-value of Interval

these effects must be included in a final p-value.

-3

10

10-5
10-7
10-9

107
6

10

105

103

10-13

102

10-15

10

10-19

s=7 TeV

Pseudo-experiments
p-value = 0.2033, corresponding to 0.83 σ
Most sig. region: 1798 < mjj < 2882 GeV

104

10-11

10-17

Value in data (4.8 fb-1),

1
2000 2500 3000 3500 4000 4500 5000
Reconstructed mjj [GeV]
(a)

0 50 100 150 200 250 300 350 400 450 500
BumpHunter Statistic: t = -ln LFχ
Fχ

(b)

Figure 8.2: (a) Possible resonance-like intervals with the corresponding probabilities in
data. Each possible mass window is shown as a red horizontal line. Systematic uncertainties
are not included. The interval with the smallest probability is found to be the region
1798 - 2882 GeV. Note that the p-values on the y-axis do not include a look-elsewhere
effect. (b) Likelihood distribution determined from pseudo-experiments used to convolve
the systematic uncertainties, and include a look-elsewhere effect, are employed to determine
the p−value that quantifies the agreement between the QCD prediction at data. The
resulting p−value = 0.2031, which corresponds to 0.83 σ.

A corresponding set of p-values calculations is carried out for the 900,000 PE described above:
taking statistical and systematic uncertainties into account. The smallest p−value for each
PE is identified and its tFχ = − ln LFχ is entered into the distribution shown in Figure 8.2(b).
Taking the smallest p−value, regardless of the mass window to which it corresponds, leads
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to the inclusion of a trials factor: allowing for the fact that there is no prior belief for a
discrepancy to appear at any particular mass range.
Comparing the value of tFχ in data to the distribution in Figure 8.2(b), we calculate a pvalue of 0.2031, which corresponds to a 0.83 σ deviation from the null hypothesis. This result
provides no evidence for a significant deviation from our null hypothesis, and therefore no
evidence for NP.

8.1.5.1

TailHunter configuration

An alternative configuration of the BumpHunter, known as the TailHunter, is used to
search for slow onset effects at the high-mass end of the distribution. The upper edge of
each mass window is fixed to the highest dijet mass bin in the spectrum and the search
window is then expanded downward, to include lower bins. The method then proceeds in
the same vein as the BumpHunter and the results are shown in Figures 8.3(a) and 8.3(b).
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Binomial p-value of Interval

The most discrepant region in data corresponds to the region mjj > 1798 GeV (i.e. the
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4

10

103
102

10-15
10-17

10

-19

10

10-21

1
2000 2500 3000 3500 4000 4500 5000
Reconstructed mjj [GeV]
(a)

0 50 100 150 200 250 300 350 400 450 500
TailHunter Statistic: tF = -ln LFχ
χ
(b)

Figure 8.3: (a) Possible threshold-like intervals with the corresponding probabilities in
data. Each possible mass window is shown as a red horizontal line. Systematic uncertainties
are not included. The interval with the smallest probability is found to be the region
mjj > 1798 GeV. Note that the p-values on the y-axis do not include a look-elsewhere
effect. (b) Likelihood distribution determined from pseudo-experiments used to convolve
the systematic uncertainties are employed to determine the p−value that quantifies the
agreement between the QCD prediction at data. The resulting p−value = 0.2111, which
corresponds to 0.80 σ.
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whole mass range), with a p-value = 0.2111, corresponding to a 0.80 σ deviation from the
null hypothesis. Again, this result indicates no evidence for NP.
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Limit-setting phase: constraints on new physics

In order to draw quantitative conclusions from a search for new physics, a null hypothesis
and at least one alternative hypothesis is defined. In this thesis, alternative hypotheses
consist of particular new physics models, for which a model parameter is allowed to vary.
In this case, an upper or lower limit can be placed on the values of this free parameter, at
some credibility level. For example, in a BSM scenario with extra dimensions it is useful
to establish which values of the fundamental Planck mass have been excluded by the data.
Since data are subject to statistical fluctuations, one must define a convention from which a
conclusion can be drawn that is beyond reasonable doubt. In this thesis, limits are set at the
(1 − α) = 95% credibility level.

8.2.1

Acceptance for signal samples

In Figure 8.4, the acceptance × efficiency for each signal considered in this thesis. These
values are calculated by comparing the initial number of events in each MC sample, to the
the number of events passing the complete event selection specified in Section 7.1. Values
are shown as a function of the signal model parameters: i.e. MD for the QBH samples, Mq∗
for the excited quarks and Λ for the contract interactions.
It can be seen that the acceptance and efficiency are roughly constant across the respective
parameter ranges. In the remainder of this thesis, the combined acceptance × efficiency is
denoted by A.

8.2.2

Limit setting with Fχ (mjj )

As discussed in previous chapters, the Fχ (mjj ) spectrum is sensitive to both resonant NP
and also processes with a slow-onset in mass. Example distributions of the signal samples
considered in this thesis are shown in Figure 6.9.
Two different limit setting approaches are employed depending on whether the signal model
under consideration interferes with the QCD background. For models such as excited quarks
and quantum black holes, which do not interfere with QCD, there is the possibility to
calculate a limit on the cross-section times acceptance for the model across the whole mass
spectrum. An alternative method must be used in the case of quark contact interactions.
The distinction between the two cases is made clear in the following two subsections.

100

Acceptance × Efficiency (%)

Acceptance × Efficiency (%)
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(a) QBH Signal Sample with n = 6.
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(b) Excited Quark Signal Samples
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Figure 8.4: Acceptance times efficiency for each of the signals considered in this thesis.
Values are shown as a function of the main signal parameters.

8.2.2.1

Limits on models that do not interfere with QCD

For a NP scenario that does not interfere with the dominant QCD background, it is possible
to set a limit on α×(σ×A), where σ is the cross-section for a given signal, A is the acceptance9

and α is a positive scaling factor. Starting with the likelihood defined in Equation 8.12, a
likelihood is calculated after an amount αθ (≥ 0) of signal sample θ has been added to the
9

In this thesis, the acceptance A is defined to include both the detector acceptance and efficiency.
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NLO QCD background10 :
LFχ ,i (di |Di , Fχ,i (λν )) → LFχ ,i (di |Di , Fχ,i (αθ , λν )),
where Fχ,i is now a function of αθ , as well as a function of each λν . In a given mass bin, the
number of QCD background events with |y ∗ | < 0.6 and |y ∗ | < 1.7 are denoted by binner and
btotal , respectively. The corresponding number of events from the signal prediction are αsinner

and αstotal . The expected value of Fχ,i (α) is therefore given by (binner + αsinner )/(btotal +
αstotal ). Since the signal prediction is also subject to nuisance parameters:
Fχ,i (α, λν ) =

binner (λν ) + αsinner (λν )
.
btotal (λν ) + αstotal (λν )

(8.13)

Using Bayes Theorem (See Equation 8.4), a limit can then calculated at the 95% CL:
Z

αlimit
θ

LFχ (Fχ (αθ )|di , Di ) dαθ

0.95 =

(8.14)

0
αlimi
θ

π(Fχ (αθ , Di ))
dαθ
(8.15)
N
0
Y
Z αlimit
2
X Z Z Di 
θ
1
di
Di −di
=
ln
dλν dαθ ,
Fχ,i (αθ , λν ) [1 − Fχ,i (αθ , λν )]
N 0
di
ν=1
i
Z

=

LFχ (di |Fχ (αθ ), Di ) ×

where a constant prior, π(Fχ , Di ) has been assumed11 .
In practice, values of α̂θ are chosen according to12 :
α̂θ (n) = 10(−5+10n/1000) ,

(8.16)

where n = 1, . . . , 1000. These choices of α̂θ ensure a full coverage over the full range of 10−5
to 105 . Increasing the number of steps was found to have an insignificant effect on the final
result, and a range of 10−5 to 105 in α̂θ was found to be sufficient to contain the limit of
each signal.
For each value of α̂θ , the likelihood is calculated, as described in the previous section. A
sum is formed of the likelihoods of increasing values of α̂θ (normalised to the total sum of all
likelihoods) to a value of 0.95. The value of α̂θ corresponding to last likelihood in the sum,
10

As described in Chapter 7, the NLO QCD background is produced by multiplying LO QCD spectra for
Fχ (mjj ) and χ with bin-wise NLO k-factors.
11
This is a reasonable assumption, since there is no reason to prefer one version of new physics to another.
12
Note that the final limit figures (e.g. Figure 8.5) are plotted with a log-scale on the y-axis. The
distribution of α̂θ is chosen to reflect the distribution of the resulting likelihoods and ensure a good coverage
over the full range of α̂θ .
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is α̂θlimit :

Pα̂θ =α̂limit
θ
α̂ =10−5

0.95 = Pα̂θ =105
θ
α̂θ

=10−5

LFχ (di |Fχ (α̂θ ), Di )

LFχ (di |Fχ (α̂θ ), Di )

.
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(8.17)

For each signal sample, θ, a value of α̂θlimit is calculated in data and for each PE. Looking at
Figure 8.5, as an example of a limit setting procedure for an excited quark, the black points
represent the values of α̂θlimit × σθ × A, from data, for each of the signal samples (which

are parameterised by different excited quark masses). The black dashed line surrounded by
green and yellow bands represent the mean, 1-σ and 2-σ values in the distribution of α̂θlimit
values coming from the 900,000 PEs.
The red dotted line in the figure, is formed from the values of σθ × A for each signal sample.
The points where the black dashed curve and the black solid curve cross the red dotted curve
determine the expected and observed upper limits on the model parameter13 , respectively.
Limits are set on both the excited quark model (q ∗ ) and the quantum black hole model
(QBH). The resulting limits for the excited quark (with the corrected FSR as explained in
Section 4.3) are shown in Figure 8.5. The analysis results in a lower limit on the mass of
the q ∗ , with an expected limit of 2.85 TeV and an observed limit of 2.75 TeV. Acceptance
values for the q ∗ mass points range between 86-89%.
For the Pythia 6 excited quark model with the mis-calculated FSR, the observed (expected)
limit is 2.86 TeV (2.95 TeV). This result in included in order to aid comparison to previous
ATLAS limits, as well as limits set by other experiments.
In the case of the QBH model, the limit setting is performed using signal samples with
n = 6 extra dimensions. Truth level distributions for QBH samples with a range of values
of n are shown in Figure 8.6. Figure 8.6(a) shows the normalised χ distributions for values
of n ranging from 3 to 7 - note that these distributions do not include QCD. Since these
distributions are normalised (and given they do not contain any SM QCD background) it is
clear that the angular distribution is independent of n. Figure 8.6(b) shows the cumulative
distributions of the normalised cross-section for values of n ranging from 3 to 7 - again, note
that these distributions do not include QCD. The fact that the cumulative dijet mass profile
for QBH is largely independent of n above the dijet mass thresholds that we are considering,
also suggests an acceptance independent of n in this mass region.
It is clear that the mass profile for the QBH samples is also largely independent of n. It is
therefore concluded that the acceptance of a given QBH signal mass point, is independent of
13

In the case of Figure 8.5, the model parameter, on which limits are set, is the mass of the excited quark:
mq ∗ .

×
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Figure 8.5: The 95% CL upper limits of σ × A as a function of the q ∗ mass using
Fχ (mjj ) (black filled circles). The black dashed curve shows the 95% CL upper limit
expected from Monte Carlo and the light and dark yellow shaded bands represent the 68%
and 95% contours of the expected limit, respectively. Theoretical predictions of σ × A for
the excited quark model as shown as dotted lines. The observed (expected) limit occurs at
the crossing of the theory curve with the observed (expected) 95% CL upper limit curve.

n extra
Expected
dimensions limit (TeV)
2
3.85
3
3.99
4
4.07
5
4.12
6
4.16
7
4.19

Observed
limit (TeV)
3.71
3.84
3.92
3.99
4.03
4.07

Table 8.2: Lower limits at the 95% CL on MD of the QBH model with n = 2 − 7 extra
dimensions.

the number of extra spatial dimensions. The acceptance of the fully-simulated n = 6 QBH
sample, which is close to 90 % for all values of MD , is then used as the acceptance for other
values of n and the resulting theory lines can be included in Figure 8.7. The resulting limits
on the reduced Planck Scale MD for the QBH model are shown in Table 8.2.
This approach to limit setting is dependent upon the ability to add an arbitrary amount of
signal to the QCD background, which can only easily be done for models where interference
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Figure 8.6: Distributions for QBH signal samples with n = 3, 4, 5, 6 and 7. QCD background is not included. Distributions suggest that angular distribution and mass profile is
independent of n.

with the QCD background is not a consideration.

8.2.2.2

Limits on quark contact interactions

MC samples of LO QCD production modified by quark Contact Interactions (CI) (as described in Section 4.3.2) are created for values of Λ ranging from 4.0 to 10.0 TeV. For the CI
distributions, QCD k-factors must be applied to the QCD-only components of the inner and
outer dijet mass spectra that form the numerator and denominator of Fχ (mjj ) respectively.
This is done by subtracting the LO QCD cross section from each sample, and then re-adding
the QCD cross section after the NLO correction has been included.
Individual Fχ (mjj ) distributions are smoothed by a fit in mjj . For the pure QCD samples
(corresponding to Λ = ∞) a second order polynomial is used, while for the MC distributions

with finite Λ, a Fermi function is added to the polynomial. The final fit function has the
form
f (x) = p4 × (1/ exp(p1 × (p2 − log(x))) + 1) + p3 , x = 1/Λ2

(8.18)

where p1 , p2 , p3 and p4 are parameters of the fit. Next, all mjj bins of the MC Fχ (mjj )
distributions are interpolated in Λ creating a smooth predicted Fχ (mjj ) surface as a function
of mjj and Λ. This surface enables integration in mjj vs Λ for continuous values of Λ and is
shown in Figure 8.8.

[pb]

105

×
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Figure 8.7: The 95% CL upper limits of σ × A as a function of the reduced Planck Mass
MD of the QBH model using Fχ (mjj ) (black filled circles). The black dashed curve shows
the 95% CL upper limit expected from Monte Carlo and the light and dark yellow shaded
bands represent the 68% and 95% contours of the expected limit, respectively. Theoretical
predictions of σ × A are shown for various numbers of extra dimensions. The observed
(expected) limit occurs at the crossing of the theory curve with the observed (expected)
95% CL upper limit curve.
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Figure 8.8: 2-dimensional surface of Fχ for quark contact interactions as a function of Λ
and mjj .
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Pseudo-experiments and a Bayesian limit method is then employed to construct a posterior
probability, assuming a prior that is flat in 1/Λ4 . For the case of destructive interference
(defined in Section 4.3.2), this analysis sets a 95% CL observed (expected) lower limit on
Λ > 7.6 TeV (Λ > 7.7 TeV). The observed posterior probability distribution function is

Posterior (Fχ)

shown in Figure 8.9.
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Figure 8.9: Limit setting for contact interactions using the Fχ (mjj ) distribution: observed posterior probability distribution function including systematic uncertainties due to
JES and scale uncertainty.

8.2.3

Limit setting with benchmark χ distributions

The highest mass bin in Figure 7.15 is used to set 95% CL limits on two NP hypotheses, CI
and QBH. In the contact interaction analysis, four MC samples of QCD production modified
by a contact interaction are created for values of Λ ranging from 4.0 TeV to 10.0 TeV. For
the CI distributions, QCD k-factors are applied to the QCD-only component of the cross
section, as follows: before normalising the χ-distributions, the LO QCD part of the cross
section, determined from a QCD-only simulation sample, is replaced by the QCD crosssection corrected for NLO effects.
Using the QCD distribution and finite set of MC CI distributions, each χ-bin is fit as a
function of Λ against a four-parameter interpolation function14 , allowing for smooth integration of the posterior probability density functions over Λ. From the signal fits, a posterior
probability density is constructed as a function of Λ. The systematic uncertainties described
in the previous chapter are convolved with the posterior distribution through PE, in the
14

This function has the same form as Equation 8.18.
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same way as the Fχ (mjj ) analysis. For the expected limit, PE are performed on the QCD
background and used as pseudo-data: as with the Fχ (mjj ) analysis. This analysis sets a
95% CL lower limit on Λ at 7.6 TeV with an expected limit of 7.7 TeV.
An analogous method is used to set limits on QBH, using eleven signal samples with MD
ranging from 2.0 TeV to 6.0 TeV. A constant prior in 1/MD4 is used, since this is proportional
to the cross-section. This analysis results in an expected and observed 95% CL lower limit
on MD of 4.20 TeV and 4.11 TeV, respectively.

Chapter 9
Summary and conclusions
9.1

Summary of results

In this chapter, the results of this thesis will be summarised, and compared to results form
independent analysis methods and experiments. Possible future analyses and developments
are also discussed, before concluding.

9.1.1

Results from search phase

Angular distributions of jet pairs (dijets) produced in proton-proton collisions at a centre-of√
mass energy s = 7 TeV have been studied with the ATLAS detector at the Large Hadron
Collider using the full 2011 data set with an integrated luminosity of 4.8 fb−1 , and reaching
dijet masses up to 4.5 TeV.
Searches are made by comparing data to an NLO QCD MC simulation, which presents the
dominant background for a search of this kind. The associated systematic uncertainties
have been considered, with the dominant contributions being due to the Jet Energy Scale
uncertainty and the uncertainty on the renormalisation and factorisation scale, µR and µF .
Searches have been performed by slicing the dijet angular-mass phase space in two ways:
normalised χ distributions are more sensitive to angular information, with a course bins of
dijet mass; whilst Fχ (mjj ) sacrifices some angular information in order to take advantage of
a finer granularity in mass.
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Once the background hypothesis was found to provide a good description of the data in
specified control regions, a quantitative search for significant deviations from the predicted
background was performed in pre-specified search regions of the phase space.
For the analysis with χ distributions, a p-value for the the search region (mjj > 2 TeV) was
calculated, including systematic uncertainties, and found to be 0.83. This value indicates
reasonable agreement with the null hypothesis of QCD background.
For the Fχ (mjj ) analysis, a p-value for the search region (mjj > 1798 GeV) was calculated, including systematic uncertainties, and was found to be 0.380. This value indicates a
reasonable agreement with the null hypothesis of QCD background.
The BumpHunter search algorithm was also applied to the Fχ (mjj ) distribution, including
systematic uncertainties, which identified the mass range 1798 < mjj < 2882 GeV as the
region with the most significant discrepancy between the data and the QCD null hypothesis.
The p-value for this discrepancy, including look elsewhere effect, is 0.2031. This p-value does
not suggest the presence of any new physics effect.

9.1.2

Results from limiting setting stage

Dijet angular distributions have been studied by the ATLAS experiment over a large angular
range and spanning dijet mass up to approximately 4.0 TeV. Since, all angular distributions
are consistent with QCD predictions, this analysis places limits on hypotheses of physics
phenomena beyond the Standard Model, including quark substructure and strong gravity.
The resulting limits described in this thesis are presented in Table 9.1.
Model and Analysis Strategy

95% C.L Limits [TeV]
Expected Observed
Excited quark, mass of q ∗
Resonance in Fχ (mjj )
2.85
2.75
Contact interaction, Λ, destructive interference
Fχ (mjj )
7.7
7.6
χ, mjj > 2.6 TeV
7.7
7.6
Quantum black hole for n = 6, MD
Fχ (mjj )
4.16
4.13
χ, mjj > 2.6 TeV
4.20
4.11
Table 9.1: The 95% CL lower limits on the masses and energy scales of the models
exampled in this thesis. All limit analyses are Bayesian, with statistical and systematic
uncertainties included.

Chapter 9 Summary and conclusions
For

132

√
s = 7 TeV pp collisions at the LHC, the integrated luminosity used in the current stud-

ies represents a substantial increase over that available in previously published ATLAS dijet
searches. A comparison of previous dijet angular analysis results from ATLAS is presented
in Table 9.2.

Fχ (mjj )
Fχ (mjj )
χ
Fχ (mjj )
χ

36 pb−1 [15]
4.8 fb−1 [31]
Excited quark, mass of q ∗
2.12 TeV
2.85 TeV
Quantum black hole for n = 6, MD
3.49 TeV
4.16 TeV
3.36 TeV (mjj > 2 TeV) 4.20 TeV (mjj > 2.6 TeV)
Contact interaction, Λ, destructive interference
5.2 TeV
7.7 TeV
5.4 TeV (mjj > 2 TeV) 7.7 TeV (mjj > 2.6 TeV)

Table 9.2: ATLAS previous and current expected 95% CL upper limits on new phenomena. The current expected limits for q ∗ cannot be compared directly to the previous limits
since they have employed Pythia 6 samples with an error in the simulation of final state
radiation. Had such samples been used in the current analysis, the expected q ∗ limit would
be 0.10 TeV higher. For the 36 pb−1 [15] results, the more conservative Bayesian Fχ (mjj )
limit on Λ is quoted.

No other experiments have set limits on the QBH model described in this thesis, nor have
limits successfully been set using alternative final state signatures. The CMS collaboration
has, however, published results on a similar QBH model, which allow for a difference between
MD and the minimum possible black hole mass [146]. With a branching ratio of 96.35 %
to dijet final states (see Table 4.2), the QBH signal will be much weaker in other final
states. However, there are plans within ATLAS to set limits on this model in the analysis
that searches for new particles decaying into top - anti-top quark pairs. Although the
limits on MD from this analysis more stringent that those given in Section 4.1.2, they are,
unfortunately, not directly comparable due differences in the underlying extra dimensional
models and phenomenology.
The excited quark model has been investigated in other experiments, and other final states.
The best non-LHC exclusion limits, to-date, on the mass of the q ∗ were set by CDF Run 2
√
at the Tevatron ( s = 1.96 TeV) and excluded the mass region 260 < mq∗ < 870 GeV [102].
√
From the CMS experiment (also with s = 7 TeV), a limit has been calculated in the
dijet channel of mjj > 3.32 TeV [146], and also a limit in the q ∗ → qW and q ∗ → qZ of

mjj > 2.38 TeV and mjj > 2.15 TeV, respectively [147]. Within ATLAS, limits on mq∗ have
been calculated for γ-jet final states (mq∗ > 2.46 TeV) [148].
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The quark contact interaction model has also been investigated for alternative final states,
and by other experiments. Previous restrictions on the scale Λ of such contact interactions
√
have been placed using data from the Tevatron ( s = 1.96 TeV) excluding Λqq > 2.7 TeV at
the 95% confidence level [106]. Within ATLAS, limits have been placed on Λ by analysing
finals states with two leptons [149] ranging from 9.0 to 13.9 TeV, depending upon the lepton
flavour and the exact model configuration. The CMS experiment has also published results:
setting limits using the inclusive jet pT spectrum of Λ > 9.9 − 14.3 TeV, depending upon

the exact model configuration [150]; and also setting limits in the dimuon channel of Λ >
9.5 TeV [151].
Note that a direct comparison cannot be easily made between the above results from competing experiments and analyses. This is due to the fact that different statistical methods
(e.g. Bayesian vs Frequentist) and also different new physics model parameters have been
used.

9.2

Comparison of dijet analysis techniques

As discussed in Section 6.4, when comparing limits from the χ and Fχ (mjj ) analyses, the χ
distributions give up some resolution in mjj in order to achieve a high precision measurement
of the changing shape of the angular distribution as mjj rises. Each limit setting method
will therefore make more use of information about either the angular or the mass differences
between the SM background and NP signal.
From Table 9.1, we see that the limits calculated using χ and Fχ (mjj ) are the same for
the contact interaction model. However, for the QBH model the expected limit on MD
calculated from the χ distribution is larger than the expected limit calculated from the
Fχ (mjj ) distribution. Given the expected limit of MD = 4.20 TeV from the χ analysis,
Figures 6.8 and 6.9 suggest why this is the case. Figure 6.9 shows that the MD = 4 TeV
begins to depart from the QCD background at around 2.5 TeV. This is very close to the
lower boundary for the search region in χ. Therefore, one explanation of a high limit using
χ, could be due to the coincidence of choosing a search region in χ (whose definition is
independent of any particular NP model), which happens to contain close to the optimal
value for the signal to background ratio, whilst also retaining the higher resolution angular
information.
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The independent dijet resonance search

Within [31], and alongside other previous ATLAS dijet angular distribution publications [15],
searches for NP have been performed using the dijet mass spectrum. Whilst the event
selection for this analysis is close to that of the angular analyses in many ways, there are
also some big differences. Most importantly, the resonance analysis does not make use of a
MC simulation to model the SM QCD background. Instead, a fit is performed of the dijet
mass spectrum in data, and then deviations from this fit are quantified. The fit function
√
is of the form f (x) = p1 (1 − x)p2 xp3 +p4 ln x , where x = mjj / s and p1 , p2 , p3 and p4 are

parameters of the fit. In the event that there is no feature in the spectrum with a significant
deviation from the fit, limits setting calculations are performed, where the fit is used as the
null hypothesis.
Using a fit, as opposed to a NLO QCD prediction, makes for a streamlined analysis process,
allowing the production of fast and reliable results. Whilst the use of a fit also eliminates
systematic uncertainties due to the scale and PDF uncertainties associated with the QCD
MC, the analysis is subject to an uncertainty associated with the fit itself, and also an
uncertainty due to the luminosity of the data that is being fitted. The use of a fit can also
reduce sensitivity to the effects of some NP signals. For example, it is possible to fit a NP
scenario which predicts a smooth departure from the SM as a function of mjj , or even a very
broad resonance that extends to high dijet invariant masses.
The BumpHunter procedure is performed on the mjj spectrum, where for each window
under consideration, a new null hypothesis is calculated: as the fit of the dijet mass spectrum
excluding the window under consideration. Using the full 2011 dataset, corresponding to
4.8 fb−1 , the most discrepant region is found to be 2.21 TeV to 2.88 TeV. The probability of
observing such an excess or larger somewhere in the mass spectrum for a background-only
hypothesis is 0.69. This test shows no evidence for a resonance signal in the mjj spectrum.
For the independent dijet resonance analysis, expected and observed limits are calculated for
the mass of the q ∗ with values of 2.94 TeV and 2.83 TeV, respectively. The expected limit
from the mjj search is better than that from the Fχ (mjj ) analysis by 0.9 TeV. This can be
explained by considering the above differences between the background predictions for the
analyses.
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Future work and conclusions

For 2012 running, the collision of the LHC have been raised from 7 TeV to 8 TeV. The higher
energy, and the associated rise in parton luminosity, will increase search sensitivities and the
possibility of NP discoveries. The analysis presented in this thesis will, most likely, present
√
the last analysis of its kind for proton-proton collisions at s = 7 TeV and will therefore
√
provide a reference for the study of energy-dependent effects in s = 8 TeV proton-proton
collisions, and future experiments. In terms of analysis methodology and techniques, there
is still room for improvement and advancement in a few areas.
As the tools for QCD calculation and simulation improve, it may be possible to reduce the
effect of systematic uncertainties due to factorisation and renormalisation scales, whilst also
potentially allowing the possibility of higher order QCD simulation (NNLO and beyond).
It is also hoped that the uncertainty due to JES can be reduced in future analyses: new
techniques aiming calibrate the energy of the highest energy jets are under development
within the ATLAS collaboration and will hopefully be deployed soon.
Whilst it may be possible to focus a search for resonant new physics decaying into heavier
quark flavours, such as the bottom and top quark, the arguments for disentangling angular
behaviour as described in this thesis will probably not apply. This is due to the fact that
SM production of heavier quark flavours, at the high dijet masses in question, will have a
larger contribution from s-channel processes.
In any event, as the LHC probes yet higher energies, it is hoped that the analysis techniques
and discussion in this thesis will be utilised and developed further - and with any luck will
contribute to the discovery of physics beyond the standard model - which ever form this may
take.

Chapter 10
Metadata aided run selection
Management of the large volume of data collected by any large scale scientific experiment
requires the collection of coherent metadata quantities, which can be used by reconstruction
or analysis programs and/or user interfaces, to pinpoint collections of data needed for specific
purposes.
In this chapter, a new web based interface called “runBrowser”1 , which makes these Conditions Metadata available as a Run based selection service, is introduced.
This chapter is based on results [20], which I presented at the CHEP 2010 conference in
Taipei, Taiwan.

10.1

Introduction & motivation

The LHC is currently the world’s largest and highest energy particle accelerator. After over
10 years of waiting, thousands of physicists scattered throughout the world are eager to get
their hands on this long awaited data. With beam crossings at a rate of 109 s−1 during
regular LHC operation, the ATLAS detector will produce petabytes of data which must be
managed and processed in a computing grid which extends world-wide.
As we deal with these new levels of data acquisition rates, size and complexity, it is increasingly important to ensure that data, and metadata (i.e. data about data) are stored in an
efficient and easily accessible manner which is able to take advantage of the latest database,
software and internet technologies available. This is achieved through the use of various
1

runBrowser has recently been renamed COMA Browser
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database systems coupled with a variety of purpose built interfaces: each with a different
role and purpose.

10.2

ATLAS Conditions Database

Over the course of a physics Run2 , there are many variables relating to the operation of the
beam and detector which can vary considerably. These ‘conditions’ are not recorded on an
event-by-event basis but are instead organised into an IOV (Interval Of Validity). This can
be an interval in time or a period specified by a range of Run Numbers or Luminosity Blocks3 .
‘Conditions data’ are stored in the ATLAS Conditions Database which is accessed using
the COOL (Conditions database Of Objects for LHC) API (Application Programming
Interface).
Examples of conditions stored in the ATLAS Conditions Database are: LHC beam conditions, online configuration and operation, calibration & alignment, data quality, luminosity
normalisation, object reconstruction efficiency and book-keeping data for various cross checks
of data completeness/integrity.
The runQuery [152] utility is the web interface to Run-related information in the Conditions
Database. Users are able to find Runs and their associated information using a command
line interface. This interface does not however allow the user to see what they are selecting
from. Output from runQuery is in the form of a human-readable table and an XML output4
containing all Luminosity Blocks from the selected Runs.

10.2.1

Metadata

Management of the large volume of data collected by any large scale scientific experiment
requires the collection of coherent Metadata quantities, which can be used by reconstruction
or analysis programs and/or user interfaces, to pinpoint collections of data needed for specific
purposes. The production of these metadata has many advantages [153] making it possible
to
2

A Run is a consecutive interval of time of data recording, usually a few hours in duration, during which
many aspects of the detector configuration are constant.
3
A Luminosity Block is a period in time, usually lasting a few minutes, for which the instantaneous
luminosity is approximately constant.
4
This format is that of a ‘Good Run List’ [135] which can be used within the ATLAS Athena framework
allowing users to run their analysis on only those luminosity blocks which have satisfied their selection
criteria. This analysis can be run on the Grid where it will automatically locate and run over only the files
necessary to include all the specified runs.
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Figure 10.1: The three dedicated metadata repositories in the ATLAS Experiment [154].
The AMI (ATLAS Metadata Interface) database stores metadata about datasets, with
inputs from Distributed Data Management (DDM), Production Systems (ProdSys) and
the Tier-0 of the Grid. The COMA database stores Run/LB level metadata and the TAG
database stores event-level metadata, and both systems are discussed further in the text.

• know which data does not have sufficient quality to be included in a final analysis,
• improve and/or understand the resolution of various measurements and their efficiencies,

• follow the data through various stages of processing (and know when processing failure
occurs) and

• make the connection between the data in the final physics analysis to the conditions
existing when those events were recorded online.

In the ATLAS experiment at the LHC, metadata from systems storing non-event-wise data
(Conditions) has been collected into a relational database.

The COMA (COnditions

5

Metadata) database tables not only contain conditions known at the time of event recording, but also allow for the addition of conditions data collected as a result of later analysis
of the data (such as improved measurements of beam conditions or assessments of data
quality).
The COMA Database is one of the three dedicated metadata repositories in the ATLAS
Experiment (see Figure 10.1).

10.3

Event selection using ATLAS TAGS

Building on the experience of previous experiments, ATLAS is attempting to go one step
further and build an event-level selection capability allowing the user to select only those
5

This acronym has recently been redefined to stand for COnditions/COnfiguration Metadata for
ATLAS.
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events which are of particular interest. The RAW data collected by the ATLAS detector
is passed through various stages of processing in order to produce slimmed and compact
data sets which contain only those variables essential to the end user. The final smallest
files produced, TAGs, are produced for each event and contain all of the variables needed to
make an event selection. When a user runs their analysis code using TAGs on the Grid, the
software will find the original larger data set in order to access all of the required data.
ELSSI (Event Level Selection Service Interface) [155] allows users to make an event level
selection based on TAGs. Selection can be made using criteria, stored at the event level,
such as physics stream, run number, triggers and physics objects in the event.
But many run-level selections, such as conditions of data taking and processing, are outside
the scope of event level selections because that data is not stored event-by-event. So, a
run-level selection system is needed.

10.4

runBrowser - Dynamic metadata aided Run selection

The ATLAS metadata infrastructure has been designed to facilitate logical and efficient
access to all flavors of analysis. The runBrowser interface [155], shown in Figure 10.2, allows
users to select Runs based on all available conditions data and conditions metadata. A flow
diagram of their dependencies is shown in Figure 10.3. The target audience of the interface
ranges from those who are not aware of exactly what data is available (and therefore a
dynamic selection interface gives transparency) to the expert user who wants full flexibility
to select a precise combination of Luminosity Blocks based on all available information.
The bulk of the browser is coded using PHP, interfaced with HTML and CSS. Faced with the
challenge of allowing selection from such a large pool of information, we employ JavaScript
and jQuery to develop the ‘ergonomics’ of the interface. Although a first version has now
been put into production, there are still many plans for further development - this is discussed
in section 10.5.
The main page consists of multiple expandable sections: one for each selection criteria.
Using jQuery, the user may collapse and expand each section to reveal the values which are
available for selection. In most cases these values are in the form of a table. Values are
retrieved from the database using SQL queries which are built using PHP. For some criteria,
a text box alternative is included allowing the use of ranges and wild-cards - for example, a
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Figure 10.3: Flow diagram of the relational dependencies of the Data Bases (DB), COMA
tables and the various interfaces. Solid (red) lines signify transfer of metadata and dashed
(blue) lines signify transfer of data.

run selection may consist of 152409-152415,15250%6 . There is also one expandable section
which contains all those criteria which have been selected so far. If a user has made a
selection using a text box, they may also edit/update the contents of the text box without
‘going back’ to a previous page.
Selection criteria can be split into two types: those which allow the user to select whole runs;
and those which allow the user to make a Luminosity Block level selection. The selection
criteria which are currently included in the the interface are:
• Data Source - i.e. Is the data simulation or ‘real’ data?
• Run Type - Allows more specific selection for simulation data: e.g. runs based on
different Monte Carlo releases and the ATLAS Full Dress Rehearsal (FDR) simulated
Runs.
• Date Range - Allows users to select the dates between which a selections of Run have
taken place. It also includes a dynamic pop-up calendar.

6

In the SQL environment, the percentage sign (%) is the symbol for a wild-card.
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• Period Selection - Periods are periods in time for which LHC configuration was

approximately stable. The periods are human defined and allow a convenient division
of the data into smaller, more manageable chunks.

• Filename (Project) Names - A further tag given to data.

Examples include

‘data09 900GeV’ and ‘data10 7TeV’.

• Trigger Master Key7 - Each set of unique logical conditions imposed by the online
(or simulated) trigger system is assigned a unique integer ‘Trigger Super Master Key’.
runBrowser allows selection of one or more of these keys.
• DAQ Configuration - This is an online configuration tag used by the Tier 0 - may be

useful to experts in a detector and TDAQ (Trigger & Data AcQuisition) commissioning.

• Detector Status Conditions Tag8 - Detector Status (Data Quality) is assessed on
a Run/Luminosity Block level by experts. When a set of DQ assessments becomes
official, that set is assigned a unique tag in the ATLAS Conditions Database called a
‘Conditions Tag’.
• Run Number - This table shows the runs which fit all of the selection criteria so
far. With each Run are associated links to run specific information on AMI9 [156],

runQuery (see section 10.2) and a separate interface to the trigger database [157].
The table also includes a link to the runBrowser Run Report for each run. This
report contains a concise compilation of the information contained within the COMA
tables. This information currently includes general Run conditions, load status, debug
information, DQ assessments, prescale evolution and trigger information.
• Current status of TAG availability - This Yes/No selection allows the user to select

Runs which are available, via the ELSSI browser, to the TAG DB: Current policy is to
keep only the 2 latest processing of Runs available in the TAG database- this directs
the user to the latest/best data and conserves database resources to optimize that
access.

Help and documentation is available throughout the interface in the form of pop-up windows,
an expandable section containing ‘Purpose and Instructions’ and short strings of text which
appear when the cursor hovers over certain objects.
7

Selection of a Trigger Master Key then allows further selection of the Level 1 and High Level Trigger
(HLT) prescales.
8
Selection of a Detector Status Condition Tag then allows further selection of individual detector flags
(shown in Figure 10.2). It is also possible to choose from a list of pre-prescribed ‘Virtual Flags’ [135] which,
using JavaScript, automatically set each of the individual detector flags to the correct position.
9
AMI is a cataloging system using the Tier 0 database and production database in order to display
information about all of the registered ATLAS datasets.
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Figure 10.4: Screen shot from runBrowser results page

10.4.1

runBrowser Results

When a set of COMA selections are complete, runBrowser produces a results page (shown
in Figure 10.4) containing a human readable report as well as an XML file in a standardized
ATLAS format (see footnote 4). This XML can be saved for later use or refinement in a
future runBrowser session, shared with physics/detector groups, or used as input to ELSSI
or other ATLAS run or event processing services.

10.5

Conclusions and future work

At present the runBrowser interface facilitates logical, dynamic and efficient access to COMA
information, allowing users to choose a selection of runs (or Luminosity Blocks) for further
analysis. The interface, as well as the COMA tables themselves, are still in development and
there are plans to add:
• Stable Beams - A boolean selection allowing the user to include only those Luminosity

Blocks, within a run, for which the collisions in the detector are in a stable state which
is good for data taking.

• ATLAS Ready - A boolean selection allowing the user to include only those Luminosity Blocks, within a run, for which the ATLAS detector has declared itself ‘ready’.
This flag will only be true during a period of stable beams.

Chapter 9. Metadata aided run selection
• Specific Magnet Information - the status of the ATLAS toroid and solenoid.
• Also other information concerning Luminosity, triggers and data streams.
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Appendix A
Determination of binning in χ and mjj
A.1

Determination of binning in χ

The fine χ binning is determined by considering the purity and stability of bin migrations
in χ. These quantities are designed to quantify the bin migrations when going from truth
level information to fully-reconstructed simulation level. These quantities are defined as
P urityij =

Nrec(i)&gen(j)
Nrec(i)&gen(j)
and Stabilityij =
Nrec(i)
Ngen(j)

(A.1)

where Nrec(i)&gen(j) is, for a given Monte Carlo sample, the number of jets or events which
are placed in bin j using particle level truth information and are placed in bin i using
reconstruction-level data. Nrec is the total number of reconstructed entries in bin i and
Ngen(j) is the total number of entries using truth information in bin j. It is noted that
P
P
j P urityij = 1 for all i and
i Stabilityij = 1 for all j. Using this prescription, the
optimal binning is achieved through a high bin P urityi=j and Stabilityi=j over the whole
range of χ.
Two further aspects to be considered are the ability to resolve the detailed shape of χ-spectra
at low χ (where new physics models predict an excess), and the typical cell granularity of
the ATLAS hadronic calorimetry (which is 0.1 in η for the Tile Calorimeter). In a previous
ATLAS study [138] it was found that small migrations of the jet axes due to the granularity
can be observed, which lead to a modulation of jet η-spectra with a periodicity of 0.1.
As migrations and the same periodicity result for η-differences, it is advisable to place the
borders of χ-bins at points of minimal migration to minimise the influence on χ spectra. It
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was found in [138] that borders bi of bins satisfy the last two considerations:
bi = exp(0.1 × a × i), a ∈ ℵ,

(A.2)

Combined with a value a of 3, continuously high values of purity and stability are obtained,
as seen in Fig. A.1. The resulting values (with the exception that the final bin is extended

1

Purity

Stability

to χmax = 30) are shown in Table A.1.
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Figure A.1: Stability and purity, considering migrations in χ and Mjj , for two mass
bins [138].

1 1.350 1.822 2.460 3.320 4.482 6.050 8.166 11.023 14.880 20.086 30
Table A.1: Table containing χ bin boundaries. Taken from [138].

A.2

Determination of fine binning in mjj

The Fχ (mjj ) analysis uses a mjj binning that is motivated by the absolute mass resolution
of the reconstructed signal. A detailed explanation of the this method is given in Chapter
4 of [100]. The width of a reconstructed signal in mjj is a convolution of the intrinsic mass
width and the energy resolution of the two reconstructed jets (see Figure A.2).
The dijet mass resolution, σmjj /mjj , is calculated for fully-reconstructed excited quark samples, for a range of mq∗ . The distribution is then fit with a function of the form
σmjj
b
=√
⊕ c,
mjj
mjj

(A.3)
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Figure A.2: The reconstructed mjj distributions, in constant bins of 5 GeV due to
hypothetical excited quarks with masses of 200, 300, 400, 500, 600, 800, 900 and 1000 GeV
are shown after applying the selection criteria [100].

as motivated in Section 5.5.2 of this thesis. Parameters of b = 1.7 ± 0.1 and c = 0.054 ± 0.004

are found with a p-value of 0.1324. Using the above fit, bins of size σmjj are chosen with a
minimum mass of 500 GeV.
The study results in dijet mass bin boundaries of: 500, 548, 601, 657, 717, 780, 847, 919, 995,
1076, 1162, 1253, 1350, 1452, 1561, 1676, 1798, 1927, 2064, 2209, 2363, 2526, 2699, 2882,
3076, 3281, 3498, 3728, 3972, 4230, 4503, 4792, 5098, 5422, 5765, 6128, 6513, 7000 GeV.

Appendix B
Comparing ATLFAST II to Geant
full simulation
The full 2011 dataset, with an integrated luminosity of 4.8 fb−1 represents a substantial
increase over 2010, and has greatly decreased the statistical uncertainties in data distributions. This necessitates a corresponding increase in the size of MC samples, to prevent MC
statistical fluctuations from becoming a dominant source of uncertainty in dijet mass and
angular analyses. Full simulation of events using GEANT4 is time intensive, and the available Grid capacity does not allow for the processing of larger fully-simulated MC samples
on the timescales required for publication of results.
The ATLFAST II [65] program, which employs FastCaloSim [66] for calorimeter simulation,
typically runs one order of magnitude faster than Geant, and is in the process of becoming
the new default for MC full simulation. To validate this new procedure, MC truth samples
have been passed through ATLFAST II detector simulation and compared to Geant full
simulation of the same samples.
Pythia 6 dijet event samples are typically generated in broad bins of partonic pT . The
Geant samples have J0-J8, with 2.8 million events for J3 through J6, and 1.4 million each
in J7 and J8. In order to increase the statistics for the angular distributions, the ATLFAST
II samples have the partonic range of J7 split into two halves; J7a from 1120 to 1680 GeV
and J7b from 1680 to 2240 GeV. The ATLFAST II samples have 1.4 million events for J0-J3
and for J7, J7a and J7b, and 2.8 million events for J4-J6 and J8. Note that in order to
avoid double counting the J7 cross section, all weights of the J7(a/b) samples get a factor
0.5. Each simulation comes with its own set of calibration constants.
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Figures B.1 through B.3 compare Geant and ATLFAST II simulation samples. These plots
are the 11-bin χ distributions in each of the five mjj bins. Within statistical uncertainties,

(1/σ) dσ / dχ

(1/σ) dσ / dχ

Geant and ATLFAST II are in close agreement in all χ and mjj bins.
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Figure B.1: χ distributions, comparing ATLFAST II to Geant simulation in the lowest
mjj bins
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Figure B.2: χ distributions, comparing ATLFAST II to Geant simulation in intermediate mjj bins
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Figure B.3: χ distributions, comparing ATLFAST II to Geant simulation for highest
mass bin, 2600 < mjj < 7000 GeV

Appendix C
Determination of trigger efficiencies
As described in Section 3.3, the ATLAS trigger system is composed of 3 levels. After an
initial period of data-taking with only the Level 1 (L1) trigger in operation, the Level 2 (L2)
and Event Filter (EF) were used from August 2010. Each of the single jet trigger chains
is formed from a L1, L2 and EF component. Each of the trigger levels must be considered
when calculating the efficiency of the overall trigger chain.
In this analysis, we use the bootstrap method [158] in order to calculate the trigger efficiency.
This method proceeds by taking the the ratio between all events where at least one of the
jets fired the trigger, and all events considered, where the latter events are counted using a
trigger chain with a lower threshold. The dijet invariant mass, mjj , of the leading jet pair
is calculated for each of the events and then the efficiency is plotted as a function of mjj .
The trigger efficiency is dependent upon the η of the jet from which it is triggered, since
this will determine which part of the detector hardware was responsible for measurement.
It is therefore important to calculate the trigger efficiency for the subset of events which
satisfy the restrictions placed upon y ∗ and yB . Figures C.1(a) and C.1(b) therefore display
the trigger efficiency, split between two ranges in y ∗ , where events with lower values of y ∗
contain jets that have a larger transverse component in the detector. It can be seen that the
trigger efficiency is generally better for events containing centrally produced jets.
Within [159], trigger efficiencies are also calculated as a function of jet transverse momentum,
pT , and jet rapidity, y. It is demonstrated that the efficiency as a function of jet pT is
dependent upon the rapidity of the jet (with reduced efficiencies at larger rapidity), however
when considering jets with 1.2 < |y| < 2.1, all tiggers are found to be efficient above 300 GeV.
In order to include as many events as possible in the efficiency determination of a given
trigger, a trigger decision is reconstructed offline for all events that pass the lower-energy
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reference trigger. A trigger decision can be determined by looking at the energy recorded
at level 1, level 2 and the event filter, and requiring that the energy at each trigger level is
above the required threshold.
Although the above method is constrained to the number of events passing the reference trigger (after prescale), the statistics are sufficient to construct the efficiency curves in Figure C.1
as a function of mjj .
By zooming into these plots, one is able to determine that value of mjj above which the
efficiency is > 99%, which is an ATLAS convention for trigger efficiency requirements.

Trigger Efficiency
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Figure C.1: Trigger efficiencies as a function of mjj . Efficiencies are provided to dijet
events with (a) 0.0 < y ∗ < 0.6 and (b) 0.6 < y ∗ < 1.7 [130].

Appendix D
Debug stream investigation in early
data
An analysis with early 2010 data was performed in order to assess whether potentially
interesting jet events are systematically causing triggers within the detector to fail and/or
time-out. If the trigger system is biased towards rejecting events of a certain type, this could
bias many physics analyses. It is therefore critical that the characteristics of events that are
in the debug stream are understood so that, where possible, improvement can be made to
the trigger.
An early study found that events containing punch-through jets, resulting in a large number
of muon hits behind the jet, were causing a time-outs in muon trigger chains. This resulted
in a bias for events containing high-momentum jets or high jet multiplicity to be placed into
the debug stream: and so excluded from an analysis. One of the distributions from this study
is shown in Figure D.1: the transverse momentum, pT , of jets from events is shown for both
the physics stream, and for the debug stream, know as debugrec hltacc. The rate of events
entering the debug stream is seen to approach 0.3 % for a jet with transverse momentum
∼ 350 GeV.
In reaction to this study, the muon trigger was re-configured for faster performance, and the
bias was removed [28].
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(a)

(b)

Figure D.1: (a) Event display for a debug stream event. The event contains two high
pT jets, with the upper jet pointing to numerous red hits in the muon detectors. These
muon hits are indicative of jet punch through. (b) Distribution of jet momentum for events
which enter the physics stream vs. the debug stream. A clear bias can be seen for events
with high pT jets to be passed to the debug stream.
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Appendix E
BlackMax paramter.txt
Below is the contents of the parameter.txt file used to generate the Quantum Black Hole
model used in this thesis.
Number_of_simulations
5600
incoming_particle(1:pp_2:ppbar_3:ee+)
1
Center_of_mass_energy_of_incoming_particle
7000
M_pl(GeV)
1000.
definition_of_M_pl:(1:M_D_2:M_p_3:M_DL_4:put_in_by_hand)
1
if_definition==4
1.
Choose_a_case:(1:tensionless_nonrotating_2:tension_nonrotating_
3:rotating_nonsplit_4:Lisa_two_particles_final_states)
4
number_of_extra_dimensions
6
number_of_splitting_dimensions
0
size_of_brane(1/Mpl)
0.0
extradimension_size(1/Mpl)
10.
tension(parameter_of_deficit_angle:1_to_0)
1.0
choose_a_pdf_file(200_to_240_cteq6)Or_>10000_for_LHAPDF
10800
Chose_events_by_center_of_mass_energy_or_by_initial_black_hole_mass
(1:center_of_mass_2:black_hole_mass)
2
Minimum_mass(GeV)
1000.
Maxmum_mass(GeV)
7000.
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Include_string_ball:(1:no_2:yes)
1
String_scale(M_s)(GeV)
0
string_coupling(g_s)
0
The_minimum_mass_of_a_string_ball_or_black_hole(in_unit_Mpl)
1.
fix_time_step(1:fix_2:no)
2
time_step(1/GeV)
1.e-5
other_definition_of_cross_section(0:no_1:yoshino_2:pi*r^2_3:4pi*r^2)
2
calculate_the_cross_section_according_to(0:the_radius_of_initial_black_hole
_1:centre_of_mass_energy)
1
calculate_angular_eigen_value(0:calculate_1:fitting_result)
0
Mass_loss_factor(0~1.0)
0.
momentum_loss_factor(0~1.0)
0.
Angular_momentum_loss_factor(0~1.0)
0.
turn_on_graviton(0:off_1:on)
0
Seed
1
Write_LHA_Output_Record?_0=NO__1=Yes_2=More_Detailed_output
2
L_suppression(1:none_2:delta_area_3:anular_momentum_4:delta_angular_momentum)
1
angular_momentum_suppression_factor
1
charge_suppression(1:none_2:do)
1
charge_suppression_factor
1
color_suppression_factor
20
split_fermion_width(1/Mpl)_and_location(from-15to15)(up_to_9extradimensions)
u_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_quark_Left(Note:do_not_insert_blank_spaces)
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1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_bar_quark_Right(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_bar_quark_Left(Note:do_not_insert_blank_spaces)
1.0
10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_-_Left(Note:do_not_insert_blank_spaces)
1.0
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-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_-_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_+_Left(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_+_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu_-_Left(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu_-_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu_+_Left(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu_+_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_-_Left(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_-_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_+_Left(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_+_Right(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_e-(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_e+(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_mu-(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_mu+(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_tau-(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_tau+(Note:do_not_insert_blank_spaces)
1.0
-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
number_of_conservation
1
d,s,b,u,c,t,e,mu,tau,nu_e,nu_mu,nu_tau
1,1,1,1,1,1,0,0,0,0,0,0
1,1,1,1,1,1,-3,-3,-3,-3,-3,-3
0,0,0,0,0,0,1,1,1,1,1,1
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Appendix C. BlackMax parameter.txt
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
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Appendix F
Pileup reweighting
When the MC samples were produced, there was no knowledge about the pileup conditions
in data. Pileup reweighting is a procedure to reweight the µ distribution in MC to the one
observed in data, by assigning a weight to every event in the MC sample.
During analysis, pileup reweighting is done following event selection since it depends on dijet
mass. In this section the accuracy of this procedure is being studied with a closure test.
The inputs for the pileup reweighting procedure are (1) the µ distribution of the MC sample,
(2) the µ distribution of the data, and (3) the µ of the given MC event.
In this test, the pileup reweighting factors are obtained before any event selection, and the
closure of the reweighting is being checked after event selection. The plots in this section
show, for each χ distribution, the µ distribution in data compared to the µ distributions in
MC, before and after MC pileup reweighting.
It is clear from Figs. F.1(a) through F.1(e) that pileup reweighting successfully reshapes the
µ distribution from MC to match the distribution seen in collision data.
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Figure F.1: Effects of pile-up reweighing for all χ distributions.

Appendix G
Cut flows for signal samples
Below, are the cut flows and cut efficiencies for one mass point of each signal used. See
Section 7.1 for a discussion of these cuts, and for the relevant numbers in data. The overall
cut efficiencies for each signal sample, as a function of the model parameter, are shown in
Figures X.

Table G.1: Cut flow and efficiency for excited quark sample with mq∗ = 3 TeV.

Selection criteria
Nev Efficiency wrt previous cut (%)
A (before cuts)
10000
F (njet check)
9998
100.0
G (ugly jets + LAr hole) 9735
97.4
I (bad jet cleaning)
9732
100.0
J (jet pT cuts)
9620
98.8
K (y ∗ cut)
9127
94.9
L (yB cut)
9023
98.9
M (mjj cut)
8880
98.4
Overall Efficiency
88.8
Table G.2: Cut flow and efficiency for QBH with mq∗ = 3 TeV.

Selection criteria
Nev Efficiency wrt previous cut (%)
A (before cuts)
10000
F (njet check)
9996
100.0
G (ugly jets + LAr hole) 9772
97.8
I (bad jet cleaning)
9770
100.0
J (jet pT cuts)
9621
98.5
∗
K (y cut)
9078
94.4
L (yB cut)
9040
99.6
M (mjj cut)
8954
99.0
Overall Efficiency
89.5
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Table G.3: Cut flow and efficiency for contact interaction sample with Λ = 10 TeV.

Selection criteria
Nev Efficiency wrt previous cut (%)
A (before cuts)
3298997
F (njet check)
3298996
100.0
G (ugly jets + LAr hole) 3214069
97.4
I (bad jet cleaning)
3213455
100.0
J (jet pT cuts)
3005853
93.5
K (y ∗ cut)
2976993
99.0
L (yB cut)
2687414
90.3
M (mjj cut)
1935761
72.0
Overall Efficiency
58.7
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