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Abstract

In this thesis the jet energy scale uncertainty of small and large radius jets at the ATLAS

detector is evaluated in-situ using γ-jet events. The well calibrated photon in the γ-jet events

is used to probe the energy scale of the jets. The studies of the jet energy scale of small

radius jets are performed using 4.7 fb−1 of data collected at
√
s = 7 TeV in 2011.

The γ-jet methods which were developed are then adapted and applied to large radius

jets, using 20.3 fb−1 of data collected at
√
s = 8 TeV in 2012. The new jet energy scale

uncertainties are found to be ∼1 % for |η| < 0.8, rising to 2-3 % for |η| > 0.8. These

uncertainties are significantly lower than the 3-6 % precision which has previously been

achieved at ATLAS using track jets as a reference object. Due to the increase in precision,

uncertainties due to pile-up and the topology of the jet also had to be evaluated. The

total energy scale uncertainties for large radius jets are reduced by ∼1-2 % (0.5-1 %) for

|η| < 0.8 (> 0.8). This reduction will be beneficial to analyses using large radius jets and it

is specifically shown to benefit the tt̄ resonance search in the semi-leptonic channel. The tt̄

search looks for events with two top quarks in the final state, where one decays leptonically

and the other hadronically. The hadronically decaying top quark is reconstructed using a

large radius jet, and the jet energy scale uncertainty is a dominant source of uncertainty in

the analysis.

In addition to the studies of the jet energy scale of large radius jets, the first derivation

of a calibration, and jet energy scale uncertainties derived with γ-jet events, are shown for

Variable R jets. The Variable R jet algorithm is a new type of jet algorithm with a radius

that is inversely proportional to the size of the jet, making it useful for the study of high

momentum top quarks. It is shown that similar methods can be used to calibrate and assess

the uncertainties of Variable R jets as are used for standard, fixed radius jets at the ATLAS

detector, although some adaptations will be necessary. The studies provide a basis for the

calibration of Variable R jets in the future.
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Preface

The large nature of the ATLAS collaboration means that analyses are performed using work

and contributions from many people. As far as possible, this thesis focuses on studies which

I have performed. However, for clarity, my contributions are detailed here:

• γ-jet calibration for small-R jets (Chapter 6): I produced the nominal response

distributions for the direct balance γ-jet method, the photon energy scale systematic,

the JER systematic and the studies of the impact of the pile-up uncertainties on the

method. I also developed the Eγ cluster
T /(

∑

ptracksT ) requirement for converted photons,

which is discussed in Section 6.2. These studies are published in Ref. [1] and internal

ATLAS back-up documentation can be found in Ref. [2].

• γ-jet uncertainties for large-R jets (Chapter 7): I derived the γ-jet uncertainties

presented in Sections 7.3, 7.4 and 7.5. The pile-up uncertainties presented in Section 7.7

are also my own work. The studies of the photon response distribution for different

substructure variables (Figures 7.15 and 7.16), in the topology uncertainty section

(Section 7.6) are my studies. The γ-jet uncertainties and pile-up uncertainties will be

presented in a conference note, which is currently in preparation. The draft for this

note can be found in Ref. [3] and back-up documentation with further details can be

found in Ref. [4].

• Variable R jet calibration and uncertainties (Chapters 8 and 9): The studies

presented in these two chapters are my own work. No public documentation is avail-

able but two internal notes are in preparation, including detailed plots of the pile-up

subtraction and calibration, which can be found in Refs. [5] and [6].

Throughout the text I have given references where further details can be found about the

studies shown here. As far as possible publicly accessible references are given. However, in

many cases no public document is available, in which case internal ATLAS documentation

is cited. Where figures were not produced by myself for this thesis, or where the figures are

published in a conference note or paper, a reference is given in the caption.

In addition to the work presented here I also developed a visualisation tool for the Fre-

quency Scanning Interferometry system (FSI), which was my service work project to gain

ATLAS authorship.

This thesis will use natural units (c = ~ = 1) throughout.

iv



Contents

1 Introduction 1

2 Theory and Motivation 4

2.1 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . . . . . 4

2.1.1 QCD: SU(3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Boosted Physics and Jet Substructure . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Variable R Jets for Boosted Top Reconstruction . . . . . . . . . . . . . . . . 21

2.4.1 Small Variable R Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.2 Large Variable R Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5 γ-jet Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 The ATLAS Detector at the LHC and Data Collection 29

3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1.1 Pile-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Overview of the ATLAS Detector . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.1 The Co-ordinate System of the ATLAS Detector . . . . . . . . . . . . 34

3.3 Inner Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.1 Electromagnetic Calorimeter . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.2 Hadronic Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.3 Grouping of Calorimeter Cells using Topo-clusters . . . . . . . . . . . 42

3.5 Muon System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6 Data Acquisition and Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.7 Data Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.8 Data Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.9 Monte Carlo Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.9.1 γ-jet Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . 49

3.9.2 Di-jet Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . 50

4 Object Reconstruction 51

4.1 Photon Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.1 Photon Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.2 Photon Isolation and Object Quality . . . . . . . . . . . . . . . . . . 54

4.2 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

v



4.4 Missing Transverse Momentum (Emiss
T ) . . . . . . . . . . . . . . . . . . . . . 57

4.5 Jet Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5.1 Inputs for Jet Finding . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5.2 Jet Algorithms used at the ATLAS Detector . . . . . . . . . . . . . . 58

4.6 b-jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5 Photon and Jet Calibration 60

5.1 Photon Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2 Jet Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.2.1 Overview of the Jet Calibration Scheme . . . . . . . . . . . . . . . . 63

5.2.2 Pile-up Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.2.3 Origin Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.4 Monte Carlo based Jet Energy, Pseudorapidity and Mass Scale Cor-

rections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.5 In-situ Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2.6 Jet Energy Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6 The Jet Energy Scale of Small-R Jets Derived In-Situ Using γ-jet Events 90

6.1 The Photon Purity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2 γ-jet Event Selection for Small-R jets . . . . . . . . . . . . . . . . . . . . . . 93

6.3 The Photon Response for the Direct Balance Method . . . . . . . . . . . . . 99

6.3.1 The Effect of the Cut on Eγ cluster
T /(

∑

ptracksT ) for Converted Photons 102

6.4 Systematic Uncertainties of the γ-jet Direct Balance Method . . . . . . . . . 104

6.4.1 Effect of Pile-up on the Photon Response . . . . . . . . . . . . . . . . 104

6.4.2 Radiation Suppression . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.4.3 Monte Carlo Generator . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.4.4 Background from Jet Events . . . . . . . . . . . . . . . . . . . . . . . 108

6.4.5 Jet Energy Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.4.6 Photon Energy Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.4.7 Out-of-cone Radiation and the Underlying Event . . . . . . . . . . . 110

6.4.8 Summary of the Systematic Uncertainties . . . . . . . . . . . . . . . 113

6.4.9 Use of the γ-jet Photon Response Measurements and Uncertainties . 117

7 The Jet Energy Scale Uncertainty of Large-R jets Derived In-Situ Using

γ-jet Events 120

7.1 γ-jet Selection for Large-R Jets . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.2 Basic kinematic variables and binning . . . . . . . . . . . . . . . . . . . . . . 124

7.3 Photon Response for Large-R Jets . . . . . . . . . . . . . . . . . . . . . . . . 124

7.4 Evaluation of the Systematic Uncertainties of the data-to-MC Ratio of the

Photon Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.5 Statistical Treatment and Summary of the Systematic Uncertainties . . . . . 131

7.5.1 Reducing Statistical Fluctuations by Merging pγT and |ηjet| Bins . . . 131

7.5.2 Smoothing of the Systematic Uncertainties . . . . . . . . . . . . . . . 138

7.5.3 The Final Systematic Uncertainties Derived using the γ-jet Method . 141

7.6 A Topology Uncertainty for Large-R Jets . . . . . . . . . . . . . . . . . . . . 143

vi



7.7 Pile-up Uncertainty for Large-R Jets . . . . . . . . . . . . . . . . . . . . . . 149

7.8 Comparison and Combination of Large-R JES Uncertainties Derived with the

Track-Jet Double Ratio and γ-jet Methods . . . . . . . . . . . . . . . . . . . 156

7.8.1 The Effect of the Large-R JES Uncertainties in the tt̄ Semi-leptonic

Resonance Search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

8 The Calibration of Variable R Jets 165

8.1 Overview of the Calibration for VR Jets . . . . . . . . . . . . . . . . . . . . 165

8.2 Pile-up Subtraction for VR Jets . . . . . . . . . . . . . . . . . . . . . . . . . 166

8.2.1 The Impact of Applying the Jet Area Correction to VR Jets . . . . . 174

8.3 Monte Carlo Calibration of VR jets . . . . . . . . . . . . . . . . . . . . . . . 178

8.3.1 Energy and Pseudorapidity Corrections for VR Jets . . . . . . . . . . 178

8.3.2 Mass Correction for Large VR Jets . . . . . . . . . . . . . . . . . . . 183

9 Evaluation of the Jet Energy Scale Uncertainties for Variable R Jets 188

9.1 The Jet Energy Scale Uncertainty of VR Jets Derived In-Situ using γ-jet Events189

9.1.1 The Photon Response for VR Jets . . . . . . . . . . . . . . . . . . . . 190

9.1.2 γ-jet JES Uncertainties for VR Jets . . . . . . . . . . . . . . . . . . . 192

9.1.3 The JER for VR Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

9.2 Future Performance Studies for VR Jets . . . . . . . . . . . . . . . . . . . . 205

10 Conclusions and Outlook 210

A Additional Information for the γ-jet Large-R Jet Uncertainties 212

A.1 The Uncertainties for anti-kt R = 1.0 Trimmed Jets Derived using γ-jet Events

Before any Bin Merging or Smoothing . . . . . . . . . . . . . . . . . . . . . 212

A.2 The Uncertainties for anti-kt R = 1.0 Trimmed Jets Derived using γ-jet Events

after Bin Merging and Smoothing . . . . . . . . . . . . . . . . . . . . . . . . 218

B Additional Information for the γ-jet JES Uncertainty of Variable R Jets 224

B.1 The Uncertainties for VR Jets Derived using γ-jet Events after Bin Merging

and Smoothing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

Bibliography 236

vii



Chapter 1

Introduction

The Standard Model of Particle Physics has been one of the most successful theories to date,

describing all observed particles and interactions (with the exception of the gravitational

force) to a high precision 1. Despite this success the Standard Model is not believed to be

the final theory of particle physics, and it is expected that new theories and new particles

will be needed at the TeV scale and above [7]. Over the last 5 years, experiments such

as the ATLAS experiment [8] at the Large Hadron Collider (LHC) [9] have investigated

and measured many aspects of the Standard Model of Particle Physics, as well as pushing

searches for new physics into the TeV energy regime. The observation of the Higgs boson

was one of the most important discoveries of recent years [10, 11]. The Higgs boson arises

as a consequence of the Higgs field and mechanism [12–14] that generate the mass of the

fundamental particles. Within experimental precision recent results show that the properties

of the new boson are consistent with the Higgs boson that is predicted by the Standard Model

of particle physics [15–19].

This discovery, and the many measurements and searches which are performed at the

LHC, are made possible due the unprecedentedly high-energy proton-proton collisions which

are delivered to the experiments. Centre-of-mass energies of
√
s = 7 TeV and

√
s = 8 TeV

have meant that the ATLAS detector is operating in a challenging environment with high

1Additionally, the masses of the neutrinos are not naturally part of the model but must be added to it.
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densities of particles in the detector. Some of the most common products of hard scattering

processes in proton-proton collisions are quarks and gluons. These quarks and gluons are

not directly observed in the detector but hadronise and decay into showers of particles which

are reconstructed as jets. Jets dominate many of the final states that are seen in the ATLAS

detector. The study and performance of these objects is a field of its own and an experimental

understanding of jets is vital for any measurement or search which uses them at the LHC.

Additionally, in the high-energy regime in which the LHC operates, particles such as

the W and Z bosons, the top quark, and the Higgs Boson, are produced with a momentum

that can greatly exceed their mass. When these boosted, heavy particles decay the resulting

products are highly collimated, making it difficult to resolve their individual decay products,

due to the limited spatial resolution of the detector. This has resulted in the development of

many new methods, jet algorithms and techniques, such as the use of jets with a large enough

radius to encompass the decay products of these boosted particles. The way that the energy

and mass are distributed within the jets is studied and it is known as jet substructure [20].

Studying jet substructure allows for discrimination between large radius jets which contain

the decay products of, for example, a top quark as opposed to light quarks or gluons.

This thesis will present results relating to the performance of jet algorithms and the

calibration of the jet energy at the ATLAS detector. A brief summary of relevant theory,

including that of jet physics and boosted objects will be given in Chapter 2. The ATLAS

detector will be introduced in Chapter 3 followed by an overview of the reconstruction of

physics objects including photons and jets and their calibration in Chapters 4 and 5.

The in-situ calibration of small radius jets using γ-jet events (events with a photon and

jet travelling in opposite directions in the final state) is presented in Chapter 6. These studies

form the basis for the evaluation of the jet energy scale uncertainties for large radius jets

using γ-jet events, which will be shown in Chapter 7. The development of these uncertainties

was driven by the need for a more precise method to measure the jet energy scale of large

radius jets, which is often one of the dominant systematic uncertainties for analyses making

use of these jets. These studies are the first studies of the jet energy scale of large-R jets
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derived using γ-jet events at the ATLAS detector, and they were the first method used to

probe the jet energy scale of large-R jets in the forward regions of the detector.

In the second part of this thesis (Chapters 8 and 9) the development of a new calibration

and set of uncertainties for a new type of jet algorithm that has a variable jet radius will be

presented. These jets have the property that their radius becomes smaller as the transverse

momentum of the jet increases. Similarly, the area into which the decay products of a

boosted particle fall decreases as the momentum of the parent particle increases since the

decay products become increasingly highly collimated. This makes Variable R jets an ideal

candidate for reconstructing boosted objects as they can be tuned to reflect the topology of

the decay of boosted particles.

The first studies of these jets at the ATLAS detector [21] showed that their use could

increase the efficiency of reconstructing the decay products of boosted top quarks, in compar-

ison to fixed radius jets. The analyses presented here are the first studies of the calibration

and uncertainty of Variable R jets at the ATLAS detector.



Chapter 2

Theory and Motivation

In this chapter, a brief overview of the Standard Model of particle physics is given. This is

followed by an overview of the physics of jets, and of their use for the study of particles such

as the W and Z bosons and top quark in the TeV regime. Finally, an introduction to γ-jet

events (events containing a photon and a jet) is given.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics describes all the fundamental particles and forces

that have so far been observed in nature, with the exception of the gravitational force 1. It

is a gauge theory based on a SU(3)⊗ SU(2)⊗ U(1) symmetry which results in the particles

and force carriers shown in Figure 2.1.

The model describes two families of matter particles: quarks and leptons, and three

fundamental forces: the electromagnetic, the weak and the strong force. The quarks are

spin 1/2 fermions which interact via the electromagnetic, the weak and the strong forces.

The leptons are spin 1/2 fermions, of which the neutrinos only interact via the weak force

and the electron, muon and tau interact via the electromagnetic and the weak forces. The

spin 1 force carriers are the photon of the electromagnetic interaction, the W+− and Z

1Additionally, the masses of the neutrinos are not naturally part of the model but must be added to it.

4



Chapter 2. 5

Figure 2.1: The fermions and bosons of the Standard Model of particle physics including
their mass, charge and spin [22].

bosons of the weak interaction and the gluon of the strong interaction. The matter particles

are grouped into three generations. Each generation has a set of particles with the same

quantum numbers but different masses.

The following section briefly introduces the theory of Quantum Chromodynamics (QCD)

which is the SU(3) theory that describes the behaviour of quarks and gluons. QCD is impor-

tant for understanding the properties of the collimated showers of particles, reconstructed as

jets, which are the observable signals of quarks and gluons. There are many more detailed

overviews of the Standard Model of particle physics and QCD, one such introductory text

can be found in Ref. [23].

2.1.1 QCD: SU(3)

The SU(3) symmetry of the Standard Model is the theory of Quantum Chromodynamics

(QCD), a gauge theory that describes quarks and gluons and their interactions. The fun-

damental charge of QCD is colour, which can take three states: red, green or blue. Quarks

carry colour and therefore interact via the strong interaction. The force carrier of QCD is

the gluon, a massless boson which exists in 8 states, each of which is a superposition of
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colour and anti-colour states.

The strong coupling constant (αs) dictates the strength of interactions between coloured

particles. An important property of αs is how its value changes at different energies. In the

case of the electromagnetic coupling constant, which dictates the strength of electromagnetic

interactions, the value of the coupling constant increases at higher energy scales. However, in

the case of QCD the strong coupling constant decreases at higher energy scales. This running

of the strong coupling constant has been verified by many experimental and theoretical

results as can be seen in Figure 2.2

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)
(–)

Figure 2.2: The strong coupling constant, αs, measured at different experiments and using
lattice QCD calculations, as a function of the momentum scale Q and the prediction of the
running of the coupling constant using the world average value of αs at MZ as an input [24].

At lower energy scales and larger distances the strong coupling constant becomes stronger,

resulting in the confinement of quarks and gluons. As quarks and gluons move apart from

each other the binding energy between them increases and when the binding energy be-

comes too large, new quarks or gluons are created which bind together to form hadrons.

The hadrons formed are always colour neutral. This process is known as hadronisation.

Hadronisation is a non-perturbative process [25] (meaning it cannot be described using a

perturbative series expansion). Therefore, it must be simulated using Monte Carlo gener-

ators, to give predictions for the final state hadrons which are observed at particle physics

experiments.

At high momentum scales the running of the strong coupling constant means that quarks

and gluons can be treated as free particles (this is known as asymptotic freedom) and QCD
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can be factorised [25]. This means that perturbative calculations of observables, such as the

rate of production of quarks or gluons, can be performed separately to the evaluation of

non-perturbative effects.

For proton-proton collisions, such as those at the LHC, a collision involves many different

processes (some of which are depicted in Figure 2.3). A simulated collision roughly follows

the following time-line (as described in [26]):

• The two protons collide. Each proton contains many quarks and gluons which carry the

momentum of the proton. Quarks and gluons are known as partons in this context. The

momentum fraction carried by the quarks and gluons is described by Parton Density

Functions [25] (PDFs).

• One parton from one proton interacts with one parton from the other proton, this is

known as the hard interaction, scatter or process. This interaction can be described by

perturbative QCD calculations and sets the energy scale of the hard interaction.

• Short lived resonances such as the top quark, W+− and Z bosons decay into either

quarks (eg. Z → qq̄,W → qq̄, t → Wb → qq̄b) or leptons and neutrinos (eg. Z → ll̄,

W+ → l̄ν, t → W+b → l̄νb).

• The incoming partons in the collision radiate gluons and photons via Bremsstrahlung

radiation. This is known as Initial State Radiation (ISR).

• Radiation also occurs from the outgoing partons from the hard interaction, this is

known as Final State Radiation (FSR).

• In addition to the hard interaction the other quarks and gluons in the protons can

interact, these interactions are known as Multiple Parton Interactions (MPIs). MPIs

also have associated ISR and FSR.

• The quarks and gluons involved in the hard interaction and MPIs take a fraction of the

total energy of the initial protons. The remaining energy is carried by the remnants

of the protons (the beam remnants) which have a momentum approximately along the

direction of the incoming protons. Together the MPIs and beam remnants are known
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as the underlying event (UE).

• As discussed above, the increasing strength of the strong coupling constant as the

quarks and gluons move away from each other results in the hadronisation of the

outgoing quarks and gluons into colourless hadrons. The resulting hadrons are often

unstable and decay further into particles with a lifetime long enough to be detected.

Figure 2.3: Diagram illustrating a proton-proton collision [27], copyright c© IOP publishing.
The decay of the outgoing partons and hadronisation is not shown.

The ability to model the non-perturbative effects that describe PDFs, ISR, FSR, the

underlying event and hadronisation is crucial for making predictions that can be tested

against experimental results. The models used to simulate ISR and FSR are known as parton

showers. There are many different Monte Carlo generators which use different models for

parton showers, hadronisation and the underlying event. The parameters in many of these

models are tuned using data.

Two Monte Carlo generators are used to simulate events for this thesis: PYTHIA (ver-

sions 8 [28] and 6.425 [29]) and HERWIG (v6.510 [30] and HERWIG++ v2.5.2 [31]). The

PYTHIA and HERWIG generators have different models for the parton shower and for

hadronisation. The parton shower is modelled as a series of probabilities for a parton to

split into two partons (these probabilities are the DGLAP splitting functions [32–34]). In

the case of PYTHIA these probabilities are pT-ordered, whereas in the case of HERWIG

and HERWIG++ they are angular-ordered, according to the angle of emission.

For the hadronisation, PYTHIA uses the Lund string model [35], where the strong force
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between partons is modelled as a colour-flux tube. The potential energy in this ’string’

increases as the partons move apart from each other. Eventually the string breaks and new

partons are formed, which bind to form hadrons. In the case of HERWIG andHERWIG++

the cluster hadronisation model [36] is used. This model splits gluons into q − q̄ pairs, and

uses the colour-flow in the parton shower to form colour singlets (known as clusters), which

then decay to form the hadrons.

The versions of these Monte Carlo generators that were used to simulate events for this

thesis will be discussed further in Section 3.9.

2.2 Jets

The collimated showers of particles that are produced by the hadronisation of quarks and

gluons, and the resulting energy deposits in the detector, are reconstructed as jets. In

order to define a jet it is necessary to decide how to combine the particles produced during

hadronisation and subsequent decays. The way in which this combination is performed is

known as a jet definition.

Jets can be formed such that their properties (e.g. transverse momentum and direction)

are similar to those of the particles produced by the hadronisation of a quark or gluon.

Alternatively, they can be formed such that they contain the hadronic decay products of,

for example, the W or Z bosons or the top quark. The definition of a jet is inherently

ambiguous since the processes underlying hadronisation and fragmentation include many

non-perturbative effects. Therefore the choice of jet definition must depend on many different

experimental and theoretical factors, not only the physics that one wishes to observe.

The Snowmass accord, constructed by the experimental and theoretical community in

1990, states that a jet definition should aim to satisfy the following properties [37]:

• Simple to implement in an experimental analysis.

• Simple to implement in the theoretical calculation.
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• Defined at any order of perturbation theory.

• Yields finite cross sections at any order of perturbation theory.

• Yields a cross section that is relatively insensitive to hadronisation.

A jet definition consists of a jet algorithm, which describes which particles to combine

into jets and a recombination scheme that defines how to combine the 4-vectors of the

particles. There are multiple types of jet algorithm and various recombination schemes,

an overview of which can be found elsewhere [38]. The recombination scheme most widely

used at current experiments and for all the jet definitions discussed here is the 4-vector

recombination scheme. In this scheme 4-vectors are simply summed in order to combine

particles.

An important property of any jet algorithm is that it is infrared (IR) and collinear safe.

This means that the jets which are found by the algorithm are not affected by soft emissions

(particles emitted with a small energy, ie. E → 0) or collinear emissions (particles emitted

with a small angle of emission, ie. ∆θ → 0) as illustrated in in Figure 2.4. Therefore, the

same set of jets, with the same properties, is found with and without soft and collinear

emissions. Additionally, infinities that arise in the calculation of soft and collinear emissions

cancel when the jets are IR and collinear safe, so that theoretical calculations can be made.

IR and collinear safety are very important since they make jets (relatively) insensitive to the

modelling of hadronisation. This in turn allows for measurements using jets to be compared

to accurate theoretical predictions.

Jet algorithms can be split into two categories: cone algorithms and sequential recombi-

nation algorithms. As the name suggests, cone algorithms group together particles within a

cone with a fixed radius in (y, φ) space. Here, φ is the azimuthal angle and y is the rapidity

which is defined as:

y =
1

2
ln

(

E + pz
E − pz

)

, (2.1)
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(a) (b)

Figure 2.4: a) An example of infrared (IR) safety. Without any radiation the two partons
form two jets. In the case of the middle diagram the formation of jets is unaffected by
soft gluon radiation (two jets are still formed) and therefore the jet algorithm is IR safe.
However, in the case of the bottom diagram the soft gluon radiation results in the formation
of only one jet where there were previously two and therefore the jet algorithm is IR unsafe.
b) An example of collinear safety. With no collinear splitting one jet is formed. In the case
of the middle diagram one of the partons splits collinearly into two. Only one jet is found as
was the case without the collinear splitting and therefore the jet algorithm is collinear safe.
However, in the case of the bottom diagram the collinear splitting of the parton results in
two jets being found rather than one, in which case the jet algorithm is collinear unsafe.
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where E is the energy and pz is the momentum in the longitudinal direction. Differences in

rapidity are invariant under Lorentz boosts along the z-axis.

Most variations of cone algorithms use seed particles to decide where the centre of the

cones should be at the start of the algorithm. Unfortunately, this leads to IR unsafe algo-

rithms. The only experimentally usable implementation of a cone algorithm is the SIScone

algorithm [39]. However it is not used at ATLAS since many aspects of the performance

were shown to be worse (the reconstruction time, the efficiency of reconstructing jets, the

purity of jets and the trigger efficiency) or similar (noise suppression and sensitivity to the

UE) when compared to the anti-kt jet algorithm [40].

The jet definitions used at ATLAS are IR and collinear safe sequential recombination

algorithms. At hadron colliders, such as the LHC, sequential recombination algorithms

make use of two values: the cluster-cluster2 distance dij and the cluster-beam distance diB,

defined as:

dij = min(p2pT i, p
2p
Tj)∆R2

ij, (2.2)

diB = p2pT iR
2
eff , (2.3)

where min(p2pT i, p
2p
Tj) is the minimum pT of cluster i and j, ∆R2

ij = ∆φ2 + ∆y2 is the

distance between cluster i and j and Reff is the distance parameter of the jet algorithm. The

value of Reff defines the approximate radius of the jets which are formed.

Using dij and diB the following sequence is used to construct jets:

1. Calculate dij for all combinations of clusters in the event and diB for all clusters in the

event.

2. Find the smallest dij and the smallest diB in the event.

2In this context a cluster is taken to be either a single particle or a group of particles which have already
been combined by a previous step of the algorithm.
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3. If dmin
ij < dmin

iB then clusters i and j are combined.

4. If dmin
iB < dmin

ij then cluster i is set aside as a jet.

Steps 1-4 are then repeated until there are no pairs of clusters remaining which satisfy

dij < diB.

The value of p in Equations 2.2 and 2.3 affects the order in which the particles in an

event are clustered together and hence the final shape of the jets.

• The kt algorithm, p = 1 : Soft particles cluster first. The sequence of the clustering

is related to the probabilities for one parton to split into two partons in QCD [38].

• The Cambridge-Aachen algorithm, p = 0 : Particles which are geometrically

close cluster first. The sequence of clustering contains information about the angular

structure of a jet.

• The anti-kt algorithm, p = −1 : Hard particles cluster first. The clustering sequence

is not meaningful but the jets which are produced are approximately circular in shape.

An illustration of the different jets formed by these three algorithms, when applied to

the same event, is shown in Figure 2.5.

(a) (b) (c)

Figure 2.5: The diagrams show the jets formed by a) the kt algorithm, b) the Cambridge-
Aachen algorithm and c) the anti-kt algorithm[41]. All the jets have a distance parameter of
Reff = 1. The bars represent the jet constituents that the jets were built from. The height
of the bars is proportional to their pT and their colour indicates which jet they belong to.

The Variable R (VR) jet algorithm [42] is a variant of the sequential recombination

algorithms that uses a variable Reff rather than a constant Reff :
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RVR
eff =

ρVR

pT i

, (2.4)

where ρVR is a parameter which is chosen by the user of the algorithm and pT i is the

pT of cluster i. The result of defining Reff in this way is that the size of the jet is inversely

proportional to the pT of the jet. The type of jets which are formed with the VR jet algorithm

can be seen in Figure 2.6, compared to those formed by the anti-kt algorithm. It can be

seen that some of the jets are smaller when reconstructed with the Variable R jet algorithm

in comparison to the anti-kt algorithm (e.g. the blue jet) and some jets are larger (e.g. the

yellow jet) due to their respectively higher and lower values of pT.

When using the standard sequential recombination algorithms jets are circular in (y, φ)

space. Therefore, jets in the central rapidity region will have a larger size in (θ, φ) space in

comparison to those in the forward rapidity region. Using the VR jet algorithm, the jets will

have the same E∆S for all rapidity, where ∆S =
√

(∆θ)2 + (sin θ∆φ)2 and E is the energy

of the jet. Therefore, jets with a given energy will have the same angular size for all rapidity.

This is beneficial since it is expected that the angular size of jets produced from the decay

of a resonance will be circular in (θ, φ) space. Therefore, the VR jet algorithm captures

the natural shape of the jets more accurately than the fixed radius sequential recombination

algorithms. This is the original reason for the development of the VR jet algorithm [42].

The VR jet algorithm can be run as a Cambridge-Aachen or anti-kt algorithm. The

studies in this thesis focus on the anti-kt variant of the VR algorithm. A minimum jet size

(Rmin) is defined in order to prevent the jets becoming smaller than the granularity of the

experimental apparatus and a maximum jet size (Rmax) is defined to prevent the jet size

from tending to very large values at low pT.
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Figure 2.6: The diagrams show jets formed by a) the anti-kt algorithm and b) the anti-kt
version of the VR algorithm [42]. The bars represent the jet constituents which the jets
were built from. The height of the bars is proportional to their pT and their colour indicates
which jet they belong to.

2.3 Boosted Physics and Jet Substructure

The high centre-of-mass energies reached by the LHC result in the production of particles

with a high transverse momentum. For W bosons, Z bosons, top quarks and the Higgs boson

the transverse momentum that they carry can greatly exceed their mass (pT >> m). When

these particles decay hadronically (ie. Z → qq̄,W → qq̄, t → Wb → qq̄b, H → bb̄), they are

detected using jets .

When the heavy particle’s transverse momentum is close to, or less than, their rest mass

then the decay products are well separated and one jet can be used to represent one parton.

At the ATLAS experiment jets with a radius of R = 0.4 and R = 0.6 are the standard choice

for this situation [1, 43] whereas at the CMS experiment jets with a radius of R = 0.5 and

R = 0.7 are used [44].

However, when pT >> m the decay products are highly collimated due to the Lorentz

boost of the parent particle. This is illustrated in Figure 2.7 for top quark decays. The tops

are produced in simulated Z ′ → tt̄ events. The Z ′ boson is a spin-1 boson, proposed by

theories including the theory of topcolour-assisted technicolour [45]. Here the Z ′ has a mass

of 1.6 TeV and it is used as a source of high pT top quarks. In Figure 2.7 a) the separation

of the W boson and the b quark resulting from top decays is shown. For ptopT < 200 GeV
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it can be seen that the W and b quark are well separated. However, for higher pT the

separation rapidly becomes small and for ptopT & 300 − 400 GeV the separation enters the

regime ∆R(W, b) < 0.8. Similarly, the separation between the quark and anti-quark from

the hadronic decay of the W decreases rapidly with increasing top quark pT, as can be seen

in Figure 2.7 b), where for pWT & 200 GeV the separation enters the regime ∆R(q, q̄) < 0.8.

When the partons from the top decay are within ∆R < 0.8 of each other then the individual

partons can not be resolved using jets with R = 0.4.

(a) (b)

Figure 2.7: a) ∆R between the W and b from a top decay as a function of the pT of the
top quark and b) ∆R between the quark and anti-quark from the hadronic decay of the W
boson, as a function of the pT of the W boson. The tops are the result of simulation of the
decay of Z ′ → tt̄ using the PYTHIA v6.425 [29] Monte Carlo generator with a Z ′ mass of
1.6 TeV [46]. The distributions shown are at parton-level: meaning that they do not include
effects due to ISR, FSR, the underlying event, or any detector effects.

For these high pT regimes jets with a large distance parameter (known as large-R jets)

can be used to encompass the decay products of the decaying particle (e.g. the quarks

from a hadronically decaying top quark). Similarly searches looking for events with high jet

multiplicities (e.g. & 6 jets) where the jets can not be resolved individually can be studied

using large-R jets. Jets with distance parameters of 1.0 and 1.2 are currently studied at

the ATLAS experiment [46] whereas at the CMS experiment jets with distance parameters

of 0.8 and 1.5 are studied [47, 48]. Both anti-kt jets and Cambridge-Aachen jets are used.

The former are relatively insensitive to soft energy deposits due to their circular shape. The

clustering sequence of the latter contains useful information about the angular structure of

a large-R jet.
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To differentiate large-R jets containing the energy deposits due to the decay of a heavy

particle from large-R jets containing only light quarks or gluons, the substructure of the jet

is studied. Jet grooming (procedures that remove energy deposits from the jet) is used to

pick out this hard substructure more easily, by removing energy deposits that are due to the

underlying event and additional proton-proton interactions in the event. There are many

types of jet grooming, an overview of those used at ATLAS and their performance can be

found in Ref. [46]. For the studies presented in this thesis anti-kt jets with R = 1.0 with a

type of grooming known as trimming are used. Trimming is applied to each jet using the

following procedure:

• The constituents of the large-R jet (the initial inputs to the jet finding algorithm which

are contained within the jet) are re-clustered using the kt algorithm with a distance

parameter of R = 0.3 to form subjets.

• Any subjet with psubjetT /pjetT < 0.05 is discarded and the jet 4-vector is recalculated from

the 4-vectors of the remaining subjets.

Following jet grooming it is easier to assess the substructure of a large-R jet. For example,

a large-R jet containing the decay products of a hadronically decaying top quark is expected

to have three clusters of energy deposits within the large-R jet; one due to the b-jet and one

due to each of the quark and the anti-quark from the W boson decay. Various substructure

variables have been developed to probe the substructure of large-R jets and they are used in

various different combinations, depending on the specific analysis being performed. A few

of the most commonly used substructure variables are listed below and more details of their

performance at the ATLAS experiment can be found in Ref. [46].

• Jet mass: the mass of the jet (mjet) is calculated from the 4-vectors of the constituents

of the jet:

mjet =

√

√

√

√

(

∑

i

Ei

)2

−
(

∑

i

pi

)2

, (2.5)
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where Ei is the energy of the ith jet constituent and
∑

i pi is the vector sum of the

three-momentum vectors of the jet constituents.

• kt splitting scales: The jet is re-clustered using the kt algorithm with a distance

parameter of 1.5. At each step of the jet clustering the following splitting scale is

defined:

√

dij = min(pT i, pTj)×∆Rij, (2.6)

where min(pT i, pTj) is the pT of cluster i or cluster j, depending on which is the

smallest, and ∆Rij =
√

∆y2 +∆φ2 is the separation of clusters i and j in (y, φ)

space. For the last step in the jet clustering
√

dij is
√
d12, for the second to last step

√
d23 etc.

For large-R jets with substructure (e.g. large-R jets containing a high pT top quark) the

energy deposits within the large-R jet will be less diffuse and they will be concentrated

into more than one core. The kT algorithm clusters soft energy deposits first and hard

energy deposits last. Therefore, the scale of the final steps of the jet clustering will, in

general, be larger for large-R jets with substructure than for large-R jets containing a

light quark or gluon. This effect can be seen in Figure 2.8 which shows
√
d12 and

√
d23

for anti-kt R = 1.0 jets with and without trimming. The distributions are shown for

di-jet events (events containing two jets) where the large-R jets contain a light quark or

gluon. They are also shown for tt̄ events where the large-R jets contain the top quarks

that are the decay products of a Z ′ boson with a mass of 1.6 TeV. It can be seen that,

on average,
√
d12 and

√
d23 have much larger values for the large-R jets reconstructed

in the Z ′ sample compared to the di-jet sample. It can also be observed that
√
d12

has larger values than
√
d23. This is expected due to the fact that the hardest energy

deposits cluster last in the kT algorithm.

• N-subjettiness: The n-subjettiness variables [52] (τN) give a measure of how much

the energy deposits within a jet look like N or fewer subjets. The variables are con-

structed by re-clustering the jet constituents with the kT algorithm and requiring that
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(a) (b)

Figure 2.8: Distributions of the kT splitting scales a)
√
d12 and b)

√
d23 for anti-kt R = 1.0

jets with 600 < pjetT < 800 GeV [46]. The solid lines show the distributions for trimmed jets
and the dotted lines show the distributions for ungroomed jets. The distributions are shown
for large-R jets reconstructed in di-jet events (black) and for large-R jets reconstructed in
Z ′ → tt̄ events where the Z ′ boson has a mass of 1.6 TeV (red). The di-jet events were
simulated using POWHEG-BOX [49–51], interfaced with the PYTHIA v6.425 [29] Monte
Carlo generator and the Z ′ events were simulated using the PYTHIA v6.425 generator.

N subjets are formed 3. τN is defined as:

τN =
1

d0

∑

k

pTk ×min(∆R1k,∆R2k, ...,∆RNk), d0 ≡
∑

k

pTk ×R (2.7)

where R is the jet distance parameter, pTk is the pT of constituent k and ∆Rik is the

distance from subjet i to constituent k. In this way τN is a measure of how much the

jet constituents are well aligned with the axes of the subjets. Therefore, τN will take

lower values the more the jet looks like it has N or fewer subjets.

The ratio of n-subjettiness for different values of N provides a discriminant to distin-

guish jets containing multiple decay products from jets containing only one light quark

or gluon. For example, if a jet contains two distinct clusters of energy deposits (e.g.

from the decay of a Z boson) then τ2 < τ1 since the jet is more consistent with having

two subjets or fewer (τ2) than with having one subjet or fewer (τ1). Therefore it would

be expected that τ2/τ1 < 1.

3This is achieved using the exclusive version of the kT algorithm, where the jet clustering is terminated
when N jets have been found [52, 53].
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Large-R jets and jet substructure are used in a variety of measurements and searches

for new particles at the ATLAS and CMS experiments. They have been instrumental in

pushing the exclusion limits for new physics searches into the TeV regime. Furthermore, as

the LHC moves to increasingly high centre-of-mass energies these techniques will become

increasingly important for measuring the properties of boosted objects. A large number of

top-tagging techniques, which make extensive use of large-R jets and jet substructure, have

been developed to identify boosted top quarks 4. Techniques to identify Z bosons, W bosons,

boosted Higgs bosons and large-R jets containing multiple light quarks or gluons have also

been developed.

When making use of large-R jets it is of vital importance that the energy and the mass

of these jets is well known, and that the way in which they and their substructure are sen-

sitive to additional proton-proton interactions in the event is well understood. For many

analyses using large-R jets, the jet energy scale is the dominant source of systematic un-

certainty. Measuring the jet energy, mass and substructure of these jets as precisely as

possible is therefore important so that the power of large-R jets and jet substructure can be

fully exploited. A method of measuring the jet energy scale uncertainty for anti-kt R = 1.0

trimmed jets to a high precision using γ-jet events will be presented in this thesis in Chap-

ter 7. The impact of the JES uncertainty will be put into context using results from the

semi-leptonic tt̄ resonance search [55–58]. In this analysis new high mass resonances are

searched for using the invariant mass distribution of the tt̄ pair where one of the tops decays

leptonically (t → Wb → lνb) and one of the tops decays hadronically (t → Wb → qq̄b). The

analysis uses anti-kt R = 1.0 trimmed jets to reconstruct the hadronic top quark for the

high mass regime where the top quarks are highly boosted. The large-R jets are required to

have mjet > 300 GeV and
√
d12 > 40 GeV in order to distinguish large-R jets which contain

the decay products of the top quark from large-R jets containing quarks and gluons from

background events.

4A comparison of top-tagging techniques used at the ATLAS experiment can be found in Ref. [54]
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2.4 Variable R Jets for Boosted Top Reconstruction

The VR jet algorithm provides an interesting prospect for the reconstruction of boosted

objects. The shrinking jet size with increasing jet pT can be used to reflect the topology of

boosted events. VR jets have been studied in the context of the semi-leptonic tt̄ resonance

search. Preliminary studies [21] showed an increase of ∼20 % in the acceptance of top

quarks when using VR jets to resolve all the decay products of the hadronically decaying

top quark separately, compared to fixed radius jets. This increase in signal acceptance has

been confirmed in 8 TeV and 14 TeV Monte Carlo studies and an overview of more recent

studies are given in [5] and in [6].

The semi-leptonic tt̄ resonance search makes use of two different reconstruction strategies,

known as the resolved and the boosted analyses, in order to be able to reconstruct tt̄ events

with invariant masses from ∼500 GeV up to ∼2-3 TeV. In the resolved analysis, depicted

on the left of Figure 2.9, the event is required to contain at least four jets with R = 0.4: one

of which is due to the b-quark from the leptonically decaying top quark, one of which is due

to the b-quark from the hadronically decaying top quark and two of which are due to the

quark and anti-quark from the hadronic decay of the W boson.

In the boosted analysis, depicted on the right of Figure 2.9, the event is required to

contain at least two jets: one jet with R = 0.4 which is due to the b-quark from the

leptonically decaying top quark and one jet with R = 1.0 containing the decay products of

the hadronically decaying top quark. The jet with R = 1.0 is needed for the boosted regime

due to the merging of the small-R jets from the top decay that was previously described in

Section 2.3.

Ongoing studies are investigating the benefits of the VR jet algorithm in the resolved

and the boosted regimes. They make use of the event selection criteria of the semi-leptonic

tt̄ resonance selection in order to select events containing a tt̄ pair where one top decays

leptonically and the other decays hadronically. Only the hadronically decaying top quark

is studied here. Details of the semi-leptonic tt̄ event selection and analysis can be found
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Figure 2.9: An illustration of the resolved and boosted analyses used to select tt̄ pairs. On
the left the resolved analysis is shown where each of the decay products of the top quark
is reconstructed separately. On the right the boosted analysis is shown where the decay
products of the hadronically decaying top quark are reconstructed using one large radius jet.

in Refs. [55, 56]. The studies shown here are performed using a signal sample where the

Z ′ → tt̄ process is simulated for a Z ′ boson with a mass of 3 TeV using the PYTHIA 8 [28]

Monte Carlo generator. The background samples are di-jet events, also simulated using the

PYTHIA 8 Monte Carlo generator.

For the resolved regime small radius VR jets are used to resolve the individual decay

products of the hadronically decaying top quark to a higher pT. For the boosted regime

large radius VR jets are used to capture the decay products of the hadronically decaying top

quark. The choice of parameters and initial studies of small and large VR jets are discussed

below.

If the VR jets which are discussed here are to be used for tt̄ searches (or any other

physics analysis) at ATLAS it is important that their performance and calibration is well

understood. The second part of this thesis will deal with the first derivation of a Jet Energy

Scale calibration and uncertainty for VR jets.

2.4.1 Small Variable R Jets

In the context of the resolved analysis VR jets with a small radius can be used to resolve

the decay products of the top quark to higher values of mtt̄, when compared to using fixed
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radius anti-kt jets. A maximum and minimum radius must be chosen for VR jets, as well

as the value of ρVR
5. In previous studies the maximum radius of the VR jets was chosen

to be R = 0.6. For the studies presented here a maximum radius of R = 0.4 is chosen.

This corresponds to the R = 0.4 fixed radius anti-kt jets which are used in the resolved tt̄

analysis. Rmin = 0.2 is chosen in order to prevent the VR jets becoming smaller than the

granularity of the calorimeters.

Figure 2.10 shows the fraction of events in which the partons from the hadronically

decaying top quark are merged for fixed radius R = 0.4 anti-kt jets and for VR jets with

ρVR = 60 GeV (which have a variable size for 150 < pjetT < 300 GeV). Partons are considered

to be merged if ∆R(a, b) < 0.8 for R = 0.4 fixed radius anti-kt jets or if ∆R(a, b) < Ra
eff+Rb

eff

for VR jets. Ra
eff = ρVR/p

a
T and Rb

eff = ρVR/p
b
T are the radii of the VR jets. Three categories

are shown: no merging where none of the partons are merged; partially merged where two

partons are merged; and all merged where all three of the partons are merged. In Figure 2.10

a) it can be seen that there are ∼6 % more events in the no merging category for VR jets

in comparison to fixed radius jets and in Figure 2.10 b) it can be seen that there are ∼ 8 %

more events in the partially merged category. Collectively this contributes to ∼ 14 % fewer

events in which all of the partons are merged when comparing VR jets to FR jets, as can be

seen in Figure 2.10 c). Further studies investigating the benefits of using small VR jets in

the tt̄ resonance search are ongoing [5].

The calibration and uncertainty studies presented in Chapters 8 and 9 of this thesis use

small VR jets with Rmax = 0.4, Rmin = 0.2 and ρVR = 60 GeV.

2.4.2 Large Variable R Jets

In the boosted analysis, fixed radius anti-kt R = 1.0 trimmed jets are used in order to

capture the decay products of the hadronically decaying top quark. However, as the pT of

the top quark increases, the decay products of the top quark start to fall into an area much

5ρVR was defined in Equation 2.4 and it defines how the radius of the VR jets shrink as the jet pT
increases
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Figure 2.10: The fraction of events falling into the a) no merging, b) partially merged and
c) all merged categories for VR jets with Rmax = 0.4, Rmin = 0.2 and ρVR = 60 GeV in black
and for fixed radius R = 0.4 anti-kt jets in red [5]. Z ′ → tt̄ events are used for these figures,
with a Z ′ mass of 3 TeV, simulated using the PYTHIA 8 [28] Monte Carlo generator.

smaller than that captured by the R = 1.0 jets. This can be illustrated by looking at the

distribution of transverse momentum inside anti-kt R = 1.0 trimmed jets which have passed

the semi-leptonic tt̄ event selection. Figure 2.11 a) shows ∆R(jet constituent− jet axis) as

a function of the pT of trimmed anti-kt R = 1.0 jets, where the entries are weighted by the

pT of the jet constituents. It can be seen that with increasing jet pT the energy deposits in

the jet are concentrated in a decreasing area around the jet axis.

Due to their decreasing size as the jet pT increases, VR jets can be used to reflect this

behaviour. The parameters of the VR jet algorithm need to be optimised in order to capture

the decay products of the top quark, or in this case to capture the majority of the energy

deposits of the anti-kt R = 1.0 trimmed jets. The ∆R values required to contain 90 %,
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92.5 % and 95 % of the pT of trimmed anti-kt R = 1.0 jets are shown in Figure 2.11 b) as a

function of the pT of the trimmed anti-kt R = 1.0 jets. A fit is performed using the function

f(pjetT ) = p[0]/(pjetT − p[1]) in order to capture the shrinking behaviour of the decay products

of the top quark. The value of p[0] can be used as a guideline for the optimal value of ρVR

which is required to contain the decay products of the top quark. To contain 90 % of the pT

of the anti-kt R = 1.0 jets p[0] ∼ 500 GeV, to contain 92.5 % p[0] ∼ 600 GeV and to contain

95 % p[0] ∼ 700 GeV. Each of these values of p[0] was studied and it was found that using

ρVR = p[0] = 600 GeV gives the best performance [6].
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Figure 2.11: a) ∆R(jet constituent− jet axis) as a function of the pT of trimmed anti-kt
R = 1.0 jets and b) the radius required to contain 90 % (black), 92.5 % (red) and 95 %
(black) of the pT of trimmed anti-kt R = 1.0 jets [6]. Z ′ → tt̄ events are used for these figures,
with a Z ′ mass of 3 TeV, simulated using the PYTHIA 8 [28] Monte Carlo generator.

The distribution of the jet mass for the signal and for the background can be seen in

Figures 2.12 a) and b) for jets with a pT of 500-1000 GeV and 1000-1500 GeV respectively.

The distributions are shown for large VR jets with Rmax = 1.0, Rmin = 0.2 and ρVR =

600 GeV, fixed radius R = 1.0 anti-kt trimmed jets and fixed radius R = 1.0 anti-kt jets

with no grooming. It can be seen that for the signal sample the large VR jets have a similar

mass distribution to that observed for fixed radius R = 1.0 anti-kt trimmed jets. However,

for 500 < pjetT < 1000 GeV the large VR jet mass distribution for the background is shifted

to higher values in comparison to that for fixed radius R = 1.0 anti-kt trimmed jets. This is

due to the fact that large VR jets have no jet grooming applied and therefore a significant

proportion of their energy is from additional proton-proton interactions in the event. As
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the jets shrink in size they capture less energy from additional proton-proton interactions.

Therefore, this is less of a problem at higher pT where the jet size is smaller.

From Figures 2.12 a) and b) it is clear that a cut on the jet mass can help to reject

background events whilst retaining signal events. By varying the cut on the jet mass the

background efficiency (ǫB = Nbackground selected/Nbackground total) and the signal efficiency (ǫS =

Nsignal selected/Nsignal total) can be used to assess the performance of the different jet algorithms.

In Figures 2.12 c) and d) the background rejection (defined as 1− ǫB) is shown as a function

of the signal efficiency for 500 < pjetT < 1000 GeV and 1000 < pjetT < 1500 GeV respectively.

For 500 < pT < 1000 GeV the large VR jets have a similar background rejection and signal

efficiency as fixed radius R = 1.0 anti-kt trimmed jets. However, for 1000 < pT < 1500 GeV

it can be seen that large VR jets have a significantly higher background rejection rate for a

given signal efficiency, in comparison to fixed radius R = 1.0 anti-kt trimmed jets.

The calibration and uncertainty studies presented in Chapters 8 and 9 of this thesis use

large VR jets with Rmax = 1.0, Rmin = 0.2 and ρVR = 600 GeV.

2.5 γ-jet Production

Many of the studies in this thesis make use of events containing a photon and a jet in the

final state, known as γ-jet events. At the LHC this type of final state is either the result of

qq̄ → γg or qg → γq as can be seen in Figure 2.13. The first of these is known as annihilation

and the second as Compton scattering. The Compton scattering process dominates the cross-

section for γ-jet events, resulting in the majority of jets from γ-jet events originating from a

quark. This is of importance when using γ-jet events for jet calibration since jets originating

from a quark (quark jets) have a narrower shower profile than those originating from gluons

(gluon jets) [59].

The studies in this thesis require a sample of γ-jet events which is as pure as possible.

Therefore the selection of events is designed in order to reject events containing two or
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jet  < 1500 GeV

(b)

500 < pT
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1000 < pT
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Figure 2.12: The jet mass distribution of the signal and background samples for anti-kt
R = 1.0 jets with and without trimming and large VR jets for a) 500 < pjetT < 1000 GeV
and b) 1000 < pjetT < 1500 GeV. c) and d) show the background rejection as a function of
the signal efficiency for 500 < pjetT < 1000 GeV and 1000 < pjetT < 1500 GeV respectively,
calculated from the jet mass distributions [6]. The signal sample is the Z ′ sample with
mZ′ = 3 TeV and the background sample is the di-jet Monte Carlo sample. Z ′ → tt̄ events
are used for these figures, with a Z ′ mass of 3 TeV, simulated using the PYTHIA 8 [28]
Monte Carlo generator.

more jets and a photon in the final state. Some examples of γ+2 jet events can be seen in

Figure 2.14. This will be discussed in more detail in Chapters 6 and 7.
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The ATLAS Detector at the LHC and

Data Collection

This chapter briefly describes the Large Hadron Collider and the ATLAS detector. The data

samples and Monte Carlo simulations that were analysed for this thesis are also discussed.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is the world’s highest energy particle collider [9].

The studies presented in this thesis make use of data collected during proton-proton colli-

sions, although the LHC can also collide lead ions. The LHC consists of a ring with a

circumference of 26.7 km in which the protons are accelerated and steered using super-

conducting RF (radio-frequency) cavities and magnets. Before injection into the LHC the

proton beams are accelerated up to energies of 450 GeV by a sequence of accelerators: Linac2,

the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton

Synchrotron (SPS). This accelerator complex can be seen in Figure 3.1.

The LHC has a design luminosity of 1034cm−2s−1 and a design centre-of-mass energy

of 14 TeV. However, during Run 1 (2009 - 2013) the LHC operated at lower luminosities

and centre-of-mass energies [60]. The LHC will restart collisions in 2015 at a centre-of-mass

29
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energy of 13 TeV and is expected to achieve design luminosity and energy during Run 2

(2015 - 2018).

The work presented in this thesis is based on data collected during two time periods: the

2011 run (from March to November 2011), which had a peak luminosity of 3.7×1033 cm−2s−1

and a centre-of-mass energy of 7 TeV (3.5 TeV for each proton beam), and the 2012 run (from

April to December 2012), which had a peak luminosity of 7.7×1033 cm−2s−1 and a centre-

of-mass energy of 8 TeV (4 TeV for each proton beam). The peak luminosity of the detector

during these two operating periods can be seen in Figure 3.2 a) and the total integrated

luminosity delivered to and recorded by the ATLAS detector can be seen in Figure 3.2 b).

During 2011 and 2012 the LHC operated with a maximum number of bunches of 1380 and

a bunch spacing of 50 ns (compared to the design bunch spacing of 25 ns).

Data taking is divided into runs during which the instantaneous luminosity decreases as

the run progresses. Runs are further divided into luminosity blocks which cover time periods

of approximately one minute, the shortest time period needed for the measurement of the

instantaneous luminosity.

3.1.1 Pile-up

In each bunch crossing there can be multiple proton-proton interactions. The highest pT

proton-proton interaction in an event is known as the hard scatter and additional proton-

proton interactions are known as pile-up. The average number of proton-proton interactions

per bunch crossing (µ) is related to the instantaneous luminosity (L) and the number of

colliding bunches (Nbunch):

µ =
L× σinelastic

Nbunch × fLHC

, (3.1)

where σinelastic is the total inelastic pp cross section and fLHC = 11.25 kHz is the LHC

machine revolution frequency. The distribution of µ for the 2011 and 2012 datasets can be
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seen in Figure 3.2 c). In 2011 the value of µ ranged from approximately 3 up to 20. Whereas

in 2012 it was significantly higher, ranging between approximately 6 and 40, due to the

higher luminosity achieved in 2012.

Pile-up in the ATLAS detector can be categorised into in-time and out-of-time pile-up.

In-time pile-up consists of the additional energy deposits in the detector that are due to

additional proton-proton interactions in the current bunch crossing. In-time pile-up can be

parametrised by measuring the number of primary vertices. Primary vertices are interaction

points in the ATLAS detector resulting from the collision of the protons rather than the

decay of the particles produced in the proton-proton collisions. The primary vertex which

is due to the hard scatter is defined as the vertex with the highest value of
∑

ptrackT where

ptrackT is the transverse momentum of tracks originating from the vertex. All other primary

vertices are assumed to be due to in-time pile-up.

The ATLAS calorimeters (which absorb and measure the energy of photons, electrons

and hadrons) are also sensitive to energy deposited in previous bunch crossings, with respect

to the current bunch crossing. These energy deposits are known as out-of-time pile-up. Out-

of-time pile-up can be parametrised by µ for a fixed value of the number of primary vertices

(NPV). This is due to the fact that µ is the average number of proton-proton interactions

per bunch crossing where the average is taken over all bunch crossings in a given luminosity

block. Therefore µ is a measure of the pile-up in previous bunch crossings. However, µ is

also highly correlated with the in-time pile-up in the current bunch crossing. Therefore µ

only provides a sole measure of the out-of-time pile-up when considering many events with

the same value of NPV but different values of µ. Methods have been developed by ATLAS

to account for the additional energy deposits in the detector due to pile-up, some of which

will be discussed in this thesis.
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Figure 3.1: The LHC accelerator complex [61]. Protons are accelerated in the linear acceler-
ator Linac2 up to 50 MeV, boosted to 1.4 GeV in the Booster (PSB), accelerated to 25 GeV
in the PS and then to 450 GeV in the SPS before being injected into the LHC. Copyright
c© CERN.
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Figure 3.2: a) The peak instantaneous luminosity as a function of time, b) the luminosity
delivered and recorded by to the ATLAS detector as a function of time, and c) the mean
number of interactions per bunch crossing [62]. All plots show conditions during 2011 and
2012 data taking. a) also shows the instantaneous luminosity delivered to ATLAS in 2010
which was not used in the studies presented in this thesis.
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3.2 Overview of the ATLAS Detector

The ATLAS detector is one of four main detectors at the LHC and one of two general

purpose detectors that are designed for the detection and measurement of a wide range of

high-energy particles and processes. The ATLAS detector is composed of several different

sub-detectors, each of which is designed to measure different properties of the particles

produced in proton-proton collisions. A diagram showing the main detector components can

be seen in Figure 3.3. An overview of each of the components of the detector is given here

and further details can be found in [8].

Figure 3.3: A diagram of the ATLAS detector [63]. ATLAS experiment copyright c© 2014
CERN.

3.2.1 The Co-ordinate System of the ATLAS Detector

The co-ordinate system of the ATLAS detector is right-handed: it is defined such that

the x-axis points to the centre of the LHC ring, the y-axis points upwards and the z-axis

points along the direction of the beamline. The polar angle (θ) is measured from the z-axis.

However, the pseudorapidity is the preferred variable to measure this angle since differences



Chapter 3. 35

in pseudorapidity are Lorentz invariant for massless particles. Pseudorapidity is defined as:

η = − ln

(

tan

(

θ

2

))

(3.2)

The pseudorapidity is zero when perpendicular to the beam-line and tends to infinity in

the ±z-direction. For the case where a physics object has pT ≫ m the pseudorapidity is

approximately the same as the rapidity, which was defined in Equation 2.1.

The azimuthal angle, φ, is measured in the x-y plane, starting from the x-axis.

3.3 Inner Detector

The inner detector is a tracking system that is used to reconstruct the tracks of charged

particles. The inner detector is surrounded by a 2T solenoid magnet, which causes the tracks

of the charged particles to bend such that their momenta and charge can be measured. As

well as measuring the momenta and charges of charged particles, the tracking detector is also

used to find primary and secondary vertices in the detector. Secondary vertices are points

in the detector where particles with a long lifetime (e.g. B hadrons) have decayed at some

distance from the primary interaction point. Identification and measurement of the position

of secondary vertices is therefore important in the identification of jets originating from the

decay of a B hadron (b-jets).

The inner detector consists of three concentric sections. From the inside out they are:

the pixel detector, the SemiConductor Tracker (SCT) and the Transition Radiation Tracker

(TRT). Together they provide measurements of particle tracks up to |η| = 2.5.

The pixel detector uses silicon pixels to detect charged particles. It has three barrel

layers which are parallel to the beam pipe and three endcap layers, placed either side of

the barrel layers, which are perpendicular to the beam pipe. The innermost barrel layer is

50.5 mm from the beam pipe in the radial (R) direction. The pixel detector has an intrinsic

resolution of 10 µm in the R−φ plane and 115 µm in the z direction. The pixel detector
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consists of 80.4×106 pixels in total. The fine granularity of the pixel detector allows for the

reconstruction of tracks in the dense environment close to the beam line, as well as providing

the ability to identify and measure the position of primary and secondary vertices.

Outside of the pixel detector is the SCT, a silicon strip detector with a strip pitch of

80 µm. It consists of four barrel layers and nine endcap layers. The strip detectors are

arranged in stereo; meaning that for each module of the SCT there are two layers of silicon

strips that are aligned such that the strips in the two layers cross at an angle of 40 mrad.

This arrangement allows for measurement of the position of a hit along the z-axis, as well

as in the R-φ plane. In the barrel the intrinsic resolution is 17 µm in R−φ and 580 µm in

the z-direction. There are approximately 6.3 million readout channels in the SCT.

The outermost section of the inner detector is the Transition Radiation Tracker (TRT).

The TRT consists of straw tubes with a diameter of 4 mm, which are arranged parallel to

the beam axis in the barrel region and radially in the endcap regions. The TRT provides

coverage up to |η| = 2, with an intrinsic resolution of 130 µm in the R−φ plane. Between

the straw tubes there are layers of fibres and foils with different dielectric constants. When

a charged particle transverses these different media it emits photons (transition radiation).

The energy loss due to this radiation depends on the particle’s Lorentz factor, γ = E/m.

Therefore, electrons produce transition radiation at a lower energy than hadrons, such as

pions. The transition radiation photons are absorbed by Xenon in the straw tubes, resulting

in a higher voltage signal when transition radiation is present. Therefore, reading out signals

at both high and low voltages from the TRT allows for the separation of energy deposits due

to electrons and energy deposits due to charged hadrons.

The tracks used by physics analyses are found using an inside-outside tracking algorithm.

This starts by looking for hits in the pixel detector and then searches for matching hits in

the SCT and then the TRT. Back-tracking, where the tracking algorithm starts from hits in

the TRT is also used in order to improve secondary vertex finding.



Chapter 3. 37

3.4 Calorimeter

There are two main ATLAS calorimeters: the electromagnetic calorimeter and the hadronic

calorimeter. The electromagnetic calorimeter absorbs and measures the energy of photons

and electrons. It also measures the energy of hadrons. Hadrons do not lose all of their

energy in the electromagnetic calorimeter and therefore they pass through into the hadronic

calorimeter. The hadronic calorimeter absorbs and measures the remaining energy of the

hadrons. A diagram showing the different parts of the calorimetry system can be seen in Fig-

ure 3.4. The ATLAS calorimeters are sampling calorimeters, meaning that they use layers of

material in which the particles shower and are absorbed (the absorber) and layers of material

which measure the energy of the particles produced in the shower (the active material). The

calorimeters are also non-compensating, meaning that a smaller energy is measured for a

hadronic particle than for an electromagnetic particle of the same initial energy. The non-

compensation is mainly due to the nuclear interactions of the hadrons: processes such as

nuclear recoil, excitation and breakup absorb significant energy whilst producing little or no

signal in the calorimeter. This is because scintillation light is emitted following excitation

of atoms in the scintillating material by photon absorption or ionisation. Therefore, nuclear

processes, such as those mentioned above, must subsequently cause ionisation or excitation

of the scintillation atoms in order for the energy to be visible. These types of processes result

in ∼20-40 % [24] of the energy of a hadronic shower being invisible. A further small fraction

(∼1%) is lost due to neutrinos, which are not detected. The remaining energy is visible

energy, due to showering of the electromagnetic components of the shower, or ionisation

energy from charged particles.

3.4.1 Electromagnetic Calorimeter

The electromagnetic (EM) calorimeters are divided into two sections: the barrel, covering

|η| < 1.475; and the endcap, covering 1.375 < |η| < 3.2. There are three layers for |η| < 2.5

and two layers for |η| > 3.2, allowing for more precise measurements within |η| < 2.5.
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Figure 3.4: The ATLAS calorimetry system. ATLAS experiment copyright c© 2014 CERN.

The EM calorimetry system is finely segmented into readout cells (which are also known

as calorimeter cells) for precise energy and position measurement of electrons and photons.

The EM calorimeter uses liquid Argon (LAr) for the active material with lead absorber in

a unique accordion shaped geometry, providing full φ coverage with no azimuthal gaps. A

module from the EM barrel showing the accordion geometry and the readout cells can be

seen in Figure 3.5. It can be seen that the first layer has a high granularity of readout

cells in the η direction, with decreasing granularity in the second and third layers. The EM

calorimeters have > 22(24) radiation lengths of material in the barrel (endcap) in order to

fully absorb the electromagnetic showers of electrons and photons.

A LAr presampler is used for |η| < 1.8 to correct for energy lost before the calorimeter.

The presampler is a layer of LAr with a thickness of 1.1 cm (0.5 cm) in the barrel (endcap).

Additionally, scintillators are used in the region 1.0 < |η| < 1.6 where there are gaps between

the barrel and endcaps for cables and services for the inner detector and barrel calorimeter.

The signal produced by the LAr calorimeters is an analog signal that is sampled every 25

ns. The signal is shaped using a bi-polar pulse and converted to Analog-to-Digital Converter



Chapter 3. 39

∆ϕ = 0.0245

∆η = 0.025

37.5mm/8 = 4.69 mmm
∆η = 0.0031

∆ϕ=0.0245x4
36.8mmx

Trigger Tower

∆ϕ = 0.0982

∆η = 0.1

16X0

4.3X0

2X0

15
00

 m
m

47
0 

m
m

η

ϕ

η=0

Strip cel l s in L ayer 1

Square cel l s in

L ayer 2

1.7X0

Cells in Layer 3

∆ϕ×∆η = 0.0245×0.05

Cells in PS

∆η×∆ϕ = 0.025×0.1

Trigger
Tower

=147.3mm
4

Figure 3.5: A diagram of a barrel module in the electromagnetic calorimeter. The accordion
geometry and the three layers of the calorimeter are visible. The granularity of the readout
cells is also shown, with the readout cells in the first layer having a much smaller size in the
η direction than the readout cells in the second and third layers [8].

(ADC) counts. The resulting signal shape can be seen in Figure 3.6 a) for the first layer of

the EM barrel calorimeter. As mentioned previously, the ATLAS calorimeters are sensitive

to energy deposits in previous and future bunch crossings with respect to the current bunch

crossing. This is due to the long integration time of the signal in the LAr calorimeters. The

sensitivity is partly mitigated by the bipolar pulse shaping of the signal, which results in

partial cancellation of in- and out-of-time pile-up.

3.4.2 Hadronic Calorimeter

The hadronic calorimeters utilise different technologies for different η regions. In the central

region the Tile calorimeter covers |η| < 1.0 for the barrel and 0.8 < |η| < 1.7 for the

extended barrel. The Tile calorimeter consists of tiles of steel absorber interleaved with

plastic scintillator for the active material. There are three layers of modules in both the

barrel and the extended barrel. A module of the tile calorimeter can be seen in Figure 3.8,
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Figure 3.6: The shape of the pulse for a) the first layer of the LAr EM calorimeter [64], b)
the tile calorimeter [65].

including an illustration of the wavelength shifting fibres, which are used to collect the light

at the edge of each scintillating tile. These fibres are grouped together in order to define

a structure of readout cells. There are three layers of cells in the radial direction, with

dimensions of ∆η ×∆φ = 0.1× 0.1 for the first two layers and ∆η ×∆φ = 0.2× 0.1 for the

third layer, as illustrated in Figure 3.7.

Figure 3.7: The segmentation of the Tile cal modules in the radial and η directions. Only
half of the Tile calorimeter is shown since it is symmetrical about η = 0 [8].

The scintillation light is collected by the wavelength shifting fibres and detected using

photomultipliers. This results in a pulse with a height proportional to the energy and a width

of 50 ns as can be seen in Figure 3.6 b). The pulse shape is sampled 7 times and calibration

constants that have been measured in a test beam are used to convert the ADC counts

into an energy measurement. Due to the short integration time, which can be observed in
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Figure 3.6 b), the Tile calorimeter is much less sensitive to out-of-time pile-up in comparison

to the LAr calorimeters, being sensitive within only 75 ns [1]. Furthermore, the hadronic

calorimeters are (in general) less affected by pile-up, since many of the low energy particles

which are due to pile-up have already been absorbed by or lost significant amounts of their

energy in the EM calorimeter.

Figure 3.8: A diagram showing a module of the tile calorimeter. The layout of the steel
absorber tiles and scintillating tiles can be seen [8].

The LAr hadronic endcap (HEC) extends the hadronic calorimeter to higher |η|, providing

coverage of 1.5 < |η| < 3.2. It uses copper for the absorber and LAr for the active material.

The forward regions (3.1 < |η| < 4.9) are covered by the LAr forward calorimeter (FCal).

The FCal consists of 3 modules in each endcap. The first module uses copper for the

absorbing material and it is mainly used for the measurement of electromagnetic showers.

The other two modules use tungsten for the absorbing material and they mainly measure

hadronic interactions.
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3.4.3 Grouping of Calorimeter Cells using Topo-clusters

Various methods can be used to group calorimeter readout cells into groups which are used

for the reconstruction of physics objects. A method which is of particular relevance for jet

reconstruction is topo-clustering, which is used to build groups of calorimeter cells known as

topo-clusters [66].

Topo-clusters are formed from calorimeter cells following a scheme that is designed to sup-

press calorimeter cells that are dominated by noise (from electronics or from pile-up). This

is done by considering the signal-to-noise ratio of the calorimeter cells, E/σ, where E is the

measured energy of the calorimeter cell and the estimated noise is σ =
√

σ2
electronics + σ2

pile−up.

σelectronics is determined from measurements of the signal in the calorimeters when there are

no collisions and it can be seen in Figure 3.9 a). σpile−up is determined from Monte Carlo

simulations [1]. The total noise, σ, can be seen in Figures 3.9 b) and c) for 2011 and 2012

respectively. By comparing Figure 3.9 a) to Figures 3.9 b) and c) it can be seen that the

noise due to pile-up is either comparable to or greater than the electronic noise. The noise

due to pile-up is particularly high in the Tile calorimeter and the hadronic endcaps due to

the large size of the calorimeter cells in these detectors. Furthermore, the large increase in

noise when going from the lower pile-up conditions of 2011 to the higher pile-up conditions

of 2012 can be seen by comparing Figures 3.9 b) and c).

Using these noise measurements, the topo-clustering sequence starts by finding seed cells

with E/σ > 4. Then surrounding cells with E/σ > 2 are added and finally a layer of cells

with E/σ > 0 are added. A diagram showing examples of how topo-clusters can be formed

can be seen in Figure 3.10.

Once all topo-clusters are formed a splitting algorithm is employed to divide topo-clusters

with more than one energy maximum into smaller topo-clusters [66].
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(a)

(b) (c)

Figure 3.9: The noise thresholds in the calorimeters. a) The electronic noise, σelectronics,
which was used in 2011 and 2012 [1], b) the total noise for µ = 8 (including the noise due to
the electronics and pile-up) which was used for jet reconstruction in 2011 data and Monte
Carlo [1] and c) the total noise for µ = 30 (including the noise due to the electronics and
pile-up) which was used for jet reconstruction in 2012 data and Monte Carlo [67].

Figure 3.10: An illustration of topo-clusters. The grid represents calorimeter cells and the
colours represent cells with E/σ > 0 (yellow), E/σ > 2 (orange), and E/σ > 4 (brown).
The boundaries of the topo-clusters are shown in blue.
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3.5 Muon System

The outermost component of the ATLAS detector is the muon system. It detects charged

particles that pass through the rest of the detector and in particular it is designed for the

detection of muons. The muon system has a coverage of |η| < 2.7 and it designed to

detect muons with momenta above a few GeV [68]. The muon system uses large toroidal

super-conducting magnets to bend the tracks of the charged particles. The muon tracks

are measured using three layers of octagonal chambers in the barrel region and three layers

perpendicular to beam axis in the endcap region. Monitored drift tubes (MDTs) are used

for 0 < |η| < 2.7 (except for the first layer where they cover 0 < |η| < 2.0). The MDTs give

a momentum resolution of 35 µm in the z-direction. Cathode Strip Chambers (CSCs) are

used for the first layer in the region 2.0 < |η| < 2.7, providing a momentum resolution of

40 µm in R and 5mm in φ. For triggering purposes the muon system also contains chambers

covering 0 < |η| < 2.4 that have a fast reaction time but lower momentum resolution. In the

barrel these are Resistive Plate Chambers (RPCs) and in the endcap Thin Gap Chambers

(TGCs) are used. These chambers are also useful for bunch crossing ID and they provide a

position measurement orthogonal to that measured by the MDTs.
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3.6 Data Acquisition and Triggers

The quantity of data that is produced by the ATLAS detector greatly exceeds the amount

that can be stored or analysed. In order to reduce the data rate from ∼40 MHz to ∼200

Hz a trigger system is used to decide which events to store. The trigger primarily looks for

events containing high pT objects such as photons, electrons, jets and taus or events with

large amounts of missing transverse momentum.

The ATLAS trigger system has three different stages: the Level 1 trigger (L1), the Level

2 trigger (L2) and the Event Filter (EF). The L2 and EF are collectively known as the High

Level Trigger (HLT).

The Level 1 trigger is a hardware based trigger that uses information from the calorimeter

and the muon system to reduce the event rate to a maximum of 75 kHz in 2.5 µs. L1 defines

a Region of Interest (RoI), a slice of the detector where a high ET energy deposit in the

calorimeter or a high momentum track in the muon system has been measured. If L1 finds

such a RoI then the event is passed to L2, which has access to detector information from

all detector components in the RoI. L2 reduces the event rate to ∼3 kHz in approximately

40 ms/event. If the event passes the L2 trigger then the event is passed to the EF, which

has access to information from all detector components in all regions of the detector. EF

uses algorithms similar to those used for offline reconstruction in order to identify high pT

objects and reduce the data rate to 200 Hz in 4 s/event. The L2 and EF triggers are both

software based triggers.

Even with the requirements placed on the triggers to identify high pT objects the data rate

would be too high. Therefore some triggers are prescaled which means that 1 out of N events

(for a trigger with a prescale of N) is selected for storage. The triggers that are prescaled, and

the value used for the prescale, is defined based on the instantaneous luminosity delivered

to the detector and which objects are most needed by physics analyses. The prescales are

accounted for by scaling the number of Monte Carlo events by the luminosity collected by

the trigger.
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Photon triggers are used for the γ-jet analyses presented in this thesis. These photon

triggers are seeded at L1 using only calorimeter information to search for clusters of calorime-

ter cells with high ET . Loose photon identification is applied in the HLT to discriminate

between photons and jets with a high electromagnetic content. The identification is based

on requirements relating to the shape of the shower in the electromagnetic calorimeter and

leakage into the hadronic calorimeter [69, 70].

In the 2011 data events were selected using six single photon triggers with pT thresholds

(ptriggerT ) of 20, 40, 60 and 80 GeV. All of these triggers were prescaled except for the trigger

with ptriggerT of 80 GeV. Following calibration the photons passing these triggers are required

to have a pT > 25, 45, 65 and 85 GeV for the triggers with ptriggerT of 20, 40, 60 and 80 GeV

respectively. This requirement ensures that the trigger efficiency is > 99 % [71]. The photons

are required to have passed the triggers in non-overlapping pT ranges, e.g. photons passing

the 20 GeV threshold trigger are required to have 25 < pγT < 45 GeV, photons passing the

40 GeV threshold trigger are required to have 45 < pγT < 65 GeV etc.

Due to the higher luminosity of the LHC during 2012 operation compared to 2011, photon

triggers with higher pT thresholds and prescales were required. In addition to the triggers

with ptriggerT of 20, 40, 60 and 80 GeV which were used for the 2011 analysis, two extra

photon triggers were used with ptriggerT of 100 GeV and 120 GeV. These extra triggers had

corresponding offline pγT cuts of 105 GeV and 125 GeV respectively in order to ensure a

trigger efficiency of > 99% [72]. The only unprescaled trigger was the trigger with ptriggerT of

120 GeV.

A summary of the photon triggers used in 2011 and 2012 data is shown in Table 3.1.

Data collected by the detector and Monte Carlo simulations are replicated and distributed

on the GRID, a worldwide computing network that are used to store and analyse data.

Reconstruction of physics objects is performed centrally using the ATLAS software package,

ATHENA, to produce, at the end of the chain, Derived Physics Datasets (D3PDs) that

contain information about physics objects such as jets, as well as information about the hits,

clusters and tracks in the event.
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Trigger Name Trigger pT threshold [GeV]
pT thresholds in analysis [GeV] Prescaled ?

2011 2012 2011 2012

EF g20 loose 20 25 < pT < 45 25 < pT < 45 Yes Yes

EF g40 loose 40 45 < pT < 65 45 < pT < 65 Yes Yes

EF g60 loose 60 65 < pT < 85 65 < pT < 85 Yes Yes

EF g80 loose 80 pT > 85 85 < pT < 105 No Yes

EF g100 loose 100 - 105 < pT < 125 - Yes

EF g120 loose 120 - pT > 125 - No

Table 3.1: Summary of the photons triggers and pT thresholds used for the analyses presented
in this thesis, for 2011 and 2012 data taking.

3.7 Data Quality

The quality of the data produced by the ATLAS detector is monitored and checked for

any issues in the sub-detectors, for example noise bursts or occasions when the electronics

needed to be reset for a particular detector component [73]. From this information a set of

luminosity blocks in which the detector was operating well is defined, which is known as a

Good Runs List (GRL). GRLs are used for the selection of good quality data for all studies

shown in this thesis. Data quality requirements relating specifically to physics objects such

as photons and jets are applied separately to this selection since they are dependent on which

objects are of interest to an analysis.

3.8 Data Samples

Two different, non-overlapping sets of data collected by ATLAS were used for the studies

presented in this thesis:

• 4.7 fb−1 of data collected in 2011 at
√
s = 7 TeV were used for the studies of the

jet energy scale and its uncertainty (for anti-kt R = 0.4 and R = 0.6 jets), which is

presented in Chapter 6.

• 20.3 fb−1 of data collected in 2012 at
√
s = 8 TeV were used for the studies of the
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jet energy scale uncertainty of large-R jets, which is presented in Chapter 7 and for

the studies of the jet energy scale uncertainty of Variable R jets which is presented in

Chapter 9.

These integrated luminosity values are the totals after the GRL has been applied and

therefore they are slightly lower than the total integrated luminosity recorded by ATLAS,

which was shown in Figure 3.2 b).

3.9 Monte Carlo Samples

Monte Carlo generators are used to simulate proton-proton interactions and the subsequent

decay of particles into stable particles that are detected by the ATLAS detector. They

provide a basis against which to compare data and they are used extensively for calibration

purposes. In this thesis the processes of interest are events containing a photon and a jet in

the final state (γ-jet events) and events containing at least two high pT jets (di-jet events).

The Monte Carlo generators that were used to simulate these types of event are briefly

described below and details can be found in Table 3.2.

The stable particles produced by the Monte Carlo generators are passed on toGeant4 [74],

which simulates the interaction of the particles with the ATLAS detector and the tracks and

energy deposits that they leave in the detector. The resulting simulated hits and energy

deposits are reconstructed into physics objects using the same algorithms and software as

are used for data.

In-time pile-up is modelled using minimum bias events, which are overlaid on top of the

hard scatter events. The number of minimum bias events that are added to an event is

sampled from a Poisson distribution with a mean of 〈µ〉. Out-of-time pile-up is modelled by

arranging the minimum bias events with the same bunch structure as the bunch structure in

the LHC. The length of time for which each component of the detector is sensitive to out-of-

time pile-up is used to select the number of events that must be taken into account on either

side of the current bunch crossing. For the Monte Carlo samples simulated at
√
s = 7 TeV,
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to be compared to the 2011 dataset, the minimum bias events used for the pile-up modelling

were generated using PYTHIA 8 [28] with the 4C [75] detector tune and the MRST LO**

PDF set. For Monte Carlo samples simulated at
√
s = 8 TeV, for comparison to the 2012

dataset, the minimum bias events were generated using PYTHIA 8 with the A2M tune and

the MSTW2008LO [76] PDF set.

In general, the simulated pile-up conditions do not exactly match the conditions in data

as the exact conditions cannot be known until the data has been taken. The Monte Carlo

samples are corrected for this by re-weighting events such that the µ distribution in Monte

Carlo matches that seen in the data. It was also observed that the number of primary vertices

in Monte Carlo for an event with a given value of µ was the same as for an event in data with

SF × µ, where SF = 0.97 (1.11) for 2011 (2012) data and Monte Carlo. Therefore a scale

factor (a multiplicative factor) is applied to the Monte Carlo such that µMC = SF × µdata.

3.9.1 γ-jet Monte Carlo Simulation

Inclusive γ-jet samples were generated for the studies presented in Chapter 6 and Chapter 7.

For the simulation of events at
√
s = 7 TeV (for comparison to the 2011 dataset) the

nominal Monte Carlo generator used was PYTHIA v6.425 [29]. Parameters used to model

the underlying event and non-perturbative physics were derived from comparisons data and

are known as the detector tune. The tune that was used is known as ATLAS AUET2B

MRST LO** [77]. The MRST LO** PDF set was used.

For assessment of the systematic uncertainty due to the modelling of the underlying

physics, HERWIG v6.510 [30] was used, also with the ATLAS AUET2B MRST LO** tune

and the MRST LO** PDF set. HERWIG and PYTHIA use different models for the parton

shower and hadronisation.

For assessment of the systematic uncertainty due to jets with a high electromagnetic

content that are misidentified as a photon, an inclusive jet sample was generated using

PYTHIA v6.425. A filter was applied to this sample of simulated events in order to select
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jets with a narrow shower profile, which are more likely to be misidentified as a photon.

For the simulation of inclusive γ-jet events at
√
s = 8 TeV the nominal Monte Carlo

generator used was PYTHIA v8.165 [28] with the AU2 CTEQ6L1 detector tune [78] and

CTEQ6L1 LO [79] PDF set. For the evaluation of the systematic uncertainty due to the

modelling of the underlying physics HERWIG++ v2.5.2 [31] was used with the UE-EE-3

CTEQ6L1 detector tune and CTEQ6L1 LO PDF set.

3.9.2 Di-jet Monte Carlo Simulation

For the study and calibration of Variable R jets at
√
s = 8 TeV a di-jet Monte Carlo

sample was used which was derived with the PYTHIA v8.165 generator with the AU2

CT10 detector tune and the CT10 [80] PDF set. The samples are sliced according to the

leading anti-kt R = 0.6 jet pT. The events are weighted using the Monte Carlo event weight,

the cross-section, filter efficiency and the number of events in each slice in order to restore

the correct shape of the pT distribution.

Generator
√
s [TeV] Detector tune PDF

γ-jet nominal
2011 PYTHIA

v6.425
7 ATLAS AUET2B MRST LO**

2012 PYTHIA

v8.165
8 AU2 CTEQ6L1 LO

γ-jet
uncertainty

2011 HERWIG

v6.510
7 ATLAS AUET2B MRST LO**

2012 HERWIG++
v2.5.2

8 UE-EE-3 CTEQ6L1

Inclusive jet:
filtered

2011 PYTHIA

v6.425
7 ATLAS AUET2B MRST LO**

Di-jet 2012 PYTHIA

v8.165
8 AU2 CT10

Table 3.2: Summary of the Monte Carlo generators, detector tunes and PDFs used for event
simulation for the results presented in this thesis.
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Object Reconstruction

The studies presented in this thesis mainly make use of two types of physics objects: photons

and jets. This chapter gives an overview of the reconstruction of these objects. The recon-

struction of the missing transverse momentum (Emiss
T ) in an event and the reconstruction of

electrons and muons are also briefly described.

4.1 Photon Reconstruction

Photons are built from electromagnetic calorimeter cells using a sliding window algorithm [66,

81]. The algorithm positions windows of size 3×5 in units of 0.025×0.025 in |η × φ| space,

maximising the energy contained within each window. Only calorimeter cells with ET > 2.5

GeV are considered.

The clusters of calorimeter cells that are found using the sliding window algorithm are

classified as either an electron, an unconverted photon or a converted photon, depending on

the tracks, or lack of tracks, which are associated to the cluster [69].

Clusters with no matching tracks1 are classified as unconverted photons. Clusters with

1A track is considered to be matched to a cluster if it is within a 0.05×0.10 window in |η × φ| space
around the centre of the photon cluster. A matching track is also required to have a momentum which is at
least 10 % of the energy of the cluster.

51
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matching tracks are either classified as an electron or a converted photon.

Converted photons are photons that have converted to an e+e− pair before reaching the

calorimeter. They are differentiated from electrons by requiring that the tracks matching

the cluster come from a conversion vertex (a tracking vertex consistent with the conversion

of a photon to an e+e− pair). A dedicated tracking algorithm is used to find conversion

vertices. The algorithm searches for pairs of opposite sign tracks and imposes requirements

to select pairs consistent with a photon conversion. For example, the tracks must have a

small angle between them at the point of conversion to account for the fact that photons

are massless, so the opening angle of the e+e− pair produced in the conversion is zero [68].

Requirements are also placed on the number of high-threshold hits in the TRT compared

to the total number of hits in the TRT, to ensure that the tracks are electron-like. Further

requirements are placed on the reconstructed photon invariant mass and pT. The clusters

associated with the e+e− pair conversion are known as double track conversions if both of

the tracks from the conversion are found.

Following reconstruction of pairs of tracks which are consistent with a photon conversion,

the remaining tracks are studied since it is possible that one track from either the e+ or e−

may not have been reconstructed. The remaining tracks must not have a hit in the first

pixel layer, and they must pass stringent cuts on the number of high-threshold hits in the

TRT compared to the total number of hits in the TRT. This ensures that only electron-like

tracks are selected [68]. The clusters which have a single matching track that passes these

requirements are known as single track conversions.

Following classification, the cluster is rebuilt with a size optimised to capture the energy

of the photon whilst minimising contributions due to pile-up and noise. The optimal size

depends on the position of the cluster in the calorimeter, and whether the cluster has been

classified as a converted or unconverted photon. Electron clusters are expected to be wider

than unconverted photon clusters as electrons are more likely to interact before reaching

the calorimeter, and because they radiate soft photons due to Bremsstrahlung radiation.

Electron trajectories are also bent in the φ direction by the magnetic field and therefore they
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form a wider cluster in the φ direction compared to unconverted photons. Converted photons

are expected to have a wider cluster than unconverted photons since their energy is deposited

in the calorimeter by the e+e− pair. In the EM barrel (|η| < 1.475), unconverted photons are

reconstructed with a size of 3×5 in units of 0.025×0.025 in |η×φ| space, whereas converted

photons are reconstructed with a size of 3× 7. In the EM endcap (1.375 < |η| < 3.2), both

converted and unconverted photons have a size of 5× 5 [66]. For converted photons, the size

of the clusters in the endcaps is smaller in φ, compared to the size in the barrel, since the

bending effect of the magnetic field is smaller for electrons travelling in the high η direction.

The energy of the photon is calculated by summing the energy of the constituent calorime-

ter cells, and the η− φ position is calculated from the energy weighted centre of the cluster.

Photons with 1.37 < |η| < 1.52 are not used as this region contains a significant proportion

of material that is not instrumented.

4.1.1 Photon Identification

In order to distinguish photons from jets with a high electromagnetic content (e.g. due to

π0 → γγ), photons must pass criteria designed to ensure that the shape of the electromag-

netic shower is consistent with the electromagnetic shower of a photon. For this purpose,

requirements are placed on a set of variables that describe the shape of the shower and any

leakage into the hadronic calorimeter. Two nominal sets of requirements are available: tight

photon identification and loose photon identification.

The selection efficiency of tight photons is > 85 % and the background rejection is

approximately 5000 2 for tight photons with ET > 40 GeV [69, 70]. The selection efficiency

of loose photons is > 97 % and the background rejection is approximately 950 for loose

photons with ET > 40 GeV [69, 70]. For loose photon identification the same requirements

are applied to converted and unconverted photon clusters. The requirements for tight photon

identification are tuned separately for converted and unconverted photons.

2ie. 1 out of 5000 jets will be misidentified as a photon.
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For the background studies shown in this thesis another definition of loose photon identi-

fication is used (denoted here as loose+ photon identification). The differences between the

shower shape variables that are used for loose+ identification, loose identification and tight

identification can be seen in Table 4.1.

Differences in the distributions of the variables shown in Table 4.1 are seen between data

and Monte Carlo. The data-to-Monte Carlo differences observed between the mean values

of the variables are used to shift the values of the variables in Monte Carlo, such that the

means of the distributions in Monte Carlo match the means of the distributions in data.

These shifts are applied before applying the photon identification requirements.

4.1.2 Photon Isolation and Object Quality

Photons are required to be isolated from other activity in the detector by considering the

amount of energy deposited in a circle around the photon [82, 83]. There are two ways

of measuring the energy surrounding the photon. The first method, known as cell-based

isolation (shown in Figure 4.1 a)), sums the energy of all calorimeter cells in a circle of

radius 0.4 around the photon. The second method, known as topo-cluster-based isolation

(shown in Figure 4.1 b)), sums the energy of all positive energy topo-clusters within a circle

of radius 0.4 around the photon. For both methods, the energy in a 5×7 window around

the direction of the photon is then subtracted from the total energy. Corrections derived

from Monte Carlo are used to account for any photon energy that was not contained in

the 5×7 window and to account for pile-up, noise and the underlying event. The topo-

cluster-based isolation is more robust against pile-up due to the inbuilt noise reduction of

the topo-clustering algorithm and is used for the isolation energy (Eγ
iso) in analysis of 2012

data and Monte Carlo. For 2011 data and Monte Carlo the topo-cluster-based isolation was

not available and so the cell-based isolation energy was used.

In addition to isolation requirements, photon cleaning requirements [84] are applied to

reject photons that have been reconstructed from calorimeter cells with a high level of noise.
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Category Description Name Loose Loose+ Tight

Acceptance |η| < 2.37, 1.37 < |η| < 1.52 ex-
cluded

- X X X

Hadronic Leakage Ratio of ET in the first sampling
layer of the hadronic calorimeter
to ET of the EM cluster (used
over the range |η| < 0.8 and |η| >
1.37)

Rhad1 X X X

Ratio of ET in all the hadronic
calorimeter to ET of the EM clus-
ter (used over the range 0.8 <
|η| < 1.37)

Rhad X X X

EM Middle Layer Ratio of cell energies in 3 × 7 ver-
sus 7 × 7 cells in η × φ

Rη X X X

Lateral width of the shower in η wη2 X X X

Ratio of cell energies in 3 × 3 and
3 × 7 cells in η × φ

Rφ X X

EM Strip layer Shower width for three strips
around the strip with the maxi-
mum energy deposit

ws3 X

Total lateral shower width wstot X X

Energy outside the core of three
central strips but within seven
strips divided by energy within
the three central strips

Fside X

Difference between the energy as-
sociated with the ∆E second
maximum in the strip layer, and
the energy reconstructed in the
strip with the minimal value
found between the first and sec-
ond maxima

∆E X

Ratio of the energy difference as-
sociated with the largest and sec-
ond largest energy deposits over
the sum of these energies

Eratio X

Table 4.1: Table showing variables used for photon identification for loose+, loose and tight
photon identification. The table is adapted from [70].

4.2 Electrons

The reconstruction and calibration of electrons is very similar to the reconstruction and

calibration of photons. As described above the sliding window algorithm is used to identify
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(a)

Photon

Isolation Cone

Photon Cluster

5 X 7 Cluster

Topocluster

Topocluster

(b)

Figure 4.1: Illustrations of the two ways of measuring the energy surrounding a photon.
a) uses the energy of all cells within a circle of radius 0.4 around the photon [85] and b)
uses the energy of all positive energy topo-clusters within a circle of radius 0.4 around the
photon [86].

clusters of calorimeter cells that are electron or photon candidates. Electrons are then

distinguished from photons by the presence of matching tracks that do not come from a

conversion vertex. An overview of the reconstruction and identification of electrons can be

found in Ref. [87].

Electron identification criteria are used to reject non-prompt electrons, which did not

come directly from the hard scatter or from the decay of a W or Z boson or a top quark. The

shower shape variables used for photon identification are also used for electron identification.

Additionally, electron identification makes use of information about the tracks in the inner

detector. The electron identification is optimised to reject fake electrons, which originate

from jets with a high electromagnetic content, and non-prompt electrons from the semi-

leptonic decay of B or D hadrons, the decay of charged pions, or converted photons. Three

categories of electron identification criteria are available: loose++, medium++ and tight++,

each of which have an increasing rejection power against fake electrons and non-prompt

electrons.

4.3 Muons

Muons are reconstructed from tracks in the muon spectrometer and they also make use

of tracks in the inner detector. Muons which have tracks in the muon spectrometer that
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are matched to tracks in the inner detector have the highest purity and they are known as

combined muons. Quality criteria are applied to the MDT and inner detector tracks used

for muon reconstruction, including cuts to ensure that the muons come from the primary

vertex. An overview of all types of muons and their performance can be found in Ref. [88].

4.4 Missing Transverse Momentum (Emiss
T )

Missing transverse momentum (Emiss
T ) provides a measure of the energy which has not been

detected due to weakly interacting particles (e.g. neutrinos). Emiss
T may also be present

due to mis-calibration of the physics objects, pile-up or regions of the detector that are

not functioning. Emiss
T is defined as −∑ pall objects

T where
∑

pall objects
T is the vector pT sum of

calorimeter based objects (electrons, photons, taus and jets), muons and any energy deposits

that are not associated to a reconstructed object.

The transverse momentum for each of the reconstructed objects is determined using the

standard calibration procedures. Topo-clusters are used to measure the transverse momen-

tum of energy deposits not associated to a reconstructed object.

4.5 Jet Reconstruction

4.5.1 Inputs for Jet Finding

The inputs for jet finding at the ATLAS detector and in the ATLAS software can either be

calorimeter towers, topo-clusters, tracks or Monte Carlo truth particles. A brief description

of each of these is given here and more details can be found in References [43, 46, 66].

Tower jets Calorimeter towers are formed from calorimeter cells from all layers of the

calorimeter, projected onto an η × φ grid. The cells are then grouped into towers with a

size of |∆η × ∆φ| = 0.1 × 0.1. Jets built from towers are known as tower jets. Only towers
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with a positive energy are used for jet finding. Jets built from towers are used primarily in

the trigger and are not used for any studies presented here.

Reconstructed jets Jets built from topo-clusters are known as calorimeter or recon-

structed jets. Only topo-clusters with positive energy are used for jet finding and they are

considered to be massless. Since the topo-clusters are considered to be massless the jet mass

that is built from topo-clusters is a measure of the dispersion of the topo-clusters within the

jet.

Track jets Jets built from tracks are known as track jets. Tracks used for jet finding

must satisfy selection criteria based on their transverse impact parameter (the transverse

distance from the primary vertex at their closest approach to it), transverse momentum and

the number of hits in the pixel and silicon trackers [43]. These criteria are designed to select

good quality tracks that come from the primary vertex. The track mass is taken to be the

mass of the pion.

Truth jets Jets built from Monte Carlo particles are known as truth jets. They are said

to be at particle level, meaning that they are built from the Monte Carlo particles produced

by the hadronisation and subsequent decay of hadrons into particles with a sufficiently long

lifetime to be detected. Particles from Monte Carlo generators are used for jet finding if they

are stable, with a lifetime > 10 ps. The mass of the particles is used in the four-vector of

the Monte Carlo particles (e.g. if the particle is a proton the mass is taken to be the proton

mass). Muons and neutrinos are not included in the reconstruction of truth jets.

4.5.2 Jet Algorithms used at the ATLAS Detector

The most commonly used types of jet at the ATLAS detector are jets built using the anti-kt

algorithm (described in Section 2.2) with a distance parameter of either R = 0.4 or R = 0.6.

These jets will be known here as small-R jets.
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Physics analyses dealing with boosted objects, such as boosted top quarks, W or Z bosons

make use of jets with a much larger distance parameter, known as large-R jets. Large-R jets

used at ATLAS are built either with the anti-kt algorithm with R = 1.0 or the Cambridge-

Aachen algorithm with R = 1.2. The anti-kt R = 1.0 jets which are used for the studies

presented in this thesis are trimmed as described in Section 2.3.

In addition to the studies of small-R and large-R anti-kt jets which are presented in

this thesis the calibration of jets built with the VR jet algorithm, which was introduced

in Sections 2.2 and 2.4, will be discussed. In particular, the anti-kt version of the VR jet

algorithm is used with the following parameters:

Rmax Rmin ρVR

Small VR jets 0.4 for pT < 150 GeV 0.2 for pT > 300 GeV 60 GeV

Large VR jets 1.0 for pT < 600 GeV 0.2 for pT > 3 TeV 600 GeV

Table 4.2: The parameters for the small and large VR jet collections.

4.6 b-jets

Jets containing B-hadrons are identified using b-tagging. b-tagging uses tracks which are as-

sociated with jets according to their distance from the centre of the jet (∆R =
√

∆η2 +∆φ2),

to identify B-hadrons. B-hadron decays result in displaced vertices in the detector. A neural

network (known as MV1) is used to identify B-hadrons. It makes use of three b-jet tagging

algorithms: I3PD that uses the transverse and longitudinal distance parameters of the sec-

ondary vertex; SV1 that uses variables such as the distance of the secondary vertex from

the primary vertex; and jet fitter that looks for a secondary and a tertiary vertex due to the

b → c → X decay chain [89, 90].
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Photon and Jet Calibration

Photons are used extensively as a reference object for the jet calibration studies that are

presented in this thesis. It is, therefore, important that the photons are well calibrated in

order to know their energy to a high precision. The photon calibrations and uncertainties

described in this chapter are derived by the EGamma group, a group dedicated to studying

the performance and calibration of electrons and photons at the ATLAS detector. Following

the discussion of the photon calibration, an overview is given of the jet calibration schemes

that are used to calibrate small and large R jets at the ATLAS detector.

5.1 Photon Calibration

There are three main steps used to calibrate photons [68]. The first is the calorimeter

calibration to convert the electronic signal in the calorimeter into an energy measurement.

The second step is a calibration derived from Monte Carlo, which uses simulations of the

detector to correct for energy that has been lost in material in front of the calorimeter, energy

lost due to dead material in the calorimeter, energy which was not captured by the photon

reconstruction algorithm and energy lost out of the back of the electromagnetic calorimeter.

The Monte Carlo calibration is optimised separately for converted photons and unconverted

photons.

60
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The final step of the calibration is an in-situ Z→ee calibration [68, 91, 92], which is used

to correct the energy of photons in data. The calibration makes use of the well known value

of the Z mass, and line-shape, to correct the energy of electrons. Since no in-situ method

is available for the calibration of the photon energy, the Z→ee calibration factors are also

applied to photons.

Any mis-calibration of the energy scale of the electrons seen in Z→ee events is parametrised

by Emeasured = Etrue(1 − α). The electron (or photon energy) can therefore be corrected as

follows:

Ecorrected =
Euncorrected

1− α
. (5.1)

Where Euncorrected is the measured energy after the calorimeter calibration and Monte

Carlo calibrations. The factor, 1/(1 − α), is the electron (or photon) energy scale that is

used to correct the energy of the electrons and photons in data. Correction factors of the

order of 2 % in the barrel and 4 % in the endcaps were derived in 2010 data [93] and were

applied to the calorimeter cells. In 2011 data, residual correction factors on the order of

0.5 % in the barrel and 1 % in the endcap were applied to the photons. In 2012 data the

correction factors were similar to those in 2011, with differences on the order of a few per

mil.

The Z→ee calibration factors depend on the modelling of the pre-sampler and the amount

of material in front of the calorimeter. Photons interact with matter in a different way com-

pared to electrons, and produce electromagnetic showers with different topologies. Therefore,

when the Z→ee calibration factors are applied to photons a larger uncertainty is required on

the photon energy. These additional uncertainties are evaluated in Monte Carlo by varying

the pre-sampler energy scale and the amount of material in front of the calorimeter. The

Z→ee calibration factors are then re-derived and applied to the photons. The uncertainty is

evaluated by measuring the effect that this has on the reconstructed photon energy compared

to the true photon energy.
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The systematic uncertainty on α has three components: the uncertainty due to the

derivation of the Z→ee calibration factors, the uncertainty on the photon energy scale due

to the pre-sampler and the uncertainty on the photon energy scale due to material in front of

the calorimeter. For 2011 data, only the quadratic sum of these uncertainties was available

and in 2012 the components were available separately. The average uncertainty on α (∆α)

can be seen in Figure 5.1 1 for converted and unconverted photons. The uncertainty is

∼0.5 % for |η| < 0.8, rising up to ∼1 % for 0.8 < |η| < 1.37. The uncertainty for converted

photons is significantly larger in the region 0.8 < |η| < 1.37.
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Figure 5.1: The uncertainty on α (∆α) in 2011 and 2012 data for a) converted photons with
|η| < 0.8, b) converted photons with 0.8 < |η| < 1.37, c) unconverted photons with |η| < 0.8
and d) converted photons with 0.8 < |η| < 1.37. The 2012 uncertainty is broken down into
components due to the Z → ee calibration, material in front of the calorimeter and the
pre-sampler. For 2011 only the total uncertainty is shown.

1These figures were produced for this thesis using the uncertainties on α, which are provided by the
EGamma group.
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The photon energy resolution, measured in Monte Carlo, is < 5 % (< 6 %) for photons

with ET = 25 GeV for converted (unconverted) photons. The photon energy resolution

improves to < 2 % (< 1.5 %) for photons with ET > 100 GeV for converted (unconverted)

photons [81]. The energy resolution is measured in data using the width of the Z→ee

distributions used for the calibration. A larger resolution is observed in data than in Monte

Carlo. To account for this the photon energy in Monte Carlo is smeared in order to match

the energy distribution observed in data.

5.2 Jet Calibration

5.2.1 Overview of the Jet Calibration Scheme

The four-vector of a reconstructed jet may be mis-measured due to several effects, including:

• Non-compensation of the calorimeter 2, which results in a hadron with a given energy

depositing less visible energy in the calorimeter than an electromagnetically interacting

particle with the same energy;

• Dead material in the calorimeter;

• Energy deposits that are not captured by the jet algorithm;

• Leakage of particles outside of the calorimeters;

• Noise thresholds and particle reconstruction efficiency;

• Additional energy deposits due to pile-up.

The aim of the jet calibration, known as the Jet Energy Scale (JES) calibration, is to

correct for these effects. Two calibration schemes, known as the EM+JES and LCW+JES

calibrations, are currently provided for use by physics analyses at ATLAS and will be de-

scribed here. Further details about these calibrations in 2010 and 2011 data can be found

in Refs. [1, 43].

2Non-compensation was introduced in Section 3.4
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The energy of the reconstructed jets at the start of the JES calibration depends on the

energy scale of the topo-clusters from which the jets were built. There are two different

calibrations which are applied to topo-clusters before the jet algorithms are run: the elec-

tromagnetic (EM) calibration and the Local Cluster Weighting (LCW) calibration.

The EM scale calibration for topo-clusters calibrates the topo-clusters to the scale of an

electromagnetic shower in the calorimeter. It is applied to the calorimeter cells before topo-

clustering. For the LAr calorimeters, the EM calibration scheme described for photons in

Section 5.1 is used for the electromagnetic calibration. This includes: LAr signal to energy

conversion, Monte Carlo calibration and the application of the Z→ee calibration factors

derived with 2010 data. The uncertainty on the EM scale is 3 % for the electromagnetic

calorimeter. For the Tile calorimeter, the electromagnetic energy scale was verified using

muons in the test beam [94] and cosmic ray data [95]. The uncertainty on the EM scale for

the tile calorimeter is 3 %.

The LCW scale calibration [1, 96] for topo-clusters classifies the topo-clusters as either

electromagnetic or hadronic. According to this classification, weights are applied to correct

the topo-clusters for non-compensation of the calorimeter, out-of-calorimeter energy deposits

and dead material.

Reconstructed jets are either at EM or LCW scale, depending on the scale of the topo-

clusters that were used for the jet finding. The JES calibration for EM and LCW scale jets is

derived according to the calibration scheme depicted in Figure 5.2. The calibration scheme

is the same for EM and LCW scale jets, the only difference is the initial energy scale of the

reconstructed jets.

The first step in the calibration is a pile-up correction to correct for additional energy in

the jet that is due to pile-up. The second step is an origin correction to correct the direction

of the jet to point to the primary vertex in the event instead of the centre of the detector.

The third step is an energy and pseudorapidity calibration to correct the jet energy and

pseudorapidity to particle level. The calibration is derived in Monte Carlo and applied to

jets in data and Monte Carlo. The final step is an in-situ calibration to correct for residual
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differences in the jet energy scale between data and MC and it is applied to jets in data.

Each of these steps is described in more detail in the following sections.

Jets at the LCW+JES scale are expected to have a better jet energy scale resolution

since energy fluctuations due to non-compensation, dead material and out-of-calorimeter

energy deposits have been corrected for by the LCW scale calibration [97]. However, the

application of the LCW weights makes the overall calibration and study of LCW+JES jets

more complicated. This resulted in ATLAS first providing the EM+JES calibration for use

by physics analyses in 2010 and 2011 data and Monte Carlo and then, after further study,

providing the LCW+JES calibration for use in 2011 and 2012 data and Monte Carlo [1, 43].

An additional step in the jet calibration, known as the Global Sequential Calibration

(GSC), is currently under study by ATLAS for small-R jets for use in 2012 data and Monte

Carlo. Initial studies of the GSC can be found in Ref. [43]. The GSC is implemented in-

between steps three and four in Figure 5.2. For the calibration of LCW scale jets, GSC uses

the width of the jet calculated using tracks, the number of tracks in the jet and the number

of energy deposits in the muon system (punch-through) in order to further correct the energy

of the jets. For the calibration of EM scale jets, the GSC uses these properties, plus the

fraction of energy deposited in the first layer of the Tile calorimeter and the energy deposited

in the third layer of the EM calorimeter. The purpose of these additional corrections is to

further improve the jet energy resolution of the jets and to reduce differences between the

measured jet energy of quark and gluon jets. However, at the time of writing the GSC and

the corresponding uncertainties are not ready for use by physics analyses. GSC will not be

discussed further in this thesis, since it was not applied for the results presented here.

In the case of large-R jets only LCW scale topo-clusters are used to reconstruct large-R

jets. This is because the substructure of large-R jets is of great significance for performance

studies and physics analyses. When studying the substructure of jets it is important that

the energy profile within the jet is well known. The LCW calibration ensures that this is

the case since it is a calibration applied to the topo-clusters rather than a global calibration

of the whole jet.
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For the JES calibration of large-R jets only step 3, the energy and pseudorapidity cal-

ibration, was available at the time of writing. Since the mass of large-R jets is used by

physics analyses there is also an additional correction for large-R jets to correct the jet mass

to particle level.

Figure 5.2: The EM+JES and LCW+JES calibration schemes for small-R jets. The figure
is adapted from [1].

5.2.2 Pile-up Correction

Reconstructed jets contain energy deposits that are due to pile-up. The first step of the

jet calibration corrects for these energy deposits. The pile-up corrections and uncertainties

for small-R anti-kt jets are derived by the JetEtMiss group (a group within ATLAS who

are dedicated to the study and performance of jets and Emiss
T ). The pile-up corrections are

applied to the small-R jets used in Chapters 6 and 7. The methods discussed here also form

the basis for the pile-up correction for VR jets which will be described in Chapter 8.
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Two methods can be used to correct for pile-up: the average pile-up offset correction,

and the jet area pile-up correction. The average offset pile-up correction was used for 2011

data. The recommended correction for 2012 data is the jet area pile-up correction, with an

average offset pile-up correction to subtract the energy due to pile-up that was not accounted

for by the jet area pile-up correction. An overview of the pile-up correction is given here and

further details can be found in Refs. [1, 98].

The Average Offset Pile-up Correction

The average offset pile-up correction is designed to subtract the pT of the jet due to

pile-up from the total pT of the reconstructed jet. The pT to be subtracted is calculated

with respect to a reference set of pile-up conditions, NPVref and µref , which are the average

values of NPV and µ respectively, for the dataset under consideration. For the 2012 dataset

NPVref and µref are 11.7 and 20.1 respectively and for the 2011 dataset NPVref and µref are

4.9 and 5.4 respectively.

The transverse momentum that needs to be subtracted is binned in ηdet and parametrised

in the following way:

O(µ,NPV, ηdet) =
∂pT

∂NPV
(ηdet) · (NPV − NPVref) +

∂pT
∂µ

(ηdet) · (µ− µref)

= α(ηdet)(NPV − NPVref) + β(ηdet)(µ− µref),

(5.2)

where α(ηdet) = ∂pT
∂NPV

is the gradient of the distribution of jet pT vs NPV and β(ηdet) =

∂pT
∂µ

(ηdet) is the gradient of the distribution of jet pT vs µ. α(ηdet) and β(ηdet) are derived

from di-jet Monte Carlo samples as described in Ref. [1].

Using O the jet four-vector is scaled by (puncorrectedT −O)/puncorrectedT as follows:
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pcorrected =

(

puncorrectedT −O(µ,NPV, ηdet)

puncorrectedT

)

puncorrected, (5.3)

where puncorrectedT is the jet pT before the pile-up correction and p is the four-vector of the jet.

This means that the pT of the jet, the energy of the jet and the mass of the jet are all scaled

by the same factor ((puncorrectedT −O)/puncorrectedT ) whilst leaving the jet direction unchanged.

The systematic uncertainty on the average offset pile-up correction is derived by consid-

ering the difference in α(ηdet) and β(ηdet) between data and Monte Carlo. For 2011 data

and Monte Carlo these differences were studied in two different in-situ contexts. The first of

these was in γ-jet events, where the photon is back-to-back with the jet. The jet in the event

is used to calculate the difference in α(ηdet) and β(ηdet) between data and Monte Carlo. The

photon is used in order to parametrise the differences as a function of pγT , which is stable

against pile-up. The second method is to use jets in γ-jet events, where the reconstructed

(calorimeter) jets in the event are matched to track jets using a geometrical matching crite-

ria. The reconstructed jet can then be used to calculate the difference in α(ηdet) and β(ηdet)

between data and Monte Carlo, and the track jet can be used to parametrise the differences

as a function of track jet pT. Track jets are relatively stable against pile-up since they are

constructed from tracks that originate from the primary vertex.

The differences derived in γ-jet events, and using track jets, were combined to give the

final systematic shifts to be applied to α and β. In 2011 data and Monte Carlo the resulting

systematic uncertainty is less than 0.3 (0.5) % for each reconstructed primary vertex for

anti-kt R = 0.4(0.6) jets, and approximately 0.7 % for each unit of µ for 20 < pjetT < 30 GeV.

The fractional systematic uncertainty decreases as the pT of the jets increases [1]. These

uncertainties can be added in quadrature to obtain the uncertainty for particular values of

NPV and µ.
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The Jet Area Pile-up Correction

The average offset pile-up correction described above can be used to subtract the average

energy due to pile-up. However, it does not take into account fluctuations of the pile-up

from event to event. The jet area pile-up correction aims to address this issue by using a

correction that takes into account these fluctuations.

The fraction of the pT in a jet that is due to pile-up can be estimated by considering ρ ·A

where ρ is the pT density of pile-up in the event and A is the area of the jet [99].

ρ is calculated on an event-by-event basis by clustering all topo-clusters in the event

using the kt algorithm with a distance parameter of 0.4. ρ can then be calculated as follows:

ρ = median

(

pjT
Aj

)

, (5.4)

where pjT is the transverse momentum of the jth jet in the event formed by the kt clustering

and Aj is the area of the jth jet. pjT/A
j is calculated on a jet-by-jet basis and ’median’

denotes the fact that the median of the distribution of pjT/A
j is taken as the value of ρ. The

median of the distribution is used so that the event density is not biased by high pT jets

from the hard scatter in the event rather than from pile-up. Only jets within |η| < 2.0 are

used for the calculation of ρ. This is due to the fact that for higher |η| the calorimeter cells

are larger and as such there are fewer of them. Therefore the probability of energy deposits

due to pile-up fluctuating above the the E/σ thresholds used for the topo-clustering is lower

in this region. This results in the majority of cells used in the topo-clustering being due to

the hard scatter. Therefore it is not possible to measure the mean pile-up density in the

forward region with the current noise thresholds [98].

Two methods are used by ATLAS in order to calculate the jet area: the active area cal-

culation and the Voronoi area calculation, both of which are described in detail in Ref. [100].

The active area calculation uses ghosts in order to determine the area of a jet. A ghost is

an infinitesimally low energy, massless particle. Ghosts are added to the event before the
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jet algorithm is run in a uniform grid in the η − φ plane. The positions of the ghosts are

fluctuated randomly about their initial positions. When the jet clustering is run, the ghost

particles cluster with the real jet constituents. However, they do not affect the order in

which the real jet constituents cluster, the final pT of the jet or the direction of the jet. The

jet area can then determined in the following way:

A(J |{gi}) =
Ng(J)

νg
, (5.5)

where Ng(J) is the number of ghosts jet J , νg is the density of ghosts in the event and

A(J |{gi}) is the area of jet J which contains a set of ghosts {gi}. This is known as the scalar

active area.

A four-vector active area, which takes into account the direction of the ghosts as well as

the number of them, can be calculated using the four-vectors of the ghosts:

Aµ(J | {gi}) =
1

νg

∑

gi∈J

gµi, (5.6)

where gµi are the four-vectors of the ghosts in the jet, νg is the ghost density and Aµ(J | {gi})

is the four-vector active area of jet J containing a set of ghosts {gi}. The active area of jets

clustered with the anti-kt algorithm can be seen in Figure 5.3 a). The circular nature of

isolated anti-kt jets is clearly visible.

The transverse component of the four-vector active area (AT ) is equal to the scalar active

area for small jet sizes [99]. Using AT and the event density ρ, the energy and momentum

of the jet can be corrected for pile-up whilst leaving the jet direction unchanged:

pcorrected =

(

puncorrectedT − ρ · AT

puncorrectedT

)

puncorrected. (5.7)

This is known as the scalar jet area correction. If instead of AT the four-vector active

area is used then the full four-vector of the jet can be corrected for pile-up:



Chapter 5. 71

pcorrectedµi = puncorrectedµi − ρ · Aµi, (5.8)

where Aµi is the four-vector area and pµi is the four-vector of the jet. This is known as the

four-vector jet area correction.

The active area calculation gives an accurate measure of the area of a jet and its sensitivity

to pile-up since the ghosts cluster in the same way as soft particles from pile-up. However,

the addition of a large number of ghosts has the adverse effect of slowing down the speed of

the jet reconstruction. A fast alternative that can be used to find an approximate value for

the area of a jet is the Voronoi area calculation [100]. The Voronoi area calculation starts

by constructing a Voronoi diagram using the constituents of all the jets in the event 3. The

Voronoi diagram is constructed such that any point within a given Voronoi cell is closer to the

jet constituent which is contained within that Voronoi cell than to any other jet constituent

in the event. This is illustrated, for an example event, in Figure 5.3 b), where the Voronoi

diagram is represented by the straight lines and the jet constituents are represented by the

coloured bars.

To calculate the area of the jet, first of all the area of each of the jet constituents is

calculated. This is done by taking the overlap of a circle of radius Reff (where Reff is the

distance parameter of the jet algorithm) with each Voronoi cell. The intersection of the

coloured areas with the Voronoi diagram in Figure 5.3 b) represent these areas. The area

of a jet is then simply the sum of the area of the jet constituents that belong to that jet.

This is illustrated in Figure 5.3 b), where the different colours correspond to the areas for

different jets.

The disadvantage of the Voronoi area is that, for low density events, the Voronoi cells

at the edge of the jet are large due to a lack of nearby constituents. Therefore, the jet

area tends to be systematically overestimated in comparison to the jet area measured with

the active area calculation. This effect can be seen by comparing the areas of the jets in

3The jet constituents are the constituents that the jet was reconstructed from. For example, the jet
constituents of a reconstructed jet are the topo-clusters which the jet is made up of.
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Figures 5.3, where it can be seen that the areas calculated with the active area calculation

are significantly smaller than the areas calculated with the Voronoi areas calculation. Since

low levels of pile-up result in less dense events than high levels of pile-up, this also means

that the accuracy of the Voronoi area calculation is affected by the amount of pile-up in the

event. Furthermore, the Voronoi area calculation can only provide a scalar area since it does

not use any information about how soft particles cluster with the jet.

(a) (b)

Figure 5.3: The area of jets clustered with the anti-kt algorithm with R = 1.0 calculated
using a) the active area calculation [41] and b) the Voronoi area calculation [100].

Both types of jet area calculation were tested by ATLAS for the calculation of ρ and the

jet area. It was found that the difference between using the Voronoi area calculation and

the active area calculation to measure ρ was small. Therefore the Voronoi area calculation,

which is less time consuming, is used to measure ρ [98].

However, for the calculation of the jet area there is a significant difference between the

areas obtained with the Voronoi area calculation and the active area calculation. It is also

important that the accuracy of the calculation is not dependent on the level of pile-up in

the event. Therefore the active area is used to calculate the jet area. At the time of writing,

the scalar area correction (Equation 5.7) is used to correct the jets for pile-up. The issue of

the speed and accuracy of the active area and Voronoi area calculations will be revisited in

the context of the Variable R jet algorithm in Chapter 8.

The jet area pile-up correction significantly reduces the dependence of the jet pT on NPV,



Chapter 5. 73

as can be seen in Figure 5.4 a). For |η| < 2.5 there is an NPV dependence of 0.5 GeV per

unit of NPV before the jet area correction, and an NPV dependence of less than 0.1 GeV per

unit of NPV after the jet area correction. The increase in the NPV dependence for |η| > 2.5,

both before and after the jet area correction, is due to the larger size of the calorimeter cells

in the forward region, which are more sensitive to pile-up due to their larger size.

In Figure 5.4 b) the jet pT dependence on µ is shown. It can be seen that the jet pT

has a negative dependence on µ both before and after the jet area correction, particularly

for |η| > 2.5. This negative dependence is due to the fact that the bi-polar pulse shaping

of the LAr calorimeters (which was introduced in Section 3.4) can result in calorimeter cells

with a negative energy in the presence of out-of-time pile-up. If these negative energy cells

are isolated from other activity in the calorimeter then they may form negative energy topo-

clusters, which are not used for jet reconstruction. However, if the energy deposits due to

pile-up overlap with the energy deposits from the primary interaction then the out-of-time

pile-up can act to decrease the jet energy. This is more likely for larger calorimeter cells, such

as those in the forward region of the LAr calorimeters, since there is a greater probability of

overlap. These negative energy deposits are the reason for the negative dependence of the

jet pT on µ that can be seen for |η| > 2.5 in Figure 5.4 b).

It can also be seen that the jet area correction only makes a small impact on the depen-

dence of the jet pT on µ. This is due to the fact that the calculation of ρ is dominated by

calorimeter cells in low occupancy conditions. As discussed above, the out-of-time pile-up

sensitivity for high occupancy regions (such as those in the core of a jet) is different to

that for low occupancy regions. Therefore, ρ does not provide a complete description of the

out-of-time pile-up sensitivity.

In order to correct for the remaining dependence of the jet pT on NPV and µ, the

average offset pile-up correction is derived in the same way as described previously. In this

context it is known as the residual offset pile-up correction. As can be seen in Figure 5.4,

the combination of the jet area correction, followed by the residual offset pile-up correction,

almost completely removes any dependence of the jet pT on NPV and µ.
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In 2012 data, the systematic uncertainty due to pile-up for anti-kt R = 0.4 and R = 0.6

jets (after the jet area and residual offset pile-up corrections) is derived using Z-jet events.

The jet is used to measure the dependence of the jet pT on NPV and µ and the Z boson is

used to parametrise the measurements as a function of pT. The uncertainties are also derived

using Z-jet events where the reconstructed jet is matched to a track-jet. The reconstructed

jet is used to measure the dependence of the jet pT on NPV and µ and the track jet is used

to parametrise the measurements as a function of pT. Track jets are relatively insensitive

to pile-up since they are constructed from tracks which originate from the primary vertex.

There are four components to the uncertainty: one due to the gradient of the jet pT vs NPV,

one due to the gradient of the jet pT vs µ, one due to the pT dependence of the gradients

of the jet pT vs NPV and µ and one due to the measurement of ρ. The total systematic

uncertainties derived with 2012 data and Monte Carlo are less than 2 % for anti-kt R = 0.4

jets in the central region for jets with pT > 40 GeV. The uncertainty increases at lower pT

and higher η up to 5.6 % [98]. For anti-kt R = 0.6 jets the uncertainties are within ∼2 % for

jets in the central region with pT > 40 GeV and the uncertainty increases at lower pT and

higher η up to ∼7-8 %.

|η|
0 0.5 1 1.5 2 2.5 3 3.5 4

 [G
eV

]
P

V
N∂/

Tp∂

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
ATLAS Simulation Preliminary
Pythia Dijets 2012

 LCW R=0.4tanti-k

Before any correction
A subtraction×ρAfter 

After residual correction

(a)

|η|
0 0.5 1 1.5 2 2.5 3 3.5 4

 [G
eV

]
〉µ〈∂/

Tp∂

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
ATLAS Simulation Preliminary
Pythia Dijets 2012

 LCW R=0.4tanti-k

Before any correction
A subtraction×ρAfter 

After residual correction

(b)

Figure 5.4: a) ∂pT
∂NPV

and b) ∂pT
∂µ

as a function of |η| with no pile-up correction, after the jet
area pile-up correction and after the jet area and residual average offset pile-up correction
for 2012 Monte Carlo [98]. The dependencies are derived for ptruth jet

T = 25 GeV.
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The Jet Vertex Fraction

Energy deposits from pile-up can overlap with energy deposits from the primary interac-

tion, but they can also form jets in which the majority of energy comes from pile-up rather

than the primary interaction. A useful quantity that is used to suppress jets from additional

proton-proton collisions in the event is the Jet Vertex Fraction [98], which is defined as:

JVF =

∑

ptracks from PV
T
∑

pall tracks
T

, (5.9)

where ptracks from PV
T is the scalar sum of the pT of tracks associated with the jet coming from

the primary vertex and pall tracks
T is the scalar sum of the pT of all tracks associated with the

jet. Since this quantity requires the presence of tracks, it is only available for jets within the

tracking acceptance, ie. with |η| < 2.5. In 2011 data and Monte Carlo, jets were required to

have JVF > 0.75 to ensure that only a small fraction of the jet’s energy deposits were due

to pile-up.

In 2012 data and Monte Carlo, the jet area correction results in

Npile−up jets(20 < pT < 50 GeV)/Npile−up jets(pT > 20 GeV) ≈ 99 % [98],

where Npile−up jets(20 < pT < 50 GeV) is the number of pile-up jets with pT > 20 GeV

that also have pT < 50 GeV and Npile−up jets(pT > 20 GeV) is the number of pile-up jets

with pT > 20 GeV. Therefore, JVF is only applied to jets with pT < 50 GeV in 2012 data

and Monte Carlo and a looser requirement can be applied of JVF > 0.25.

5.2.3 Origin Correction

Topo-clusters used for jet finding are assumed to have come from the geometric centre of

the ATLAS detector. A correction is applied after jet finding to correct the four-vector of

the topo-clusters to point back to the primary vertex (defined as the vertex with the highest

scalar
∑

ptrackT in the event). This is done using a vector pointing from the primary vertex to
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the centroid of the topo-cluster. The jet four-vector is then recalculated using the corrected

topo-cluster four-vectors. This correction gives a small improvement of < 1 % to the angular

resolution of the jets [43].

The jet origin correction was applied to 2011 data. However, at the time of writing the

correction was not available for 2012 data.

5.2.4 Monte Carlo based Jet Energy, Pseudorapidity and Mass

Scale Corrections

Following the pile-up and origin corrections, the jet energy and pseudorapidity of recon-

structed jets are corrected to particle-level by comparing reconstructed jets to truth jets in

Monte Carlo samples containing high pT jets. For large-R jets, there is an additional correc-

tion for the jet mass. The derived calibration factors are applied to both data and Monte

Carlo. The reader is referred to Refs. [1, 43] for further information about the small-R jet

Monte Carlo calibration and to Ref. [46] for further information about the large-R jet Monte

Carlo calibration. The Monte Carlo calibrations are derived by the JetEtMiss group within

ATLAS, and they are applied to the anti-kt jets used in Chapters 6 and 7. The methods

discussed here form the basis for the Monte Carlo calibration of VR jets, which will be

described in Chapter 8.

Jet Energy Correction

The jet energy calibration factors are derived by measuring the truth jet response:

R(truth) =
Ereco

Etruth
, (5.10)

where Ereco is the energy of the reconstructed jets at EM or LCW scale and Etruth is the

energy of the truth jets. R(truth) is measured in bins of Etruth and ηdet. Truth jets are

matched to reconstructed jets by looking for the highest pT reconstructed jet which satisfies
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∆R(truth jet− reco jet) < 0.3 4.

The truth jet and the reconstructed jet are required to be isolated. For truth jets there

must be no other truth jet with pT > 7 GeV within ∆R < 2.5 · Reff . For reconstructed jets

there must be no other reconstructed jet with pT > 7 GeV, after the pile-up correction has

been applied, within ∆R < 1.5 ·Reff . Reff is the distance parameter of the jet algorithm.

The mean R(truth) in each Etruth and ηdet bin (〈R(truth)〉) is found by fitting a Gaussian

to the R(truth) distribution. For each ηdet bin, the 〈R(truth)〉 vs Etruth distribution is

translated into a 〈R(truth)〉 vs Ereco distribution using the arithmetic mean of Ereco in each

Etruth bin.

The resulting 〈R(truth)〉 vs Ereco distribution is fit, separately for each ηdet bin, using

the following function:

Fcalib(E
reco) =

Nmax
∑

i=0

(

ai (lnE
reco)i

)

, (5.11)

where ai are free parameters of the fit. The fit is performed six times for Nmax = 1 − 6.

The Nmax which gives the smallest χ2/NDF for the fit is used to define the JES calibration

factors, 1/Fcalib. The jet energy is then corrected as follows:

EEM+JES =
Ereco, EM

Fcalib, EM

, ELCW+JES =
Ereco, LCW

Fcalib, LCW

. (5.12)

Values of Fcalib as a function of |η| and for different jet energies can be seen in Figure 5.5 5

for the EM+JES and LCW+JES calibrations for anti-kt R = 0.4 jets. The 2011 calibrations

are shown in (a) and (b) and the 2012 calibrations are shown in (c) and (d). It can be seen

that Fcalib is significantly lower for EM jets than LCW jets, meaning that larger calibration

factors will be applied to EM scale jets in comparison to LCW scale jets. This is expected

since the topo-clusters that the LCW scale jets are built from have already been corrected

4∆R =
√

∆η2 +∆φ2

5Figures (c), (d) and (e) were produced for this thesis, using the 2012 calibration factors provided by the
JetEtMiss group.
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for non-compensation, dead material and out-of-calorimeter energy deposits. Additionally,

Fcalib is smaller for lower energies where the effects of non-compensation are larger.

Also shown is the truth jet response for anti-kt R = 1.0 trimmed LCW jets in Figure 5.5

(e). The calibration for large-R jets extends down to 50 GeV, although it can be seen that

there are large fluctuations below 100 GeV. Therefore large-R jets are not recommended for

use by physics analyses below 100 GeV.

Pseudorapidity Correction

The pseudorapidity of the jets is corrected by considering [43]:

∆η = ηreco − ηtruth. (5.13)

In 2011 data and Monte Carlo, ηreco is the η of the jet following the origin correction. In

2012 data and Monte Carlo, the origin correction was not available at the time of writing.

Therefore, in this case, ηreco is the η of the jet without the origin correction. ∆η is measured

in bins of the ηreco of the jet before the origin correction and as a function of Etruth. In each

(ηreco, Etruth) bin a Gaussian distribution is fit to the ∆η distribution, and the mean of the

fit is taken as the mean value of ∆η. A function of the same form as Equation 5.11 is used

to parametrise the 〈∆η〉 vs Etruth distribution. The jet pseudorapidity is then corrected as

follows:

ηcorrected = ηuncorrected + Fη
calib. (5.14)

Jet Mass Correction for Large-R Jets

For large-R jets, there is an additional correction to calibrate the mass of the jets. The jet

mass correction follows the same procedure as the derivation of the jet energy calibration,

using the truth jet mass response instead of the jet energy response:
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Figure 5.5: Fcalib (labelled here as ’Jet response’), as a function of |η| for different values of
the jet energy for a) anti-kt R = 0.4 EM jets in 2011 Monte Carlo [1] and b) anti-kt R = 0.4
LCW jets in 2011 Monte Carlo [1], c) anti-kt R = 0.4 EM jets in 2012 Monte Carlo, d)
anti-kt R = 0.4 LCW jets in 2012 Monte Carlo and e) anti-kt R = 1.0 trimmed LCW jets in
2012 Monte Carlo. Different regions of the calorimeters are also shown.
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R(truth, mass) =
mreco

mtruth
. (5.15)

The jet mass calibration is derived in bins of Etruth and ηreco. Figure 5.6 6 shows the

jet mass response as a function of |η| for different jet energies. As was observed for the jet

energy response for large-R jets, there are large fluctuations in the jet mass response for

E < 100 GeV.
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Figure 5.6: The truth jet mass response as a function of |η| for different values of the jet
energy for anti-kt R = 1.0 trimmed LCW jets in 2012 Monte Carlo.

5.2.5 In-situ Calibration

The final step of the JES calibration is the in-situ calibration. As with the pile-up corrections

and Monte Carlo calibrations, the in-situ calibrations are derived by the JetEtMiss group.

The γ-jet direct balance in-situ calibration, which is introduced here and is the focus of the

first part of this thesis, is described in further detail in Chapters 6 and 7. The γ-jet method

will also be used in Chapter 9 to assess the performance of the VR jet calibration.

The in-situ analyses probe the JES in data and Monte Carlo after the pile-up correc-

tions and Monte Carlo corrections described above have been applied. It is assumed that

any residual differences between the data and Monte Carlo are due to mis-modelling of the

6This figure was produced for this thesis using the 2012 mass calibration factors provided by the JetEtMiss
group.
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detector. The data-to-MC differences that are observed are then used in order to apply a

final correction to the data. The systematic uncertainties on these data-to-MC differences

are taken to be the systematic uncertainty on the JES. The systematic uncertainties in-

clude systematics to account for residual physics effects, such as the modelling of additional

radiation in the event.

In-Situ Calibration for Small Radius Jets

The in-situ calibration for small radius jets (jets with R = 0.4 or R = 0.6) proceeds using

the following sequence of calibrations.

1. The first step in the in-situ calibration for small radius jets accounts for differences

in the modelling of the jet energy in different η regions of the detector. It is known

as the di-jet η-intercalibration method. In the simplest version of the analysis, di-jet

events (where the two jets in the event have a back-to-back topology in the transverse

direction) are used to probe cij = prefT /pprobeT , where prefT is the pT of the jet in the

central region (|η| < 0.8) and pprobeT is the pT of the jet in the forward region (|η| > 0.8)

for the ith bin in ηprobe and the jth bin in pavgT = (prefT +pprobeT )/2. cij is measured in data

and Monte Carlo and it is used to define calibration factors that are applied to data:

1/Cij = cMC
ij /cdataij . A similar method (the matrix method) uses the same di-jet samples

but retains events by not requiring a jet to be in the central region. This gives a more

accurate measure of the calibration factors since a larger sample of events is available.

The matrix method is the default method used to derive the η-intercalibration factors,

full details of the method and the calibration factors can be found in [1].

The η-intercalibration factors are applied to the jet energy and pT in data before

proceeding to the following steps.

2. In the second step of the in-situ calibration the JES is evaluated using a well calibrated

reference object. One method used is the direct balance method [1, 43], where the pT

of the reference object is compared to the pT of the jet in back-to-back events, using
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the following response:

R(DB) =
pjetT

prefT

, (5.16)

where pjetT is the pT of the jet following the pile-up correction, Monte Carlo calibrations,

and η-intercalibration. prefT is the pT of a well calibrated reference object. The reference

objects used at the ATLAS detector are the Z boson and the photon. The γ-jet and

the Z-jet methods cover different (but overlapping) pT ranges, which depend on the

number of events available for the two different methods following event selection. The

method using the Z boson covers the pT range from 10 to 250 GeV and the method

using the photon covers the pT range from 25 to 800 GeV.

An alternative to the direct balance method is the Missing Energy Projection Fraction

(MPF) method which utilises the hadronic recoil against the jet [1, 43]. This method

assumes that any missing transverse energy in the event is due to calorimeter non-

compensation, noise suppression and dead material in the detector. The MPF response

is defined as:

R(MPF) = 1 +
pref
T

· Emiss

T

|pref
T
|2 (5.17)

where pref
T

is the transverse momentum vector of the reference object, Emiss

T
is the

missing transverse momentum vector and |pref
T
| is the absolute value of the transverse

momentum of the reference object. The missing transverse momentum used for the

MPF method is built using LCW or EM scale topo-clusters. Since Equation 5.17 does

not directly use information from the jets in the event, it is independent of the jet

algorithm and the size of the jets used. This method is also less sensitive to pile-up

since, on average, pile-up is expected to be spherically symmetric and so will cancel

out in the MPF response.

The response is evaluated in data and Monte Carlo for the direct balance Z-jet method,

the direct balance γ-jet method and the MPF γ-jet method. For each of these methods
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the data-to-MC ratio of the response is calculated. For a perfect calibration it would be

expected that the data-to-MC ratio of the response would be equal to one. However,

this is not the case and the deviation of the data-to-MC ratio of the response from one

is used to correct the jet energy and pT in data. To define the correction factors that

should be applied to the data, a single data-to-MC ratio must be derived. Information

from the Z-jet and γ-jet methods is used to cover as wide a pT range as possible.

Since the direct balance and MPF γ-jet methods are highly correlated one of the

γ-jet methods is chosen to be combined with the Z-jet results. In order to decide

which γ-jet method should be used, each is combined separately with the Z-jet results.

The combination is performed by taking a weighted average of the data-to-MC ratio

derived with the Z-jet method and either the direct balance or MPF γ-jet method. The

weight used in the average is inversely proportional to the uncertainty of the method.

Therefore, the method with the smallest uncertainty for a given pT bin contributes the

most to the final data-to-MC ratio of the response.

The systematic and statistical uncertainties on the average data-to-MC ratios are then

derived by propagating the uncertainties of the Z-jet and γ-jet methods to the data-

to-MC ratio using toy experiments, a full description of which can be found in [1]. The

average data-to-MC ratio (either the one derived using the Z-jet and direct balance

γ-jet methods, or the one derived using the Z-jet and MPF γ-jet methods) with the

smallest uncertainty is chosen as the combined data-to-MC ratio of the Z-jet and γ-jet

methods. This combined data-to-MC ratio of the response is used to correct the jet

energy and pT in data before the next step of the in-situ calibration.

3. The third step in the in-situ calibration uses the multi-jet balance method to evaluate

the JES in the high pT range from 210 GeV to 1.5 TeV. The multi-jet balance method

compares the pT of the leading (highest pT) jet in the event to the vectorial sum of the

pTs of all other jets in the event:

R(MJB) =
|−→p leading

T |
|−→p recoil

T | . (5.18)
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The calibration derived from the combination of the photon and Z boson methods

described above is applied to all the non-leading jets in the event with pT < 750 GeV

in the data. This provides a well calibrated system of jets against which the JES of the

leading jet in the event can be evaluated. The difference in R(MJB) between data and

Monte Carlo can then be used to iteratively extend the analysis to higher pTs, applying

the new calibration to the non-leading jets each time. In this way the measurement

of the response extends up to 1.5 TeV. However, above 1 TeV in 2011 data and 1.2

TeV in 2012 data the number of events available in the multi-jet sample is insufficient

for a precise measurement of the JES. Therefore, for pT > 1 (1.2) TeV the calibration

factors at pT = 1 (1.2) TeV are used for the 2011 (2012) data and Monte Carlo.

4. The data-to-MC ratio of the response measured with either the MPF or direct balance

γ-jet method (chosen as described in step two), the data-to-MC ratio of the response

measured with the Z-jet method and the R(MJB) of the multi-jet method are com-

bined. The same method which was described in step two is used for the combination.

A full description of the combination can be found in [1]. The inverse of the combined

data-to-MC ratio of the response is used as a calibration factor. The calibration factors

are applied as a multiplicative factor to the jet four-vector in data to correct for the

residual mis-calibration of the JES:

pdata
corrected = pdata

uncorrected

(

1− RMC

Rdata

)

, (5.19)

where pdata
corrected is the fully calibrated jet four-vector, pdata

uncorrected is the four-vector of

the jet after the Monte Carlo calibration and the η-intercalibration and RMC

Rdata
is the

inverse of the data-to-MC ratio of the responses after combination.

Each uncertainty component of the Z-jet, γ-jet and multi-jet methods is propagated

separately to the combined data-to-MC ratio of the response to give the final compo-

nents of the JES uncertainties from the three methods.

5. Finally, the JES is studied using measurements of the calorimeter response to single
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hadrons as described in [1]. These measurements are used as a cross-check of the data-

to-MC ratio of the response over the full pT range. For pjetT > 1 TeV in 2011 data and

Monte Carlo, and for pjetT > 1.2 TeV in 2012 data and Monte Carlo, the single hadron

response is used to define the JES uncertainty in the high pT region where there is an

insufficient number of events to measure the JES uncertainty using the other in-situ

methods.

Summary of JES Uncertainties For Small R Jets

The final JES uncertainties for small-R jets are made up of the following components:

• η-intercalibration: The JES uncertainty from the η-intercalibration.

• Z-jet, γ-jet and multi-jet: The JES uncertainty resulting from the combination of

the Z-jet, γ-jet and multi-jet methods.

• Single hadrons: The JES uncertainty derived using single hadron measurements is

used for pT > 1 TeV in 2011 data and Monte Carlo and for pT > 1.2 TeV in 2012 data

and Monte Carlo.

• Pile-up uncertainties: Uncertainties to account for the dependence of the jet pT

on in- and out-of-time pile-up.

• Flavour uncertainties: Quark and gluon jets have different shower shapes resulting

in differences in the JES. The flavour uncertainties account for these differences and

can be tuned according to the composition of quark and gluon jets in an analysis.

• b-jet uncertainties The JES of b-jets is studied in Monte Carlo, and also in-situ, in

order to derive additional systematic uncertainties that are applied to b-tagged jets [1].

Additionally, corrections are available to calibrate the JES of b-jets that decay semi-

leptonically, resulting in a large proportion of the energy being carried by neutrinos and

muons, which is not accounted for by the standard JES calibration and uncertainties.

• Close-by jet uncertainties (2011 only): In 2011 data, an additional uncertainty

was derived to account for differences in the JES for jets that are not isolated (jets
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with another jet within ∆R < 2.5 Reff) [1]. In 2012 data further studies indicated

that differences in the JES for close-by jets are well modelled by the Monte Carlo.

Therefore, the close-by JES uncertainty is considered to be negligible for 2012 data

and Monte Carlo.

In-Situ Uncertainty Estimation for Large Radius Jets

Prior to the studies shown in this thesis, the JES uncertainty of large-R jets (jets with

R = 1.0 or R = 1.2) had been evaluated using the track jet double ratio method [46]. For

the track jet double ratio method, track jets are matched to calorimeter jets and the JES

uncertainty is evaluated by measuring the track jet response:

R(track, pT ) =
pcalo jet
T

ptrack jet
T

, (5.20)

where pcalo jet
T is the transverse momentum of the calorimeter jet at LCW+JES scale and

ptrack jet
T is the transverse momentum of the track jet [46]. The track jet response is measured

in data and Monte Carlo and the track jet double ratio is calculated:

Rtrack jet =
R(track, pT )

data

R(track, pT )MC
. (5.21)

Rtrack jet is measured using two Monte Carlo generators: PYTHIA 8 and HERWIG++

v2.5.2. The envelope of Rtrack jet measured with PYTHIA and HERWIG++ is used for

the uncertainty. In addition to the uncertainty derived directly from Rtrack jet two additional

sources of uncertainty on the method are evaluated, due to the uncertainty on the tracking

efficiency (∼3 %), track merging (∼2 %) and the modelling of the charged component of the

jet. This method covers a wide pT range, up to 1.2 TeV. It is also used for the evaluation of

the systematic uncertainty due to the Jet Mass Scale (JMS) and other substructure variables,

such as
√
d12 [46]. However, the precision of the systematic uncertainties derived with this

method is limited to ∼ 2-7 % because of uncertainty on the tracking efficiency, the track
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merging and the modelling of the charged component of the jet [46].

It is also possible to measure the JES of large-R jets using the in-situ methods described

above for small-R jets, which do not suffer from the large uncertainties which limit the

precision of the track jet double ratio method. These methods can be used to improve the

precision of the measurement of the uncertainty of the JES for large-R jets. The derivation

of the JES uncertainty using the direct balance method in γ-jet events will be described in

detail in Chapter 7. This is the first in-situ method other than the track jet double ratio

method that has been used to measure the JES of large-R jets at the ATLAS detector.

Additionally, the γ-jet method provided the first studies of the JES uncertainty of large-R

jets with |ηjet| > 1.2. Recently these forward region studies have been complemented by an

extension of the track-jet double ratio studies in the region 1.2 < |η| < 2.0.

5.2.6 Jet Energy Resolution

As well as the scale of the jet energy, the resolution of the jet energy is of great importance

for any performance studies or physics analyses that make use of jets. At ATLAS the jet

transverse momentum resolution is measured, normalised to jet pT. It is parametrised using

the following function:

σ(pT )

pT
=

N

pT
⊕ S√

pT
⊕ C (5.22)

where σ(pT )
pT

is the fractional Jet Energy Resolution (JER). The first term parametrises

the contributions to the JER that are proportional to 1/pT , e.g. due to effects such as pile-up

and electronic noise. It is of the order of a few GeV. The second term is the stochastic term,

which parametrises contributions to the JER that are due to statistical fluctuations (e.g.

there are inherent statistical fluctuations in the number of particles in the electromagnetic

and hadronic showers of a jet). Since this term is due to statistical effects it is proportional to

1/
√
pT and it is of the order of 1

√
GeV. The third term is the constant term which accounts

for effects which are pT independent, such as detector effects including non-uniformities in
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the detector and non-linearities in photomultipliers, ADCs etc. It is of the order of 0.05.

The JER for small-R jets is measured in-situ using di-jet events [97]. The JER in 2011

data was found to agree with the JER observed in Monte Carlo to within 10 % as can be

seen in Figure 5.7. Two techniques to measure the JER are shown; the di-jet method which

exploits the asymmetry in di-jet events ((pT,1−pT,2)/(pT,1+pT,2) where pT,1 and pT,2 are the

scalar pT of the two leading jets in the event, randomly ordered), and the bisector method

which makes use of the vector pT sum of the two leading jets in di-jet events. Further

details of the methods can be found in Ref. [97]. The data-to-MC differences of the JER

are included in the JER uncertainties [97]. In 2012 the JER observed in Monte Carlo agrees

with that observed in data to within 10 % for anti-kt R = 0.4 and R = 0.6 jets at EM+JES

and LCW+JES scale for |η| < 1.2. At higher η differences of up to 20 % have been observed.

The JER and jet mass resolution (JMR) for large-R jets are known to less precision than

the JER for small-R jets. Monte Carlo studies of the JER and JMS [101, 102] have been

performed for large-R jets with |η| < 2.0. In these studies the the amount of dead material

in the detector simulation was varied, different models were used for the hadronic shower

in the calorimeters, and different Monte Carlo generators were used, which have different

models of hadronisation and the underlying event. Differences of up to 20 % were observed.

Additionally, the JMS for large-R jets has been studied in-situ using the W mass peak [46,

103]. This analysis found that the JMR in data and Monte Carlo were consistent. However,

there were uncertainties of up to 10 % on these measurements. Therefore, a value of 20 %,

taken from the Monte Carlo studies, is used as conservative estimate of the uncertainty of

the JER and JMS for large-R jets.
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using di-jet events are shown [104].



Chapter 6

The Jet Energy Scale of Small-R Jets

Derived In-Situ Using γ-jet Events

This chapter describes the evaluation of the JES uncertainty and in-situ calibration for anti-

kt R = 0.4 and R = 0.6 jets using the γ-jet direct balance method at
√
s = 7 TeV. The 2011

data and Monte Carlo samples discussed in Sections 3.8 and 3.9 were used in the results

presented here. The γ-jet direct balance method forms the basis for the evaluation of the

JES uncertainties for large-R jets, which will be discussed in the following chapter.

The quantity of interest for the analysis is the direct balance response, which was intro-

duced in Equation 5.16. In the context of the γ-jet method this equation is known as the

photon response:

R(γ, DB) =
pjetT

pγT
, (6.1)

where pjetT is the pT of the reconstructed jet after the pile-up corrections and Monte Carlo

calibrations1 and pγT is the pT of the reconstructed photon, which is calibrated as described

in Section 5.1.

A precise measurement of this quantity requires a clean sample of γ-jet events with a back-

1See Section 5.2 for details.
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to-back topology. An important background is due to di-jet events, where one of the jets is

misidentified as a photon. This background is accounted for using a systematic uncertainty,

which requires knowledge of the fraction of photons in the γ-jet sample that contain a real

photon. The estimation of the fraction of real photons in the γ-jet sample will be discussed

below in Section 6.1 prior to discussion of the event selection for the γ-jet analysis. The

measurement of the photon response and evaluation of the systematic uncertainties will

then be presented.

Finally, these results will be put into context by comparing them to the photon response

and systematic uncertainties obtained using the γ-jet MPF method 2 and a brief overview

of how the γ-jet uncertainties are used for the final JES uncertainties will be given.

6.1 The Photon Purity

A jet can be incorrectly identified as a photon if the jet has a high electromagnetic content

(for example, due to a jet containing a high pT π0 which decays to photons: π0 → γγ). The

number of events containing a correctly identified photon, as a fraction of the total number

of events, is known as the purity, P :

P =
Number of reconstructed real photons

Total number of reconstructed photons
(6.2)

The purity is estimated in data using a sideband technique, which is described in detail in

Refs. [43, 82]. The method looks at the number of events falling into four regions, denoted by

A, B, C and D. These regions are defined using the photon isolation, Eγ Iso
T , and the photon

identification criteria that were described in Section 4.1. These two criteria help to reject

jets which have been incorrectly identified as a photon. The regions A, B, C and D can be

seen in Figure 6.1, where the regions are defined using Eγ Iso
T , the tight photon identification

requirements and the loose+ photon identification requirements.

2The MPF method was introduced in Section 5.2.5.



Chapter 6. 92

The loose+ photon ID requirements used for the purity estimation differ from the stan-

dard loose photon ID requirements as described in Section 4.1. For estimation of the purity

it is important that the shape of the Eγ Iso
T distribution is the same for the tight photon

requirements and for the loose photon requirements. This is the case for the loose+ photon

ID requirements, but not for the standard loose photon requirements. Therefore, the loose+

requirements are used instead of the standard loose requirements [82].

For Eγ Iso
T , the loose requirement is Eγ Iso

T > 8 GeV. The tight requirement is chosen to

be that of the signal region for the γ-jet analysis, which is Eγ Iso
T < 3 GeV.

In Figure 6.1, Region A corresponds to the signal region used for the γ-jet analysis and

regions B, C and D are background dominated control regions. Regions C and D both require

that the photons pass the loose+ photon requirements but fail the tight photon requirements,

these photons will be known as loose-not-tight photons.
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Figure 6.1: The diagram shows signal region (A) and control regions (B, C and D) which
are used for the purity estimation. The figure is adapted from [82].

It is assumed that the number of signal events in the control regions is small and that

the isolation distribution has the same shape for tight and loose+-not-tight photons. If

it holds that the shape of the isolation distribution is the same for tight and loose+-not-

tight photons then it is expected that NA bg/NC bg = NB bg/ND bg where NA bg indicates the

number of background events in region A, and similarly for B, C and D. Therefore, the
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number of background events in region A is:

NA bg = NC bg
NB bg

ND bg

(6.3)

The purity can then be defined as:

P = 1− NA bg

NA

= 1− NC bg

NA

NB bg

ND bg

(6.4)

Where NA is the total number of events in control region A (including both signal and

background events). Monte Carlo prompt photon samples (samples containing only photons

from the primary vertex) are used to correct the purity for the small number of signal events

that fall into the control regions (which means that e.g. NC is not equal to NC,bg). Further

details of the method can be found in Refs. [43, 82, 105].

The purity found using this method is about 60% at pγT = 40 GeV, rising to greater than

95% for pγT & 200 GeV, as be seen in Figure 6.2.
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Figure 6.2: The purity of selected photons for the 2011 dataset [105].

6.2 γ-jet Event Selection for Small-R jets

This section describes the selection of γ-jet events for 2011 data at
√
s = 7 TeV. A summary

of the selection can be found in Table 6.1.
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Event Selection

Events are required to have a primary vertex with at least 5 tracks associated with it. The

primary vertex is defined to be the vertex with the highest scalar
∑

ptrackT . Events are

rejected if there was a noise burst in the LAr calorimeter or a problem with data collection

for the LAr calorimeter [106].

Photon Selection

The event must contain at least one reconstructed photon, which must pass the trigger

requirements described in Section 3.6. The leading (highest pT) photon is taken to be the

photon from the hard scatter. This photon must pass the tight photon ID requirements

and have an isolation energy of Eγ Iso
T < 3 GeV. The leading photon is required to have

pT > 25 GeV, which is the lowest pT available due to the trigger selection, and |η| < 1.37,

so that it is contained within the EM barrel calorimeter.

As described in Section 4.1, photons can be either unconverted or converted, with con-

verted photons falling into two categories: single track conversions (when there is one track

matching the photon), or double track conversions (when there are two tracks matching the

photon). The fraction of converted photons, compared to all photons after the event selec-

tion, for LCW+JES jets with R = 0.6 can be seen in Figure 6.3 a). ∼ 30− 35 % of photons

are converted photons, with a significantly larger fraction of converted photons in data for

pγT < 110 GeV. Due to the presence of tracks, and the wider shower of a jet compared to a

photon, it is more common for a jet with a high electromagnetic content to fake a converted

photon compared to an unconverted photon. This background is suppressed by the tight

photon ID requirements and isolation. But to further suppress this background a cut on

Eγ cluster
T /(

∑

ptracksT ) was introduced for converted photons, where Eγ cluster
T is the transverse

energy of the converted photon cluster and
∑

ptracksT is the scalar sum of the pT of the tracks

associated with the converted photon cluster In order to define the values for this cut the

distribution of Eγ cluster
T /(

∑

ptracksT ) was studied.
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As can be seen in Figure 6.4 the Eγ cluster
T /(

∑

ptracksT ) distribution is centred around one,

as expected for converted photons, with a narrower distribution for double track conversions

compared to single track conversions. A narrower distribution for double track conversions

is expected, since for single track conversions only one of the two tracks from the conversion

has been found. At low pγT , where the photon purity is low, the shapes of the tails of the

distributions differ between data and Monte Carlo. At high pγT , where the photon purity

is high, the Eγ cluster
T /(

∑

ptracksT ) distributions agree within statistical uncertainties, when

comparing data to Monte Carlo.

Requirements for Eγ cluster
T /(

∑

ptracksT ) are chosen to retain events in the central region of

the Eγ cluster
T /(

∑

ptracksT ) distribution, where the data and Monte Carlo are in good agreement.

They are chosen differently for single track conversions (0 < Eγ cluster
T /(

∑

ptracksT ) < 2) and

double track conversions (0.5 < Eγ cluster
T /(

∑

ptracksT ) < 1.5) due to the different shapes of

the distributions.

In Figure 6.5 it can be seen that the purity of the photon sample is increased by ∼ 4 - 5 %

for pγT < 260 GeV. For pγT > 260 GeV, the cuts on Eγ cluster
T /(

∑

ptracksT ) have little impact on

the photon purity. Also, as was illustrated in Figure 6.4, there is a good agreement between

the Eγ cluster
T /(

∑

ptracksT ) distributions in data and Monte Carlo above 260 GeV. Therefore,

the cuts on Eγ cluster
T /(

∑

ptracksT ) are only applied for pγT < 260 GeV in order to retain events

for pγT > 260 GeV, even though this results in a discontinuity in the fraction of converted

photons (which can be seen in Figure 6.3 b)).

Jet Selection

The event is also required to have at least one anti-kt R = 0.4 or R = 0.6 jet, which must

pass cuts to reject fake jets from noise bursts in the calorimeter and from non-collision

backgrounds. The latest EM+JES or LCW+JES calibration is applied to all jets in the

event. The η-intercalibration correction factors described in Section 5.2.5 are also applied,

to correct for any residual differences in the response of jets in data and Monte Carlo at

different η.
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Figure 6.3: The fraction of converted photons in the final sample in data and Monte Carlo
(a) without the cuts on Eγ cluster

T /(
∑

ptracksT ) and (b) with the cuts on Eγ cluster
T /(

∑

ptracksT ).

During data processing, only jets with pT > 10 GeV are retained. The jets are re-

calibrated with the latest version of the calibration during the analysis. Therefore, events

that may have migrated from below 10 GeV to above 10 GeV due to the calibration are

not present in the sample of events available. To avoid any potential bias due to the re-

calibration, the jets are first re-calibrated and then it is required that they have pjetT >

12 GeV.

The leading (highest pT) jet is taken to be that from the hard scatter and must have

|η| < 1.2. Within this η region the calibration factors from the η-intercalibration method

described in Section 5.2.5 are less than 1.5 % and the data-to-MC agreement of the response

is seen to be stable [107].

If the leading or subleading jets fail jet cleaning cuts designed to reject fake jets from

noise bursts in the calorimeter and from non-collision backgrounds [1], the event is rejected.

Details of the jet cleaning procedure can be found in Ref. [1]. During 2011 data taking, the

read-out in the EM calorimeter in the regions 0.0 < η < 1.4 and −0.8 < φ < −0.6 was not

working between 30th April and 13th July 2011. For this time period the event is rejected

if either the leading or subleading jets are within ∆R < 0.1 of the affected regions of the

calorimeter.
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Figure 6.4: The Eγ cluster
T /(

∑

ptracksT ) distribution for photons with 25 < pγT < 45 GeV for (a) all converted photons, (b) converted photons
with one matching track and (c) converted photons with two matching tracks and for photons with 260 < pγT < 310 GeV for (d) all
converted photons, (e) converted photons with one matching track and (f) converted photons with two matching tracks.
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Selection of a Back-to-Back γ-jet Topology

Events with additional hard radiation in the form of extra jets in the event would spoil the

balance between the jet and the photon and also introduce additional Monte Carlo modelling

uncertainties. Two cuts are applied to suppress events with hard radiation:

1. The leading photon and leading jet are required to be back-to-back: ∆φ(γ− jet) > 2.9;

2. The pT of the subleading jet in the event must be less than 20 % of the pT of the leading

photon:
psubleading jet
T

pγ
T

< 0.2. To reduce the effect of pile-up on this cut the subleading

jet must either have JVF > 0.75 or be outside of the tracking acceptance (|η| > 2.5),

where it is not possible to calculate the JVF 3.

The photon pT, photon η, jet pT and jet η distributions following the full event se-

lection can be seen in Figure 6.6 for anti-kt R = 0.4 LCW+JES jets in data and Monte

Carlo. In these figures the trigger prescales have been corrected for and the Monte Carlo

distributions have been normalised to the data. The steeply falling spectrum of the photon

and jet pT can be seen as the pT increases. The photon response is binned in pγT using

the following bins: 25, 45, 65, 85, 110, 160, 210, 260, 310, 400, 500,

3JVF was introduced in Section 5.2.2
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Variable Threshold

Nvertex
tracks > 4

pγT > 25 GeV

|ηγ| < 1.37

p jet
T > 12 GeV

|ηjet| < 1.2

Eγ Iso
T < 3.0 GeV

Eγ cluster
T /(

∑

ptracksT ) for single track converted photons 0 < Eγ cluster
T /(

∑

ptracksT ) < 2

Eγ cluster
T /(

∑

ptracksT ) for double track converted photons 0.5 < Eγ cluster
T /(

∑

ptracksT ) < 1.5

∆φ(γ − jet) > 2.9 rad

psubleading jet
T /pγT < 0.2

Jet cleaning The event is rejected if either the
leading or subleading jet do not
meet jet cleaning requirements

Table 6.1: Summary of the event selection criteria used for the direct balance γ-jet analysis
in 2011.

600, 800 GeV. The first four bin boundaries correspond to the thresholds required in

the analysis for the photon triggers, which were described in Section 3.6.

6.3 The Photon Response for the Direct Balance Method

The mean photon response in each pγT bin is found using either a Gaussian or a Poisson

fit, depending on the value of pγT . In the first pγT bin, 25 GeV < pγT < 45 GeV, the photon

response distribution is non-Gaussian as can be seen in Figure 6.7 (a). This is due to the

fact that only jets with a pT > 12 GeV are considered in the analysis. Therefore, the low

pT jets are not present and the low response events in the first pγT bin are not available. In

order to find the peak of this distribution this bin is fit with a Poisson distribution extended

to non-integer values [1]. For all pγT bins with pγT > 45 GeV, a Gaussian fit is used to find

the peak of the distribution, an example of which can be seen in Figure 6.7 (b).

The photon response derived from these fits as a function of pγT can be seen in Figure 6.8

as measured in data and Monte Carlo for anti-kt R = 0.4 and R = 0.6 jets at EM+JES
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Figure 6.6: (a) The photon pT distribution, (b) the jet pT distribution, (c) the photon η
and (d) the jet η after the event selection for anti-kt R = 0.4 LCW+JES jets in data and
Monte Carlo. The distributions are corrected for the trigger prescales and the Monte Carlo
is normalised to the data.
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Figure 6.7: Photon response distributions in data for anti-kt EM+JES scale jets for (a)
25 < pγT < 45 GeV fit with a Poisson distribution and (b) 160 < pγT < 210 GeV fit with a
Gaussian distribution [1].

and LCW+JES scale. It can be seen that the general trend is for the photon response for

anti-kt R = 0.4 jets to increase with increasing pγT , whereas for anti-kt R = 0.6 jets the

photon response decreases with increasing pγT . The shapes and absolute values of the photon

response distributions are affected not only by the calibration of the jet but also by several

other effects. One of these is the fraction of the hadronic shower that is contained by the

jet (this fraction will be smaller for R = 0.4 jets than R = 0.6 jets due to their smaller

size). Another is the amount of underlying event that is captured by the jet (less underlying

event will be captured by the smaller R = 0.4 jets compared to the R = 0.6 jets). The

accuracy with which these effects are modelled by the Monte Carlo will be accounted for by

a systematic uncertainty, which will be discussed below in Section 6.4.7.

Additionally, for pγT < 260 (65) GeV the photon purity in data is < 95 (80) % due to

di-jet events where one jet has been incorrectly identified as a photon. The Monte Carlo

contains only γ-jet events and it is therefore unaffected by this background. The inclusion

of background events in data results in an increase in the photon response since a jet which

has been reconstructed as a photon will contain only the central core of the hadronic shower
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of the jet. The background will also be accounted for by a systematic uncertainty, which is

described below in Section 6.4.4.

For the in-situ calibration, the aim is to accurately measure the residual difference in

the JES between data and Monte Carlo so that a correction can be applied to account for

this difference. Therefore, the quantity of most importance is the data-to-MC ratio of the

photon response, which can be seen in the bottom insets of Figure 6.8. It can be seen that

the photon response is systematically lower in data than in Monte Carlo by up to ∼ 2% above

100 GeV for all jet collections. The rise of the data-to-MC ratio of the photon response for

pγT < 65 GeV is attributed to the di-jet background in the data, which results in a higher

photon response in data, thereby causing an increase in the data-to-MC ratio of the photon

response.

6.3.1 The Effect of the Cut on Eγ cluster
T /(

∑

ptracksT ) for Converted

Photons

As discussed previously, the photon purity is increased by placing requirements on the value

of Eγ cluster
T /(

∑

ptracksT ) for converted photons. The effect of these requirements on the photon

response can be seen in Figure 6.9. In Figure 6.9 (a) it can be seen that the response of

converted photons in data is significantly lower for pγT < 65 GeV with the application of the

cut, as expected from a reduction in background events. This results in a slightly smaller

data-to-MC ratio of the photon response as can be seen in Figure 6.9 (b).
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Figure 6.8: The average photon response for anti-kt jets for (a) LC+JES scale jets with
R = 0.4, (b) LC+JES scale jets with R = 0.6, (c) EM+JES scale jets with R = 0.4, and (d)
EM+JES scale jets with R = 0.6. Only statistical uncertainties are shown [1].
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Figure 6.9: The average photon response for anti-kt jets for LCW+JES scale jets with
R = 0.6, with and with out the Eγ cluster

T /(
∑

ptracksT ) cut on converted photons. (a) is for con-
verted photons (including both single and double track conversions), where the bottom inset
shows the ratio of the photon response with, compared to without, the Eγ cluster

T /(
∑

ptracksT )
requirement for data (circles) and Monte Carlo (triangles). (b) is for all photons, where the
bottom inset shows the data-to-MC ratio of the photon response with (black squares) and
without (red squares) the Eγ cluster

T /(
∑

ptracksT ) requirement.

6.4 Systematic Uncertainties of the γ-jet Direct Bal-

ance Method

The JES uncertainty of the jets under consideration is evaluated by considering the system-

atic and statistical uncertainties on the data-to-MC ratio of the photon response. Several

sources of uncertainty are considered, as discussed below.

6.4.1 Effect of Pile-up on the Photon Response

The average offset pile-up correction is applied to the transverse momentum of the jet to

subtract energy due to pile-up, as described in Section 5.2.2. Systematic uncertainties for

this correction are available for use by physics analyses [1] to account for differences in the jet

energy due to in-time (parametrised by NPV) pile-up and out-of-time pile-up (parametrised

by µ). Figures 6.10 (a), (b), (c) and (d) show the effect on the photon response of propagating
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these uncertainties through the γ-jet analysis.

Figures 6.10 (e) and (f) show the variations in the photon response for events with a low,

or high, µ and NPV (defined as 3.5 < µ < 5.5, NPV < 3 and µ > 7, NPV > 5 respectively).

The black points in the bottom inset of these figures are calculated as follows:

R(γ,DB)data, low PU/R(γ,DB)MC, low PU

R(γ,DB)data, high PU/R(γ,DB)MC, high PU

, (6.5)

where R(γ,DB)data, low PU and R(γ,DB)MC, low PU are the photon responses for the low

pile-up regimes (3.5 < µ < 5.5 in (e) and NPV < 3 in (f)) in data and Monte Carlo

respectively and R(γ,DB)high, low PU and R(γ,DB)MC, high PU are the photon responses for

the high pile-up regimes (µ > 7 for (e) and NPV > 5 for (f)) in data and Monte Carlo

respectively. The red band shown in the bottom insets of Figures 6.10 (e) and (f) is the

uncertainty on the data-to-MC ratio of the photon response due to the shifts which were

shown in Figures 6.10 (a), (b), (c) and (d).

It can be seen that, within the statistical uncertainty, the deviations of the data-to-

MC ratio of the photon response for low and high µ and NPV are covered by the pile-up

uncertainty. Therefore, in order to avoid double counting uncertainties in the final JES

uncertainties, no systematic uncertainty for pile-up is considered for the γ-jet direct balance

method.

6.4.2 Radiation Suppression

The cut on ∆φ(γ − jet), and the cut on the sub-leading jet in the event, are designed to

suppress events with additional hard radiation. These cuts are varied in order to evaluate

the systematic uncertainty due to additional radiation. The ∆φ(γ − jet) cut is varied to

∆φ(γ − jet) > 2.7 and ∆φ(γ − jet) > 3.1. The effect on the data-to-MC ratio of the photon

response is found to be less than 0.5 % over the full pγT range.

The cut on
psubleading jet
T

pγ
T

is loosened and tightened according to the following definitions:
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Figure 6.10: The average photon response with the pile-up uncertainty shifted up and down
due to the uncertainty on (a) µ in data, (b) µ in Monte Carlo, (c) NPV in data and (d) NPV
in Monte Carlo. e) and f) show the variation of the photon response and the data-to-MC
ratio of the photon response for high and low values of (e) µ and (f) NPV. The red band
corresponds to the uncertainty on the pile-up when the shifts seen in (a), (b), (c) and (d)
are propagated to the data-to-MC ratio of the photon response.
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• Loose: psubleading jet
T ≤ max(12 GeV, 0.2 · pγ

T) + 0.1 · pγ
T

• Tight: psubleading jet
T ≤ max(10 GeV, 0.1 · pγ

T)

In this way both the cut on
psubleading jet
T

pγ
T

and the pT threshold above which a sub-leading jet is

accepted are varied to account for the effect of both of these aspects of the cut. The effect of

these variations on the data-to-MC ratio of the photon response is found to be of the order

of 0.5%.

6.4.3 Monte Carlo Generator

Uncertainty in the measurement of the photon response in Monte Carlo may be introduced

due to the modelling of the parton shower, the jet fragmentation and multiple parton in-

teractions in the event. In order to assess the effect of this uncertainty, the nominal Monte

Carlo sample, generated and showered using PYTHIA v6.425 [29] is compared to HER-

WIG v6.510 [30], which uses a different parton shower and fragmentation model. More

details of the Monte Carlo samples can be found in Section 3.9. The difference between the

photon response in PYTHIA and HERWIG is taken as the systematic uncertainty and is

found to be up to ∼ 1 %, as can be seen in Figure 6.11.
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Figure 6.11: The photon response for anti-kt R = 0.4 jets at EM+JES scale measured with
PYTHIA and HERWIG [1].
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(a) (b)

Figure 6.12: The photon response of the nominal Monte Carlo sample which contains only
signal, compared to the response of a sample of dijet events containing jets with narrow
shower profiles which are more likely to fake a photon for a) anti-kt R = 0.4 EM+JES jets
and b) anti-kt R = 0.6 EM+JES jets [2].

6.4.4 Background from Jet Events

The uncertainty due to the di-jet background is estimated to first order as:

(1− P )× (R(di− jet)−R(γ-jet))

R(γ-jet)
, (6.6)

where P is the purity of the γ-jet sample, and R(γ-jet) and R(dijet) are the responses for

the γ-jet signal and for the di-jet background events respectively.

R(γ-jet) is taken to be the nominal photon response measured in the γ-jet Monte Carlo

sample. The photon response of background events (R(di− jet)) was estimated using a

Monte Carlo di-jet sample enriched in jets with a narrow shower profile. Figure 6.12 shows

the nominal photon response in the γ-jet Monte Carlo sample and the photon response in

the di-jet Monte Carlo sample. There is a significant lack of statistics in the di-jet Monte

Carlo sample and so the response could only be evaluated up to 210 GeV. However, it can

be seen that, within statistical uncertainties, the difference between the response in the γ-jet

Monte Carlo and the response in the di-jet Monte Carlo sample is ∼5 % or less. Therefore

(R(dijet)−R(γ-jet))/R(γ-jet) was taken to be 5 % over the full pT range.
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6.4.5 Jet Energy Resolution

The effect of the Jet Energy Resolution is evaluated by comparing the nominal photon

response in Monte Carlo to the photon response in Monte Carlo where the pT of the jets has

been smeared by a Gaussian centred at one, with a width of σ =
√

(σdata +∆σdata)2 − σ2
data

where σdata is the Jet Energy Resolution in data and ∆σ2
data is its uncertainty.

The systematic uncertainty due to the JER is taken as the difference between the photon

response in the nominal and smeared samples. As can be seen in Figure 6.13 variations of

up to 1 % are seen below 110 GeV, falling to < 0.5 % at higher pγT .
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Figure 6.13: The photon response for the nominal Monte Carlo sample and the Monte Carlo
with the smeared Jet Energy Resolution.
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6.4.6 Photon Energy Scale

The calibration applied to photons is the same as that applied to electrons, as described

in Section 5.1, with an increased uncertainty for the photon energy scale. The uncertainty

consists of components due to the Z → ee calibration, energy losses due to interactions before

the electrons or photons reach the calorimeter, and energy loss due to energy not captured in

the photon clustering algorithm. The energy calibration is parametrised as shown previously

in Equation 5.1.

The nominal photon energy is pγT = pγ,uncorrectedT /(1− α), as described in Section 5.1. To

assess the impact of the photon energy scale uncertainty on the photon response, the shifted

photon energy is taken to be pγT = pγ,uncorrectedT /(1−(α+∆α)) where ∆α is the uncertainty on

α. The photon response is then rederived using the shifted photon energy. The systematic

uncertainty is taken as the difference between the shifted sample in data and the nominal

sample in data. It is found to be ∼ +0.8% and −0.5% as can be seen in Figure 6.14.

6.4.7 Out-of-cone Radiation and the Underlying Event

It is not expected that pγT ≡ pjetT even if it were possible to select events with a perfect 2 to

2 scatter. This is due to two effects:

1. The jet will contain more energy due to the underlying event in comparison to the

photon, resulting in an increase in the photon response. The contribution of the

underlying event to the reconstructed photon pT is neglected since the photon has a

small size 4 and therefore captures much less of the underlying event than a jet.

2. The jet does not contain all particles from the hadronic shower that balance the photon,

since some will fall outside of the jet cone. This results in a decrease in the photon

response.

4Photons with |η| < 1.37 have a size of 3 × 5 (3 × 7) for unconverted (converted) photons, in units of
0.025×0.025 in |η × φ| space, as described in Section 4.1.
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Figure 6.14: The the photon response in data using the nominal photon energy scale com-
pared to the data using the photon energy scale with a +1σ variation and with a −1σ
variation for (a) anti-kt R = 0.4 jets at EM+JES scale, (b) anti-kt R = 0.6 jets at EM+JES
scale, c) anti-kt R = 0.4 jets at LCW+JES scale and d) anti-kt R = 0.6 jets at LCW+JES
scale.
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In order to assess the impact of these two effects, a factor (known as the k-term) is

defined, which is greater than 1 if the underlying event dominates and less than 1 if the

out-of-cone radiation dominates. The k-term, kOOC, is defined such that pjetT ≃ kOOC · pγT .

The k-term is estimated by fitting the track transverse momentum profile of the charged

particles around the jet. To reduce the effect of pile-up tracks are only selected if they are

associated with the primary vertex assigned to the hard scatter in the event. The k-term is

discussed in detail in Reference [1].

The k-term is defined as:

kOOC =
pIC,ALL
T

pIC+OC,ALL
T − pIC+OC,UE

T

(6.7)

where pIC,ALL
T is the average scalar pT sum of all the tracks inside the jet cone with radius

R, pIC+OC,ALL
T is the average scalar pT sum of all the tracks inside a concentric cone with

radius R0 ≥ R, where R0 is the radius at which the average scalar track pT sum distribution

becomes approximately constant, and pIC+OC,UE
T is an estimation of the underlying event

contribution. pIC+OC,UE
T is found by fitting the transverse momentum density profile of the

tracks around the jet axis using the following function:

f(∆R) =
a

∆Rb + c
+ C, (6.8)

where ∆R is the distance from the jet axis and a, b, c and C are free parameters in the

fit. C is taken to represent the contribution due to the underlying event and is used as an

estimate for pIC+OC,UE
T . A schematic representation of the k-term is shown in Figure 6.15.

The ratio of kooc in data and Monte Carlo is taken as a systematic uncertainty and is

found to be ∼ 2 % for 25 < pγT< 45 GeV for jets with R = 0.4 and ∼ 1 % for jets with

R = 0.6, falling to < 0.5 % for pγT > 160 GeV as can be seen in Figure 6.16.

The larger amount of out-of-cone radiation for jets with R = 0.4, in comparison to jets

with R = 0.6, is clearly visible when comparing Figures 6.16 (a) and (b). Since kooc is derived
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kooc=

p

Figure 6.15: A schematic representation of the k-term, which is defined in Equation 6.8. The
figure is adapted from [105]. The yellow area corresponds to pIC+OC,ALL

T − pIC+OC,UE
T and the

blue area corresponds to pIC,ALL
T .

using tracks, this factor does not take into account the uncharged components of the jet and,

therefore, provides only an estimate of the effect of the underlying event and the out-of-cone

radiation.
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Figure 6.16: kooc derived from data and Monte Carlo for (a) anti-kt R = 0.4 jets and (b)
anti-kt R = 0.6 jets [1].

6.4.8 Summary of the Systematic Uncertainties

The sources of systematic uncertainty on the data-to-MC ratio of the γ-jet direct balance

method for anti-kt R = 0.4 and R = 0.6 jets at EM+JES and LCW+JES scale can be seen
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in Figure 6.17. The total uncertainty is obtained by adding all systematic uncertainties and

the statistical uncertainty in quadrature.

The total uncertainty is found to be ∼ 1% between 100 GeV and 500 GeV, rising to

∼ 3 % below 100 GeV and ∼ 2 % above 500 GeV. The dominant uncertainty at low pγT is

due to background contamination and the out-of-cone radiation. The photon energy scale is

a dominant source of systematic uncertainty at higher pγT .
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Figure 6.17: The JES uncertainties derived with the direct balance method for anti-kt jets
for (a) LC+JES scale jets with R = 0.4, (b) LC+JES scale jets with R = 0.6, (c) EM+JES
scale jets with R = 0.4, and (d) EM+JES scale jets with R = 0.6[1].
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Comparison to the Photon Response and Systematic Uncertainties Derived with

the MPF Method

The photon response measured with the MPF method can be seen in Figure 6.18 for EM and

LCW scales. The missing transverse energy used to derive R(γ, MPF) uses topo-clusters

at the EM or LCW scales, rather than jets calibrated to EM+JES or LCW+JES scale.

Therefore, the absolute value of the photon response measured with the direct balance and

the MPF methods cannot be directly compared.

For the MPF method, the effect of the non-compensation of the calorimeters (which is

larger at low pγT ) results in a lower R(γ, MPF) at low pγT . This effect is not seen for the

photon response measured with the direct balance method, shown in Figure 6.8, due to the

fact that R(γ, DB) is derived using jets at the EM+JES and LCW+JES scales. Therefore,

the effect of the non-compensation of the calorimeter on the jet pT has already been corrected

for.

Whilst the absolute values of the photon responses measured with the direct balance

and the MPF methods cannot be directly compared, the data-to-MC ratio of the photon

responses measured by the two methods can be compared. Any residual differences between

the photon response in data and Monte Carlo are assumed to be due to mis-modelling of the

calorimeter, of the electromagnetic and hadronic showers in the calorimeter, dead material

or modelling of the physics of the γ-jet events. For the direct balance method, the same

Monte Carlo JES factors are applied to both data and Monte Carlo. However, for the MPF

method the JES is not propagated to the missing transverse energy. This is since it may

mask the residual differences between the data and Monte Carlo that are due to detector

effects, by introducing additional uncertainty, e.g. due to mis-modelling of the number of

reconstructed jets or the underlying event.

In Figure 6.19 the difference between the data-to-MC ratio of the response measured with

the direct balance and the MPF method is shown. It can be seen that there is good agreement

between the two methods. Since the selection for the direct balance and MPF methods is
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almost exactly the same5, the samples of events used to deriveR(γ, DB) andR(γ, MPF) are

almost exactly the same. Therefore, the statistical and systematic uncertainties are highly

correlated between the two methods. The only uncertainty for which there is no correlation

is that due to kOOC , which is not accounted for by the MPF method because it doesn’t use

jets. To account for this the error bars shown in Figure 6.19 are calculated according to:

σ =
√

|σ(MPF)2stat − σ(DB)2stat|+ σ(DB)2kooc, (6.9)

where σ(MPF)stat is the statistical uncertainty on the data-to-MC ratio for the MPF

method, σ(DB)stat is the statistical uncertainty on the data-to-MC ratio for the direct balance

method, and σ(DB)kooc is the systematic uncertainty due to the k-term.
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Figure 6.18: The average jet response measured with the MPF method using γ-jet events at
(a) EM scale and (b) LCW scale [1].

The JES uncertainties derived using the direct balance method (Figure 6.17) can be

compared to those derived with the MPF method that are shown in Figure 6.20. For the

MPF method no uncertainty due to kOOC is shown since the method does not make direct

use of jets. Since the MPF method does not directly use jets no correction is applied to

5The difference in the selection is that for the MPF method it is required that
p
subleading jet

T

p
γ

T

< 0.3 (whereas

it is 0.2 for the Direct Balance method, as described in Section 6.2.)
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Figure 6.19: Difference between the data-to-MC ratio of the photon response measured with
the direct balance method and the MPF method [1].

subtract energy deposits due to pile-up. Therefore, a pile-up uncertainty is included for the

MPF method. The total JES uncertainties derived with the two methods are similar.
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Figure 6.20: The JES uncertainties derived with the MPF method at (a) EM scale and (b)
LCW scale [1].

6.4.9 Use of the γ-jet Photon Response Measurements and Un-

certainties

The data-to-MC ratio of the response and the total uncertainties derived using γ-jet events

were combined with the Z-jet and the multi-jet measurements as described in full in Ref. [1]

and briefly in Section 5.2.5. The combination was done separately with both the γ-jet direct

balance method and the MPF method results.



Chapter 6. 118

As discussed previously, the MPF method does not make direct use of jets. However, the

JES uncertainties will be applied to jets. Therefore, it is important to take into account the

difference in the fraction of energy contained within the jet when comparing reconstructed

to particle level jets. To account for the systematic uncertainty due to this effect, the k-term

systematic uncertainty (which is derived in the direct balance γ-jet method) is added to the

MPF systematic uncertainties.

Since the γ-jet direct balance and MPF methods are highly correlated, one method is

chosen for use in the final JES uncertainties to simplify the evaluation of the correlations

between the different components of the JES uncertainties. The two methods give very

similar results and so, in order to choose one over the other, the direct balance and MPF

methods are each combined separately with the Z-jet results. It was found that using the

MPF method gave a smaller uncertainty (by up to one per mill [1]) after combination with

the Z-jet method and so this method was chosen for the final combination.

The data-to-MC ratio of the response after the combination and the total combined

uncertainties can be seen in Figure 6.21 for R = 0.4 EM+JES and LCW+JES scale jets.

The data-to-MC ratio is used by physics analyses in order to apply a residual correction to

the jet energy and pT in data as described in Section 5.2.5. The combined uncertainties on

the data-to-MC ratio are used for the in-situ JES uncertainties.

The total in-situ JES uncertainty as a function of jet pT can be seen in Figure 6.22 (a).

The uncertainty is broken down to show the components from the different in-situ methods

for η = 0.5 for anti-kt LCW+JES jets. In addition to the Z-jet, γ-jet and multi-jet balance

methods, the uncertainty due to the η-intercalibration and due to the single particle methods

are shown. The γ-jet method is the dominant component of the uncertainty for ∼100-700

GeV.

As discussed in Section 5.2.5 the total JES uncertainties are composed of the in-situ un-

certainties, the pile-up uncertainty, the flavour uncertainty and the close-by jet uncertainty.

These uncertainties can be seen in Figure 6.22 (b) for η = 0.5. It can be seen that the total

in-situ uncertainty is a dominant uncertainty for the central η region, although the pileup
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uncertainty and flavour uncertainties are also important below ∼100 GeV.
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Figure 6.21: The data-to-MC ratio of the response (pjetT /prefT ) derived with the Z-jet, γ-jet
MPF and multi-jet methods, as a function of the pT of the reference object for (a) anti-
kt R = 0.4 jets at EM+JES scale and (b) anti-kt R = 0.4 jets at LCW+JES scale. The
error bars show the statistical and systematic uncertainties added in quadrature for each
method. The green band shows the total uncertainty obtained from the combination of
the uncertainties of the three different methods and the blue band shows the statistical
component of the uncertainty [1].

(a) (b)

Figure 6.22: (a) The in-situ JES uncertainties for η = 0.5, showing the total uncertainties
from the Z-jet, γ-jet, multi-jet, η-intercalibration and single hadron methods and (b) the
total JES uncertainties for η = 0.5 including the flavour uncertainties relevant for a semi-
leptonic tt̄ topology, the total in-situ uncertainty from (a), the pile-up uncertainty and an
uncertainty due to close-by jets.

The direct balance γ-jet method provides a valuable cross check of the MPF γ-jet response

and uncertainties, using a method that makes direct use of the jets used by physics analyses.

The methods discussed here also serve as the basis for measuring the JES of large-R jets

which will be discussed in the following chapter.
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The Jet Energy Scale Uncertainty of

Large-R jets Derived In-Situ Using

γ-jet Events

As discussed in Section 5.2.5, the JES uncertainties for large-R jets were previously evaluated

using the track-jet double ratio method. However, the precision of the measurement of the

JES uncertainty using track-jet events is limited to ∼2-7 %, due to the uncertainty on

the tracking efficiency (∼3 %), track merging (∼2 %) and the modelling of the charged

component of the jet [46]. To measure the JES uncertainty of large-R jets to a greater

precision the direct balance γ-jet method is implemented for large-R jets. The large-R γ-jet

analysis is based on the JES uncertainty studies for anti-kt R = 0.4 and R = 0.6 jets that

were described in Chapter 6.

The studies presented in this chapter make use of the 2012 data and γ-jet Monte Carlo

samples, which were introduced in Sections 3.8 and 3.9. The event selection used to select

γ − large− R jet events with a back-to-back topology is discussed here in Section 7.1. The

measurement of the photon response for large-R jets and the measurement of the γ-jet JES

uncertainties for large-R jets are then presented in Sections 7.3, 7.4 and 7.5.

In addition to the in-situ JES uncertainty derived using γ-jet events, the uncertainty on

120
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the JES due to pile-up and the uncertainty on the JES due to the topology of the large-

R jets are discussed. Finally, the impact of the new large-R JES uncertainties on the tt̄

semi-leptonic resonance search will be shown.

7.1 γ-jet Selection for Large-R Jets

The selection of γ-jet events for the derivation of the photon response for large-R jets is

based on the small-R jet selection described in Section 6.2. Differences in the event selection

are described here and a summary of the selection can be seen in Table 7.1.

For large-R jets there is no η−intercalibration available to provide JES uncertainties for

the forward η-region, as is the case for small-R jets. In order to provide JES uncertainties

for the forward region, the γ-jet analysis can be extended up to |ηjet| = 2.1. Large-R jets

are not used by physics analyses above |η| > 2.1 and therefore a measurement of the photon

response is not required for |η| values higher than this.

The following changes were made to the event selection with respect to that described in

Section 6.2:

1. In addition to the rejection of events with a noise burst in the LAr calorimeters, events

were rejected where there were problems in the Tile calorimeter, or where events were

incomplete due to parts of the detector being restarted [108].

2. In order to reduce the background due to jets with a high electromagnetic content,

which fake photons at low pγT , a variable photon isolation threshold was introduced.

These thresholds were optimised in the 2012 small R γ-jet analysis by comparing the

Eγ Iso
T distributions in data and Monte Carlo. More details about how these Eγ Iso

T

thresholds were derived can be found in [109]:

• Eγ Iso
T < 0.5 GeV for 25 < pγT < 45 GeV

• Eγ Iso
T < 1.0 GeV for 45 < pγT < 65 GeV

• Eγ Iso
T < 2.0 GeV for 65 < pγT < 85 GeV
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• Eγ Iso
T < 3.0 GeV for pγT > 85 GeV

3. Due to the increased number of events available for the 2012 analysis, the cut on

Eγ cluster
T /(

∑

ptracksT ) could be used over the full pγT range.

4. The event is required to have at least one large-R jet, calibrated to LCW+JES scale.

The performance of four large-R jet collections is routinely considered by the AT-

LAS experiment: anti-kt R = 1.0 jets with and without grooming and Cambridge-

Aachen R = 1.2 jets with and without grooming. However, at the time of writing, the

LCW+JES calibration was only available for anti-kt R = 1.0 trimmed jets. Therefore,

the JES uncertainty has only been derived for this jet collection.

5. The requirement on
psubleading jet
T

pγ
T

is modified for the case of large-R jets to a requirement

on:

pleading anti−kT R = 0.4 jet outside large−R jet
T

pγT
< 0.1, (7.1)

where pleading anti−kT R = 0.4 jet outside large−R jet
T is the transverse momentum of the lead-

ing anti-kt LCW+JES R = 0.4 jet outside of the large-R jet. The anti-kt R = 0.4 jet

is considered to be outside of the large-R jet if the following criterion is satisfied:

∆R(anti− kT R = 0.4 jet, large R jet) > D · Reff , (7.2)

where Reff is the jet distance parameter of the jet collection under consideration (1.0

for anti-kt R = 1.0 jets) andD is chosen to be 0.8 for the nominal selection. Any anti-kt

R = 0.4 jet with a ∆R greater than this will have a significant proportion of its energy

deposits outside of the large-R jet. Using anti-kt R = 0.4 jets for this cut, instead of

large-R jets, is advantageous because it provides a consistent cut against radiation for

any large-R jet collection that may be studied. Furthermore, the pT of anti-kt R = 0.4

jets is corrected for additional energy deposits due to pile-up. The leading anti-kt

R = 0.4 jet outside of the large-R jet is required to either have JVF > 0.25, to be

outside of the tracking acceptance (|η| > 2.5) where JVF cannot be calculated, or to
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have pT > 50 GeV in order to reduce the effect of additional proton-proton interactions

on the cut.

The value of the requirement for pleading anti−kT R = 0.4 jet outside large−R jet
T /pγT was changed

from 20 %, which was used for the 2011 analysis, to 10 % for the 2012 analysis and the

∆φ(γ − jet) requirement was loosened from ∆φ(γ − jet) > 2.9 to ∆φ(γ − jet) > 2.8.

These changes were made in order to harmonise the event selection for all the γ-jet

and Z-jet in-situ analyses in 2012 data and Monte Carlo [3].

6. No quality criteria are available to reject fake large-R jets from noise busts in the

calorimeter or non-collision backgrounds. As an alternative, if any anti-kt R = 0.4 jet

inside of the large-R jet or if the leading anti-kt R = 0.4 jet outside of the large-R jet,

which is used in the event selection, is identified as a fake jet [1, 110] then the event is

rejected.

Variable Threshold

Nvertex
tracks > 4

pγT > 25 GeV

|ηγ| < 1.37

p jet
T > 8 GeV

Eγ Iso
T < 0.5 GeV if 25 < pγT < 45 GeV

Eγ Iso
T < 1.0 GeV if 45 < pγT < 65 GeV

Eγ Iso
T < 2.0 GeV if 65 < pγT < 85 GeV

Eγ Iso
T < 3.0 GeV if pγT > 85 GeV

Eγ cluster
T /(

∑

ptracksT ) for single track converted photons 0 < Eγ cluster
T /(

∑

ptracksT ) < 2

Eγ cluster
T /(

∑

ptracksT ) for double track converted photons 0.5 < Eγ cluster
T /(

∑

ptracksT ) < 1.5

∆φ(γ − jet) > 2.8 rad

pleading anti−kT R=0.4 jet outside large R jet
T /pγT < 0.1

Jet cleaning If any anti-kt R = 0.4 jets con-
tained within the large-R jet or
the leading anti-kt R = 0.4 jet
outside of the large-R jet do not
meet jet cleaning requirements
then the event is rejected.

Table 7.1: Summary table of the event selection criteria used for the direct balance γ-jet
analysis for large-R jets.
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7.2 Basic kinematic variables and binning

The photon pT, jet pT, photon η and jet η distributions following the full event selection

can be seen in Figure 7.1. It can be seen that there are few events for pγT & 500-600 GeV

and that the number of events for |ηjet| > 0.8 is also reduced. The pγT bins used for the

small-R γ-jet analysis are retained for the large-R γ-jet analysis. However, the lowest pγT

bin is 45 < pγT < 65 (rather than 25 < pγT < 45 GeV) since the large-R jet Monte Carlo

calibration only extends down to 50 GeV. The same |ηjet| bin boundaries are used as are used

for the eta-intercalibration and other forward jet performance studies at ATLAS. The |ηjet|

bin boundaries roughly reflect different parts of the calorimeter with different technologies

or amounts of dead material. For |ηjet| < 0.8 a sufficient number of events was available to

extend the measurements up to 1 TeV. In |ηjet|, wider bins are used for pγT < 85 GeV, where

the large trigger prescales reduce the number of events available, and for pγT >500 GeV where

the number of events is small due to the falling pγT spectrum. The pγT and |ηjet| bins used

are illustrated in Figure 7.2.

7.3 Photon Response for Large-R Jets

The photon response, as measured for anti-kt R = 1.0 trimmed jets, can be seen in Figure 7.3

for the five different |η| regions. It can be seen that the photon response is stable for

pγT > 110 GeV and that its value is close to one. For pγT < 100 GeV the photon response

decreases by ∼1-2 (3-5) % for |η| < 0.8(> 0.8).

For |η| < 0.8 the decrease in the photon response for pγT < 100 GeV is not due to out-

of-cone radiation, as is the case for anti-kt R = 0.4 jets 1. This is confirmed by evaluating

the k-term for large-R jets (the k-term was introduced in Section 6.4.7) for |η| < 0.8, which

can be seen in Figure 7.4. It can be seen that it is ∼1 over the full range of pγT , indicating

that there is little out-of-cone radiation for large-R jets for |η| < 0.8. However, the k-term

uses all tracks around the jet axis and, therefore, it does not take into account the effects

1The photon response for anti-kt R = 0.4 LCW+JES scale jets was shown previously in Figure 6.8
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Figure 7.1: (a) The photon pT distribution, (b) the jet pT distribution, (c) the photon η and
(d) the jet η after the event selection for anti-kt R = 1.0 trimmed jets at LCW+JES scale
in data and Monte Carlo. The distributions are corrected for the trigger prescales and the
Monte Carlo is normalised to the data.

Figure 7.2: The |ηjet| and pγT bins used for derivation of the γ-jet photon response and JES
uncertainties for large-R jets.
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of trimming, which would reduce the jet pT with respect to the photon pT. Furthermore,

the k-term can only be calculated in the central |η| region, since tracks are required for

∆R(jet axis− track) < 2.5. This makes it difficult to disentangle the effects of trimming,

out-of-cone radiation and the underlying event for large-R jets.

The precision to which the photon response in data is modelled by the Monte Carlo is

important for the evaluation of the JES uncertainties. For |η| < 0.8 it can be seen that the

photon response in data is well modelled by the Monte Carlo, with differences of less than

1 % for pγT > 65 GeV. For |η| > 0.8 the difference between the photon response in data and

Monte Carlo rises to approximately 2 %.

7.4 Evaluation of the Systematic Uncertainties of the

data-to-MC Ratio of the Photon Response

The systematic uncertainties on the data-to-MC ratio of the photon response are evaluated

in the same way as described in Section 6.4. Changes to the systematic uncertainties and

additional systematic uncertainties are as follows:

1. The cut on the first leading jet outside of the large-R jet does not reject events where

more than one small radius (R = 0.4) jet is contained within the large-R jet. The

inclusion of these events may result in additional uncertainties due to the modelling of

the radiation. A systematic uncertainty is derived by comparing the nominal selection

to a selection that minimises all additional jets from hard radiation in the event,

regardless of whether or not they are contained within the large-R jet. This modified

selection requires the pT of the sub-leading anti-kt R = 0.4 jet to be less than 10 % of

pγT , regardless of whether or not this jet is contained within the large-R jet.

2. The Jet Energy Resolution (JER) of large-R jets has not been extensively studied.

However, variations of up to 20% have been observed in Monte Carlo studies, as

discussed in Section 5.2.6. To assess the impact of these variations it is recom-
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Figure 7.3: The average photon response for anti-kt jets R = 1.0 trimmed jets for (a)
|ηjet| < 0.8 (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e)
1.8 < |ηjet| < 2.1. Only statistical uncertainties are shown.
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Figure 7.4: The k-term for anti-kt R = 1.0 jets, calculated using jets with |ηjet| < 0.8 as a
function of pγT . Only statistical uncertainties are shown.

mended [111] that the jet pT is smeared by a Gaussian centred at 1 with a width

of σ =
√

(1.2 σMC)2 − σ2
MC where σMC = σ(preco jet

T /ptruth jet
T )MC is the truth JER mea-

sured in Monte Carlo, which can be seen in Figure 7.5. This smears the JER by 20 %,

which is considered to be a conservative estimate of the uncertainty on the JER [101]

based on the studies mentioned above.

3. As discussed in Section 6.4.4 the systematic uncertainty due to the background is

estimated according to Equation 6.6 ((1 − P ) × (R(di−jet)−R(γ-jet))
R(γ-jet) ). This requires a

measurement of the photon purity (P ), the response of the γ-jet sample (R(γ-jet))

and the response of background events (R(di− jet)).

The photon purity was calculated using the same method as that described in Sec-

tion 6.1, with 2012 data and the new Eγ Iso
T requirements discussed above [3]. The

resulting purity is ∼60 % for pγT = 40 GeV, rising to > 95 % for pγT > 100 GeV, as can

be seen in Figure 7.6.

For small-R jets in 2011, the background response was estimated using a Monte Carlo

di-jet sample enriched with narrow jets, which are more likely to fake a photon. How-

ever, as was shown in Section 6.4.4, the number of events available in this sample is

very low. As an alternative, the background response is estimated in data by select-

ing photons that pass the loose photon ID requirements but fail the tight photon ID
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requirements (loose-not-tight photons). The difference between the photon response

in data for loose-not-tight photons and tight photons can be seen in Figure 7.7. As

expected for background events, the photon response is significantly higher in data for

pγT <210 GeV, where the photon purity is < 95 %. The loose-not-tight sample has a

photon response that is up to ∼10 % higher than the photon response for tight photons

for pγT < 85 GeV, decreasing to less than ∼1 % for pγT > 260 GeV, within the statistical

uncertainty.

The response of the loose-not-tight photons in data is taken as an estimate forR(di− jet)

and the response of tight photons in data is taken as an estimate for R(γ-jet).

4. As discussed previously, the k-term can only be calculated for |ηjet| < 0.8. For |ηjet| <

0.8, the fractional difference of the k-term as measured in data and Monte Carlo is taken

as a systematic uncertainty, to account for the modelling of out-of-cone radiation and

the underlying event. This uncertainty is < 1 %, as can be seen in Figure 7.4, and it

is also used for |ηjet| > 0.8.

5. For 2012 data, the photon energy scale uncertainties are available in three separate

components to account for the systematic uncertainties due to the material in front

of the calorimeter, the presampler and the Z → ee energy scale, as discussed in Sec-

tion 5.1. For each of these components, the photon energy scale in Monte Carlo is

shifted by the uncertainty on that component. The fractional difference between the

shifted and the nominal Monte Carlo samples is taken as the systematic uncertainty

for the component under consideration. The systematic uncertainties from the three

components are then added in quadrature to give the total photon energy scale sys-

tematic.

6. The cut on the leading anti-kt R = 0.4 jet outside the large-R jet requires a definition

of when an anti-kt R = 0.4 jet is considered to be outside the large-R jet as given by

Equation 7.2. The effect of this definition is evaluated by changing D from the nominal

value of 0.8 to 1.4.

7. The track-jet double ratio uncertainties are derived in bins of mreco jet/preco jet
T , which
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accounts for variations of the JES due to the mass of the jet. In the γ-jet sam-

ple, the number of events is too low to be able to evaluate the photon response over

the full |ηjet| and pγT range if an additional binning is performed in mreco jet/preco jet
T .

Instead, this dependency is taken into account using an additional systematic uncer-

tainty. The data-to-MC ratio of the photon response in low mreco jet/preco jet
T events

(mreco jet/preco jet
T < 0.15) and high mreco jet/preco jet

T events (mreco jet/preco jet
T > 0.15)

is compared. The photon response for events with low and high mreco jet/preco jet
T

can be seen in Figure 7.8. For pγT < 110 GeV the photon response for jets with

mreco jet/preco jet
T > 0.15 is significantly higher than for jets with mreco jet/preco jet

T < 0.15

for all |ηjet|, whereas for pγT > 110 GeV the photon response tends to be lower for jets

with mreco jet/preco jet
T > 0.15.

A systematic uncertainty to account for the variation of the data-to-MC ratio of the

photon response for high and low mass jets is defined as:

(R(γ,DB)data/R(γ,DB)MC)low m/pT − (R(γ,DB)data/R(γ,DB)MC)high m/pT

(R(γ,DB)data/R(γ,DB)MC)nominal

. (7.3)

The mreco jet/preco jet
T systematic uncertainty (calculated using Equation 7.3) is shown

in Figure 7.8, where it can be seen that the changes in the photon response for jets

with low and high mreco jet/preco jet
T are modelled by the Monte Carlo to within ∼2-3 %,

with larger deviations observed for |ηjet| > 0.8.

8. A deviation of the data-to-MC ratio of the photon response from unity indicates that

there is a difference in the JES between data and Monte Carlo that has not been

accounted for. For small R jets, the deviation of the data-to-MC ratio of the photon

response from unity is used to correct the jet energy and pT in data, as described in

Chapter 6. However, this would require a full combination of the γ-jet and track-jet

double ratio methods or the development of other techniques to measure the response

at higher pT. Therefore, for large-R jets any deviation of this ratio will not be corrected

for. Instead the deviation of the data-to-MC ratio from unity is taken as an additional
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uncertainty.

9. No pile-up corrections or uncertainties were available for large-R jets at the time of

writing. Therefore an additional uncertainty to account for pile-up is required. This

is discussed below in Section 7.7.

A summary of the systematic uncertainties on the data-to-MC ratio of the photon re-

sponse can be seen in Figure 7.9 and the exact values can be found in Appendix A.1. It can

be seen that there are significant fluctuations in the systematic uncertainties, particularly at

low and high pγT and for |ηjet| > 0.8. The statistical uncertainty on the data-to-MC ratio of

the photon response is already accounted for and can be seen in Figure 7.9. It is desirable

that the systematic uncertainties are due to real systematic effects rather than statistical

fluctuations. In order to reduce the statistical fluctuations in the systematic uncertainties,

pγT and |ηjet| bins are merged and the uncertainties are smoothed as discussed in the following

section.

7.5 Statistical Treatment and Summary of the System-

atic Uncertainties

7.5.1 Reducing Statistical Fluctuations by Merging pγT and |ηjet|

Bins

In order to be able to distinguish between real systematic shifts and those due to statistical

fluctuations, an accurate measure of the statistical uncertainty on the systematic uncertainty

is required. For cases where the sample of events selected for the systematic evaluation

overlaps with the nominal sample of events, the statistical uncertainty on the systematic

uncertainty cannot be calculated by treating the two samples as independent. In this case

the bootstrap method is used in order to evaluate the statistical uncertainty on the systematic

uncertainty. A common ATLAS tool known as SystTool which is designed for the in-situ
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Figure 7.5: The truth JER (σ(precojetT /ptruthjetT )) measured in Monte Carlo for anti-kt jets
R = 1.0 trimmed jets for (a) |ηjet| < 0.8 (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d)
1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1 as a function of the reconstructed photon pT.
Only statistical uncertainties are shown.
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Figure 7.6: The purity of selected photons for the 2012 dataset [3].

JES analyses was used to implement the bootstrap method 2.

The bootstrap method works in the following way. For each pT and |ηjet| bin the system-

atic uncertainty is defined as:

Systematic uncertainty =
〈R(γ)data

R(γ)MC 〉shifted − 〈R(γ)data

R(γ)MC 〉nominal

〈R(γ)data

R(γ)MC 〉nominal

(7.4)

For each R(γ)data/R(γ)MC in Equation 7.4, a distribution is constructed that smears

the photon response distribution by a Poisson distribution. For example, to construct

〈R
data
γ

RMC
γ

〉shifted,bootstrap for a given |ηjet| and pγT bin, every photon response value from the sample

of events that pass the shifted selection is put into the distribution x times, where x is a

random number sampled from a Poisson distribution with a mean of one. The means of the

resulting distributions are then used to calculate the bootstrap distribution:

Bootstrap =
〈R

data
γ

RMC
γ

〉shifted,bootstrap − 〈R
data
γ

RMC
γ

〉nominal,bootstrap

〈R
data
γ

RMC
γ

〉nominal,bootstrap

(7.5)

This process is repeated 1000 times and the RMS of the distribution of Equation 7.5 is

taken as the statistical uncertainty on the systematic uncertainty.

Following the evaluation of the statistical uncertainty on the systematic uncertainties,

2SystTool-00-01-02 [112] was used for the results presented here.
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Figure 7.7: The photon response for loose-not-tight and tight photons in data for anti-kt
jets R = 1.0 trimmed jets for (a) |ηjet| < 0.8 (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5,
(d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1 as a function of the reconstructed photon pT.
Only statistical uncertainties are shown.
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Figure 7.8: The average photon response for anti-kt jets R = 1.0 trimmed jets with
mreco jet/preco jet

T < 0.15 (closed circles) and mreco jet/preco jet
T > 0.15 (open circles) for (a)

|ηjet| < 0.8 (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e)
1.8 < |ηjet| < 2.1 as a function of pγT . The systematic uncertainty is calculated according to
Equation 7.3. The error bars represent the statistical uncertainty.
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Figure 7.9: The JES uncertainties for anti-kt R = 1.0 trimmed jets derived using γ-jet events
for (a) |ηjet| < 0.8, (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and
(e) 1.8 < |ηjet| < 2.1. The uncertainties are shown before any bin merging or smoothing is
performed. Figure (f) is the legend for plots (a)-(e).
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pγT and |ηjet| bins are merged if σsyst < 1.5 σstat where σsyst is the systematic uncertainty

and σstat is the statistical uncertainty. It is important that a balance is reached between

too little merging, which results in large statistical fluctuations being incorporated into the

final uncertainties, and too much merging, which may lead to an underestimation of the

systematic uncertainties in regions with large statistical uncertainties. In order to achieve

this balance, each systematic uncertainty is studied separately and bins are not merged over

the full pγT range or |ηjet| range if there is evidence that the systematic uncertainty is rapidly

changing in a particular region of phase space.

For example, the systematic uncertainty derived by comparing the nominal data-to-MC

ratio of the photon response to the data-to-MC ratio of the photon response with a looser

requirement on pleading anti−kT R = 0.4 jet outside large−R jet
T /pγT can be seen in Figure 7.10. The

systematic and the statistical uncertainties on the data, the Monte Carlo and the data-to-

MC ratio can be seen for the five |ηjet| bins as a function of pγT . The systematic uncertainty

on the data-to-MC ratio is defined using Equation 7.4 and the statistical uncertainty is

evaluated using the bootstrap method. For the data, the systematic uncertainty is defined

as
(

R(γ)shifteddata −R(γ)nominal
data

)

/R(γ)nominal
data , and similarly for the Monte Carlo. It is observed

that whilst the systematic uncertainty on the data and the Monte Carlo changes rapidly

with pγT , this dependence largely cancels when looking at the systematic uncertainty on the

data-to-MC ratio. In this case no obvious |ηjet| dependence is observed and the systematic

uncertainty is merged into two |ηjet| bins: |ηjet| < 1.5 and 1.5 < |ηjet| < 2.1. The resulting

uncertainty can be seen in Figure 7.11 in the black points.

Following the merging in |ηjet|, bins are merged in pγT . Boundaries for the merging are

set such that bins cannot be merged outside of the following pγT regions: 45 < pγT <110 GeV,

110 < pγT <(800) 1000 GeV for |ηjet| < 0.8(> 0.8). The boundary is set at 110 GeV since there

appears to be no systematic trend in the systematic uncertainty above this value. Inside each

of these pγT regions, the bins are merged until the systematic uncertainty has a statistical

significance > 1.5 σ. The resulting systematic uncertainty can be seen in red in Figure 7.11.

The bin merging boundaries are limits on how many bins can be merged, sometimes not all
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bins within the defined bin boundaries need to be merged for the systematic uncertainty to

become significant. For example, in Figure 7.11 b) the bins in the range 110 < pγT <310

GeV become significant after merging 110 < pγT < 260 GeV and 260 < pγT <310 GeV and

therefore no further merging is performed in this region.

It can be seen that this procedure reduces statistical fluctuations. However the result-

ing systematic uncertainty is not statistically significant in all pγT bins. Even though the

systematic uncertainty has not become statistically significant for all pγT , the values mea-

sured after bin merging are retained and not merged further, to avoid underestimation of

the uncertainties. Table 7.2 gives the boundaries that are used for the bin merging for all

the uncertainties.

All of the systematic uncertainties are shown after bin merging in Figure 7.12. It can

be seen that the bin merging reduces the fluctuations in the systematic uncertainties, whilst

retaining the overall shape of the systematic uncertainty distributions as a function of pγT .

7.5.2 Smoothing of the Systematic Uncertainties

In order for the uncertainties to be continuous in η and pT, the uncertainties need to be

smoothed. This can be done using a 2D Gaussian kernel to smooth the results, as is done

for the η-intercalibration analysis [107]. This works by constructing a smooth function using

the data points of the systematic uncertainty under consideration:

F (pT , η) =

∑Nbins

i=1 ciwi
∑Nbins

i=1 wi

(7.6)

Where ci is the value of the uncertainty in the ith η and pγT bin and wi is the weight,

which is defined as:

wi =
1

∆C2
i

×Gauss

(

ln(pT )− ln〈pT,i〉
σpT

⊕ η − 〈ηi〉
ση

)

(7.7)
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Figure 7.10: The systematic uncertainty for data (red), Monte Carlo (blue) and the data-to-
MC ratio (black) when loosening the cut on pleading anti−kT R = 0.4 jet outside large−R jet

T /pγT from
the nominal cut of 0.1 to a cut of 0.2 for anti-kt jets R = 1.0 trimmed jets for (a) |ηjet| < 0.8,
(b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1.
The error bars are the statistical uncertainties on the systematic uncertainty, calculated
using the bootstrap method.
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Uncertainty |ηjet| bins merged Boundaries for pγT bin merg-
ing

mjet/pjetT - 45 < pγT <160 GeV,
160 < pγT <1000 GeV

Generator - 45 < pγT <110 GeV,
110 < pγT <310 GeV,
310 < pγT <1000 GeV

PES: Material 0 < |ηjet| < 2.1 -

PES: Zee 0 < |ηjet| < 2.1 -

PES: Presampler 0 < |ηjet| < 2.1 45 < pγT <110 GeV,
110 < pγT <260 GeV,
260 < pγT <400 GeV,
400 < pγT <1000 GeV

Cut on leading anti-kt R =
0.4 jet outside large-R jet

0 < |ηjet| < 1.5, 1.5 <
|ηjet| < 2.1

45 < pγT <110 GeV,
110 < pγT <1000 GeV

Cut on ∆φ(photon− jet) 0 < |ηjet| < 2.1 45 < pγT <110 GeV,
110 < pγT <310 GeV,
310 < pγT <1000 GeV

Photon Purity - -

JER 0 < |ηjet| < 2.1 45 < pγT <260 GeV,
260 < pγT <1000 GeV

Definition of inside/outside
large-R jet

0 < |ηjet| < 2.1 45 < pγT <110 GeV,
110 < pγT <310 GeV,
310 < pγT <1000 GeV

Cut on psubleading jet
T /pγT 0 < |ηjet| < 2.1 45 < pγT <210 GeV,

210 < pγT <1000 GeV

k-term - 45 < pγT <110 GeV,
110 < pγT <260 GeV,
260 < pγT <400 GeV,
400 < pγT <1000 GeV

Table 7.2: Bin merging boundaries in |ηjet| and pγT . ’-’ means that no bin merging has been
performed.

where ∆C2
i is the statistical uncertainty on the systematic uncertainty for each bin, 〈pT,i〉

and 〈ηi〉 are the average pT and η of the jets in the ith η and pγT bin, Gauss(x) is the amplitude

of a Gaussian with a mean of 0 and a width of 1. Since the average reconstructed jet pT and

η in each η and pγT bin are used for the smoothing, the uncertainties are now parametrised

as a function of preco jet
T , rather than pγT . σpT and ση are the widths of the Gaussian kernel,

which are chosen to be 0.22 and 0.15 respectively. σpT and ση are optimised to give a minimal

smoothing, where the χ2 between the smoothed value and the original points is always less
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Figure 7.11: The systematic uncertainty due to loosening the cut on
pleading anti−kT R = 0.4 jet outside large−R jet
T /pγT from the nominal cut of 0.1 to a cut of 0.2
after merging into two |ηjet| bins (black): a) |ηjet| < 1.5 and b) 1.5 < |ηjet| < 2.1 and after
merging pγT bins (red).

than 5. A diagram to illustrate how the Gaussian kernel smoothing works in one dimension

can be seen in Figure 7.13.

7.5.3 The Final Systematic Uncertainties Derived using the γ-jet

Method

The final systematic uncertainties after the bin merging and smoothing can be seen in Fig-

ure 7.14 and the exact values can be found in Appendix A.2. The total uncertainty is the

quadratic sum of the systematic uncertainties and the statistical uncertainty. It can be seen

that the derived uncertainties are ∼ 1 % above 100 GeV for |ηjet| < 0.8, rising to ∼ 2-3 % for

|ηjet| > 0.8. In all |ηjet| regions the deviation of the data-to-MC ratio of the photon response

from unity is a dominant systematic uncertainty. It is particularly dominant for |ηjet| > 0.8.

Within |ηjet| < 0.8 the photon energy scale and the cuts against radiation give significant

components to the total uncertainty. For |ηjet| > 0.8 the systematic uncertainties due to

mreco jet/preco jet
T and the choice of Monte Carlo generator become important.

Future studies could investigate the possibility of correcting for the data-to-MC differ-

ence of the photon response, as is done for small-R jets. This would further reduce the
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Figure 7.12: The JES uncertainties for anti-kt R = 1.0 trimmed jets derived using γ-jet
events for (a) |ηjet| < 0.8, (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8
and (e) 1.8 < |ηjet| < 2.1. The uncertainties are shown after the bin merging and before the
smoothing. Figure (f) is the legend for plots (a)-(e).
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Figure 7.13: Illustration of Gaussian kernel smoothing. The Gaussian is centred at x and
for each point (1,2 and 3) the weight (w1, w2 and w3) is the amplitude of the Gaussian so
that points further from the centre of the Gaussian get a smaller weight. The value of f(x)
is then calculated as in Equation 7.6

.

JES uncertainty for large-R jets. However, studies would be required to combine the γ-jet

uncertainties with the track-jet double ratio uncertainties for pT> (800) 1000 GeV or the

development of other methods such as multi-jet balance to measure the JES uncertainties for

the high pT region. Additionally, further studies into the dependence of the JES on the mass

of the jet may help to find ways to reduce this component of the systematic uncertainty.

7.6 A Topology Uncertainty for Large-R Jets

The photon response measurements shown in Figure 7.3, and the uncertainties in Figure 7.14,

are derived using γ-jet events where the large-R jet can contain more than one anti-kt R = 0.4

jet. However, the uncertainties are used in a wide range of physics analyses where the large-

R jet may contain the decay products of a W boson, Z boson, top quark or multiple quark

or gluon jets. It is therefore important to consider whether an additional JES uncertainty is

required to account for variations in the JES for large-R jets with these different topologies.

In the γ-jet sample used to derived the JES uncertainties, the large-R jets can encompass

more than one small radius jet. The proportion of events where the large-R jet contains one
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Figure 7.14: The final JES uncertainties for anti-kt jets R = 1.0 trimmed jets for (a) |ηjet| <
0.8 (b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1.
Figure (f) is the legend for plots (a)-(e).
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or more anti-kt R = 0.4 jets can be seen in Figure 7.15. It can be seen that the number

of large-R jets containing one anti-kt R = 0.4 jet varies from ∼35 - 45 % depending on

the value of pγT , with a significant proportion of the remaining events containing two anti-kt

R = 0.4 jets or more. The photon response for events containing one, two or more than

two anti-kt R = 0.4 jets can be seen in Figures 7.16 a), b) and c) for |ηjet| < 0.8. The

photon response for these different event topologies varies slightly in data and Monte Carlo,

particularly for pγT < 100 GeV. However, the data-to-MC ratio of the photon response is

stable within statistical uncertainties.
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Figure 7.15: The fraction of anti-kt R = 0.4 jets inside of the large-R jet in the bin |ηjet| < 0.8
for a) 85 < pγT < 110, b) 160 < pγT < 210 and c) 310 < pγT < 400.

The dependence of the JES uncertainties on the jet topology can also be studied by

looking at the dependence of the photon response and the data-to-MC ratio of the photon

response as a function of various jet substructure variables. In Figures 7.16 d), e) and f) the

photon response as a function of
√
d12 and τ2/τ1

3 can be seen for 160 < pγT < 210 GeV and

|ηjet| < 0.8. For this particular pγT and |ηjet| bin the general trends of the photon response

are modelled by the Monte Carlo, with variations of up to ∼1-2 % between data and Monte

Carlo.

Unfortunately, at high pγT (& 300−400 GeV) and high |ηjet| (& 1.2) the number of events

available in the γ-jet sample is too low to be able to properly evaluate the dependence of the

data-to-MC ratio of the photon response on these substructure variables. Furthermore, the

number of events available in regions of phase space where the jet substructure is similar to

that of jets used in physics analyses is particularly low. For example, in the tt̄ semi-leptonic

3These substructure variables were introduced in Section 2.3
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Figure 7.16: The average photon response for anti-kt jets R = 1.0 trimmed jets for (a) events
with 1 anti-kt R = 0.4 jet inside the large-R jet as a function of pγT , (b) 2 anti-kt R = 0.4 jets
inside the large-R jet as a function of pγT , (c) > 2 anti-kt R = 0.4 jets inside the large-R jet as
a function of pγT , (d) the average photon response as a function of

√
d12 for 160 < pγT < 210

GeV, and (e) the average photon response as a function of τ2/τ1 for 160 < pγT < 210 GeV.
All plots are for |ηjet| < 0.8 and only statistical uncertainties are shown.
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resonance search, large-R jets are required to have
√
d12 > 40 GeV, pjetT > 300 GeV and

mjet > 100 GeV in order to reduce background from QCD jets and accept top jets with real

hard substructure. However, in the γ-jet sample few events are available in this region of

phase space.

Differences in the JES between data and Monte Carlo for different event topologies are

already accounted for by the systematic uncertainty on mreco jet/preco jet
T . In order to fur-

ther investigate the variation of the JES for different jet topologies the truth response,

(ptruth jet
T − preco jet

T )/ptruth jet
T , was measured using tt̄ and W+jets Monte Carlo events. The

truth response was derived for the following topologies:

• tt̄ events where the large-R jet contains all the decay products of the hadronically

decaying top quark;

• tt̄ events where the large-R jet contains only the decay products of the hadronicaly

decaying W boson from the top quark;

• tt̄ events where the large-R jet does not contain any of the decay products of the

hadronically decaying top quark;

• W+jets events where the W decays leptonically and the large-R jet contains one or

more of the jets in the event.

The resulting truth jet response can be seen in Figure 7.17. The envelope of the truth

response measured in these different Monte Carlo samples is taken as an additional systematic

uncertainty. The topology uncertainty is ∼ 4 % for pT < 300 GeV, falling to 1-2 % for

pT > 300 GeV. This topology uncertainty is specifically designed for the tt̄ semi-leptonic

resonance search and was only measured for pT > 200 GeV. Any physics analysis wishing

to use large-R jets with pT < 200 GeV or with other topologies (e.g. large-R jets containing

multiple quark or gluon jets) will need to assess the topology uncertainty for their particular

event topology.
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(a) (b)

(c)

Figure 7.17: (ptruth jet
T − preco jet

T )/ptruth jet
T measured for large-R jets containing the decay

products of the top quark in tt̄ events, the hadronically decaying W boson from the top
decay in tt̄ events, large-R jets that do not contain any of the decay products of the top
quark in tt̄ events and large-R jets containing the jet(s) in W+jet events where the W decays
leptonically for a) |ηjet| < 0.8, b) 0.8 < |ηjet| < 1.2 and c) 0.8 < |ηjet| < 2.0 [113].
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7.7 Pile-up Uncertainty for Large-R Jets

The derivation of the pile-up uncertainty for large-R jets is based on the procedure followed

for anti-kt R = 0.4 and R = 0.6 jets [98], which was briefly discussed in Section 5.2.2. In

2012 data the method [98] is designed for the case where the jets have been corrected for

pile-up using the jet areas and the residual offset correction. However, for large-R jets no

pile-up corrections are applied and therefore the uncertainties are modified accordingly.

Two components are derived for the large-R jet pile-up uncertainties: one to account for

variations of the jet pT due to out-of-time pile-up, parametrised by µ; and one to account

for variations of the jet pT due to in-time pile-up, parametrised by NPV. These components

are defined as follows:

∆µ = ±∆

(

∂pjetT

∂µ

)

· (µ− µref), (7.8)

∆NPV = ±∆

(

∂pjetT

∂NPV

)

· (NPV − NPVref) (7.9)

where µ and NPV are the µ and NPV of the event under consideration and µref and

NPVref are the average values for the 2012 dataset (20.7 and 11.8 respectively). ∆
(

∂pjet
T

∂µ

)

and ∆
(

∂pjet
T

∂NPV

)

are the gradients of the jet pT vs. µ and NPV respectively, as measured in

data. In this way, ∆µ and ∆NPV are an estimation of the additional transverse momentum

in a jet for an event with a given value of µ and NPV, when comparing to the pT of jets

reconstructed with the average pile-up conditions of the 2012 dataset. The gradients are

measured in data and Monte Carlo in order to assess an uncertainty due to any differences

between the way in which pile-up contributes to the jet pT in data and Monte Carlo.

It is expected that the gradient of the jet pT vs NPV and µ will be different in different

pT ranges since energy deposits due to pile-up contribute to a larger fraction of the jet pT

at lower pT than at higher pT.
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
must, therefore, be measured as a function of

pT. Furthermore, they should be derived in pT bins defined by the pT of an object that is
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stable against pile-up in order to avoid biasing the measurement.

This can be done using Z-jet or γ-jet events with a back-to-back topology, where the jet

is used to derive
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
and the Z boson or photon are used in order to parametrise

the gradients as a function of pγT or pZT . This requires the full event selection to select events

with a back-to-back topology (as described for the γ-jet analysis in Section 7.1). However,

after this selection the number of selected events mean that it is only possible to measure

∂pjet
T

∂µ
inclusively in NPV and

∂pjet
T

∂NPV
inclusively in µ. Ideally,

∂pjet
T

∂µ
should be measured for

fixed values of NPV in order that it provides a measure of the dependence of the jet pT

on out-of-time pile-up and
∂pjet

T

∂NPV
should be measured for fixed values of µ in order that it

provides a measure of the dependence of the jet pT on in-time pile-up.

Therefore, in order to gain statistics, track-jets are used as the reference object, where the

track-jet is matched to the reconstructed calorimeter jet using a geometrical matching criteria

(∆R(track jet− reco jet) < 0.7). The reconstructed calorimeter jet is used to measure
∂pjet

T

∂µ

and
∂pjet

T

∂NPV
and the track-jet is used to parametrise the results as a function of ptrack jet

T .

Since these studies are performed in data, a trigger must be used to select events. How-

ever, if a jet trigger is used then this may bias the results, since the jets that are used for

the trigger may be sensitive to pile-up. Therefore, instead of jet triggers, the photon triggers

used for the 2012 large-R γ-jet analysis are used 4 to select events and the photon selection

criteria described in Sections 6.2 and 7.1 are used to select events containing a good photon.

However, since the track-jet is used as a reference object, there is no need to ensure that

the photon and the jet are back-to-back. Therefore, the requirements on ∆φ(γ − jet) and

pleading anti−kT R = 0.4 jet outside large−R jet
T /pγT are not needed and a sufficient number of events

remain following selection to allow for the results to be binned exclusively in NPV and µ.

A 3D binning is used with NPV and µ bins of width 2 and the following track jet pT bins:

25,35,45,55,65,75,85,95,105,125,145,200,250 GeV. The pT bins are chosen

to be as fine as possible, whilst retaining a sufficient number of events for the analysis of the

pile-up dependencies. Above 250 GeV there is an insufficient number of events to derive the

4These triggers were introduced in Section 3.6.
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gradients. The uncertainty is measured for |ηjet| < 2.1. In order to avoid overlap with the

photons, calorimeter jets with ∆R(reco jet− photon) < 1.0 are not considered.

Examples of
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
for 55 < ptrack jet

T < 65 GeV and 105 < ptrack jet
T < 125 GeV

can be seen in Figure 7.18 and the straight line fit, which is used to extract the gradients,

is shown in red. In Figure 7.19,
∂pjet

T

∂NPV
can be seen, as measured for different values of µ for

55 < ptrack jet
T < 65 GeV and 105 < ptrack jet

T < 125 GeV and
∂pjet

T

∂µ
can be seen as measured

for different values of NPV.

To define a single value of
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
, for each track jet pT bin

∂pjet
T

∂µ
is averaged over

NPV and
∂pjet

T

∂NPV
is averaged over µ. These averages and their corresponding error bands can

also be seen in Figure 7.19. The resulting averages of
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
, as a function of track

jet pT, can be seen in Figure 7.20 for data and Monte Carlo. The dependence of the jet pT

on NPV decreases rapidly with increasing track jet pT. A much smaller dependence of the

jet pT on µ is observed.

In order to extract ∆
(

∂pjet
T

∂µ

)

and ∆
(

∂pjet
T

∂NPV

)

from Figure 7.20, first the track jet pT bins

are translated into reconstructed jet pT bins using the average reconstructed jet pT in each

track jet pT bin. The distribution of the reconstructed jet pT, as a function of track jet pT,

which was used for this translation, can be seen in Figure 7.21.

Next, the distribution of
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
vs reconstructed jet pT in data is fit with an

empirical function of the form a + b log( pT
50 GeV

). This function is also used to parametrise

the pT dependence of the gradients for small radius jets [98]. The function of this function

is to capture the pT dependence of
∂pjet

T

∂µ
and

∂pjet
T

∂NPV
and it can be seen in black in Figures 7.22

a) and b). The data is used for this fit rather than the Monte Carlo due to the much smaller

statistical uncertainty. The red open points Figures 7.22 a) and b) are the quadratic sum

of the statistical uncertainty in data, the statistical uncertainty in Monte Carlo and the

data-to-MC difference of the gradients. The error bars on the red open points show only the

statistical component of this uncertainty. This uncertainty is fit with a constant since no

obvious pT dependence is observed. The maximum of either the gradient in data or the value

of the calculated uncertainty is used for the values of ∆
(

∂pjet
T

∂NPV

)

and ∆
(

∂pjet
T

∂µ

)

. This prevents
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Figure 7.18: (a) The jet pT vs NPV for jets with 55 GeV < ptrack jet
T < 65 GeV and 20 <

µ < 22, (b) the jet pT vs µ for jets with 55 GeV < ptrack jet
T < 65 GeV and 10 < NPV < 12,

(c) the jet pT vs NPV for jets with 105 GeV < ptrack jet
T < 125 GeV and 20 < µ < 22 and

(d) the jet pT vs µ for jets with 105 GeV < ptrack jet
T < 125 GeV and 10 < NPV < 12.
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Figure 7.19: (a) ∂pjetT /∂NPV for different values of µ for 55 GeV < ptrack jet
T < 65 GeV, (b)

∂pjetT /∂µ for different values of NPV for 55 GeV < ptrack jet
T < 65 GeV, (c) ∂pjetT /∂NPV for

different values of µ for 105 GeV < ptrack jet
T < 125 GeV and (d) ∂pjetT /∂µ for different values

of NPV for 105 GeV < ptrack jet
T < 125 GeV.
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Figure 7.20: The gradient of the jet pT as a function of (a) NPV and (b) µ, in bins of track
jet pT.

∆
(

∂pjet
T

∂NPV

)

and ∆
(

∂pjet
T

∂µ

)

becoming smaller than the uncertainty on the measurement, as can

be seen in Figures 7.22 c) and d). For pT > 262 GeV the gradient vs NPV is 0.23 and for

pT > 187 GeV the gradient vs µ is 0.14. The values shown in Figure 7.22 c) are used for

∆
(

∂pjet
T

∂NPV

)

and the values shown in Figure 7.22 d) are used for ∆
(

∂pjet
T

∂µ

)

.
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Figure 7.21: The average calorimeter jet pT as a function of track jet pT.

The uncertainty due to pile-up is propagated through analyses by taking ∆µ and ∆NPV

from equations 7.8 and 7.9 on a jet-by-jet basis and shifting the jet pT up and down accord-

ingly. The size of ∆µ and ∆NPV, as a percentage of the jet pT, and as a function of the NPV

or µ of the event, can be seen in Figure 7.23 for two example jet pT values of 100 and 300

GeV.
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Figure 7.22: The gradient of the jet pT vs (a) NPV and (b) µ in data (red line) and the
difference of the gradients in data and Monte Carlo (black line) as a function of calorimeter
jet pT. (c) shows ∆NPV derived using the fits from (a) and (d) shows ∆µ derived using the
fits from (b).
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Figure 7.23: The systematic shifts, calculated from Equations 7.8 and 7.9 as a function of µ
and NPV of the event for (a) pjetT = 100 GeV and (b) pjetT = 300 GeV.

7.8 Comparison and Combination of Large-R JES Un-

certainties Derived with the Track-Jet Double Ra-

tio and γ-jet Methods

The large-R jet JES uncertainties, derived from the track-jet double ratio method and the

γ-jet method, can be seen in Figure 7.24 for five different values of |ηjet|. The track-jet

double ratio uncertainties are shown for three example values of mreco jet/preco jet
T . It can

be seen that the γ-jet uncertainties are significantly smaller than the track-jet double ratio

uncertainties. For |ηjet| = 0, the uncertainty derived using γ-jet events is ∼2.5 % smaller

than the track-jet uncertainty. For |ηjet| > 0.8 there is a reduction of up to ∼1.5 %.

The γ-jet uncertainties shown in Figure 7.24 are derived up to 1 TeV (800 GeV) for

|ηjet| < 0.8 (|ηjet| > 0.8). However, a JES uncertainty is required for higher pT. Therefore

the γ-jet uncertainty is frozen at 1 TeV (800 GeV) for |ηjet| < 0.8 (|ηjet| > 0.8). For higher

pT an extra uncertainty is derived to account for the difference between the γ-jet uncertainty

and the track-jet uncertainty (which is measured up to 1.2 TeV).

In order to provide a smooth transition for this additional uncertainty an interpolation

is performed. The additional uncertainty (known as the interpolation component) is defined
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in the following way:

I =































0 : piT < plow interp
T

piT−plow interp
T

phigh interp
T

−plow interp
T

√

σ(track− jet)2 − σ(γ − jet)2 : plow interp
T < piT < phigh interp

T

√

σ(track− jet)2 − σ(γ − jet)2 : piT > phigh interp
T

(7.10)

where σ(track− jet) is the track jet double ratio uncertainty, σ(γ − jet) is the total γ-jet

uncertainty and piT is the pT value under consideration in units of GeV. For |ηjet| < 0.8

the interpolation is performed between plow interp
T = 900 GeV and phigh interp

T = 1.1 TeV. For

|ηjet| > 0.8 the interpolation is performed between plow interp
T = 700 GeV and phigh interp

T =

900 GeV. The uncertainties are also interpolated between |ηjet| bins, which results in a

gradual shift of plow interp
T (phigh interp

T ) from 900 GeV to 700 GeV (1100 GeV to 900 GeV) in

the region 0.7 < |ηjet| < 0.9. This gives a smooth transition for the interpolation component

over the full |ηjet| range.

The quadratic sum of the γ-jet uncertainties and the interpolation component

(
√

σ(γ − jet)2 + I2) can be seen in Figure 7.24. The interpolation component is defined

such that, when it is added in quadrature with the γ-jet uncertainties, it gives the total γ-jet

uncertainty for pT < plow interp
T . For plow interp

T < pT < phigh interp
T it gives the interpolation

between the γ-jet and track-jet double ratio uncertainty. For pT > phigh interp
T it gives the

track-jet double ratio uncertainty.

Previously, only the track-jet double ratio uncertainties were considered and they were

sufficiently conservative that other sources of systematic uncertainty on the JES could be

ignored. However, the new γ-jet uncertainties are much more precise (on the level of 1-

3 %). It is, therefore, important to consider additional sources of uncertainty that effect the

absolute value of the JES, as well as the data-to-MC differences which are evaluated using

the γ-jet method. Therefore, the pile-up and topology uncertainties that were discussed in

Sections 7.6 and 7.7 must also be considered.
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The full set of new large-R jet uncertainties, including the pile-up and topology uncer-

tainties, can be seen in Figure 7.25. For the pile-up uncertainty the systematic shift of the

jet pT for an NPV value evaluated at one σ from the average value of NPV is shown, and

similarly for µ. It can be seen that the pile-up uncertainty gives a small contribution to

the total uncertainty. The topology uncertainty is the dominant systematic uncertainty for

pT < 500 (300) GeV for |ηjet| < 0.8 (|ηjet| > 0.8).

The new total JES uncertainty (including the γ-jet, topology and pile-up uncertainties)

for large-R jets, is reduced from ∼3-4 % to ∼2 % for 300 < pT < 700 GeV and |ηjet| < 0.8,

in comparison to the old JES uncertainties. A smaller reduction of 0.5 − 1 % is seen for

higher |ηjet|.

7.8.1 The Effect of the Large-R JES Uncertainties in the tt̄ Semi-

leptonic Resonance Search

As discussed in Chapter 2, the JES uncertainty of large-R jets is a large source of systematic

uncertainty for analyses using large-R jets. The effect of using the new anti-kt R = 1.0

trimmed jet JES uncertainties, which have been discussed in this Chapter, is evaluated in

the context of the tt̄ semi-leptonic resonance search. In this analysis, anti-kt R = 1.0

trimmed jets are used to capture the decay products of the hadronically decaying top quark,

for events where the top quark is highly boosted. The JES uncertainty was found to be one

of the dominant systematic uncertainties in previous iterations of the analysis. Full details

can be found in Refs. [55–58].

The impact of the new uncertainties on the yield of the analysis has been assessed for

the full 2012 dataset with 20.4 fb−1 of data [58]. These can be seen, along with the yield

for the old track-jet double ratio uncertainties, in Table 7.3. The new JES uncertainties

are propagated through the analysis using three different components: the deviation of the

data-to-MC ratio from unity from the γ-jet analysis, the topology uncertainty, and all the

other JES uncertainties summed in quadrature (ie. all γ-jet uncertainties except the data-to-
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Figure 7.24: The γ-jet and track jet double ratio JES uncertainties for a) |ηjet| = 0, b)
|ηjet| = 0.8, c) |ηjet| = 1.2, d) |ηjet| = 1.5 and e) |ηjet| = 1.8. The interpolation between the
uncertainties of the two different methods is also shown.
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Figure 7.25: The combined γ-jet and track jet double ratio JES uncertainties, the topology
uncertainty and the pile-up uncertainties for values of NPV and µ which are one σ from
the average values for the 2012 dataset for a) |ηjet| = 0, b) |ηjet| = 0.8, c) |ηjet| = 1.2, d)
|ηjet| = 1.5 and e) |ηjet| = 1.8.



Chapter 7. 161

MC component, the pile-up uncertainties and the interpolation uncertainty). The combined

impact of the JMS and
√
d12 uncertainties are also shown. It can be seen that the new

JES uncertainties have an impact of 8.3 %, 4.3 % and 2.9 % on the yield of the analysis;

for the data-to-MC uncertainty, the topology uncertainty and all other JES uncertainties

respectively. These impacts are significantly smaller than the impact of the track-jet double

ratio uncertainties, which were found to have an impact of 14.3 % on the yield (including a

3.5 % contibution from the JMS and
√
d12 uncertainties).

The impact of the new and the old uncertainties on the mtt̄ distribution can be seen in

Figures 7.26 and 7.27 respectively. For the new JES uncertainties, it can be seen that the

data-to-MC γ-jet and topology JES uncertainties are the dominant components over the full

range of mtt̄. The topology component is particularly dominant for mtt̄ < 1000 GeV. When

comparing to the old track-jet double ratio uncertainties in Figure 7.27, it can be seen that

the new uncertainty components have a smaller impact on mtt̄ over the full range of mtt̄.

In the current iteration of the tt̄ semi-leptonic resonance search, a technique known as

profiling [114] is used during the limit setting procedure. This technique fits all nuisance

parameters (including the JES and its uncertainties) by maximising a likelihood distribution

so that these parameters best fit the particular dataset that is observed. The uncertainties

are used to help constrain the range that the parameters vary over. It is interesting to look

at the pull of the nuisance parameters ((Xpost−fit − Xpre−fit)/σ, where Xpost−fit is the nuisance

parameter (eg. the JES) after the fit, Xpre−fit is the nuisance parameter before the fit and σ

is the uncertainty on the nuisance parameter. The pulls for the large-R jet JES are shown

in Figure 7.28. The error bars show σpost−fit/σpre−fit, and therefore they are a measure of

how much the JES uncertainties are constrained by the profiling. There is a small constraint

(ie. the post-fit uncertainty is not much less than the pre-fit uncertainty) on the data-to-

MC component of the γ-jet uncertainties and on the other γ-jet uncertainties. However,

there is a large constraint on the topology component. This may be an indication that

this uncertainty is over-conservative, for this particular analysis. More detailed studies of

the topology dependence of the large-R JES may help to further constrain this uncertainty.
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Furthermore, in the future, correcting for the data-to-MC differences observed in the JES

would reduce, even further, the impact of the JES on the tt̄ search, and other analyses

making use of large-R jets.

Uncertainty Impact on yield [%]

Track jet double ratio (JES,JMS and
√
d12) for pT < 500 GeV 14.3

Track jet double ratio (JES,JMS and
√
d12) for pT > 500 GeV 0.0

Topology 8.3

γ-jet data-to-MC 4.3

Other large-R JES 2.9

JMS and
√
d12 3.5

Table 7.3: Impact of the old track jet double ratio JES, JMS and
√
d12 uncertainties and

the new uncertainties on the tt̄ resonance search [58]. The other γ-jet uncertainties include
all γ-jet uncertainties except the data-to-MC component, the pile-up and the interpolation
uncertainties.
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(a) (b)

(c) (d)

Figure 7.26: The impact of varying the large-R uncertainties up and down on the mtt̄ dis-
tribution for the tt̄ semi-leptonic resonance search in the electron channel of the boosted
analysis for the JES uncertainties for a) the data-to-MC component of the γ-jet uncertain-
ties, b) the topology uncertainty, c) all the other γ-jet uncertainties (including pile-up and
interpolation) and d) the JMS uncertainty [58].
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Figure 7.27: The impact of varying the large-R uncertainties on the mtt̄ distribution, derived
with the track-jet double ratio method for a) pjetT < 500 GeV and b) pjetT > 500 GeV. The
JES, JMS and

√
d12 uncertainties are treated as fully correlated (ie. they are all varied in

the same direction, at the same time). The distribution is for the tt̄ semi-leptonic resonance
search in the electron channel of the boosted analysis [58].
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Figure 7.28: The pull of all nuisance parameters in the tt̄ resonance search. The error bars
represent the ratio of the errors post- and pre-fit [58].



Chapter 8

The Calibration of Variable R Jets

In this chapter the calibration of VR jets will be discussed. Calibrations are derived for the

small and large VR jet algorithms that were introduced in Sections 2.4 and 4.5.2. The small

VR jets shrink from Rmax = 0.4 at 150 GeV to Rmin = 0.2 at 300 GeV. The large VR jets

shrink from Rmax = 1.0 at 600 GeV to Rmin = 0.2 at 3 TeV. The VR jets are constructed

from topo-clusters at LCW scale. This is the first attempt to derive a calibration for these

jet collections. A list of future studies, which could be performed in order to refine the

calibration and provide a full set of systematic uncertainties, will be given at the end of

Chapter 9.

8.1 Overview of the Calibration for VR Jets

A simplified version of the calibration scheme discussed in Section 5.2 has been investigated

in order to calibrate small and large VR jets.

The calibration consists of two main steps, firstly a correction to subtract the transverse

momentum due to pile-up from the jets and secondly a Monte Carlo based calibration to

correct the jet energy and momentum to particle level. Additionally, a jet mass calibration

is derived for large VR jets. The
√
s = 8 TeV di-jet Monte Carlo samples, which were

described in Section 3.9, were used for these studies.

165
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8.2 Pile-up Subtraction for VR Jets

The default method for pile-up subtraction at ATLAS for anti-kt R = 0.4 and R = 0.6 jets is

the scalar jet area correction (Equation 5.7), which was described previously in Section 5.2.2.

The jet area pile-up correction is well suited for pile-up subtraction when using VR jets, since

it takes into account the size of the jets on a jet-by-jet basis through the use of the jet area.

The scalar jet area correction corrects the transverse momentum of the jet for pile-up.

However, it does not properly correct the mass of the jet: it simply scales the jet mass by

the same factor as the transverse momentum. This is acceptable for small-R jets, since at

the time of writing no mass calibration is derived for small-R jets and the small-R jet mass

is not used extensively for physics analyses at ATLAS. However, for large-R jets the jet mass

is an important substructure variable that is often used by physics analyses using large-R

jets. Furthermore, the jet mass is directly correlated with the angular distribution of energy

deposits within a jet (as discussed in Section 4.5.1) and so large-R jets will have larger masses

due to their larger size. Therefore, it is desirable to be able to correct the mass of the large

VR jets for pile-up as well as the transverse momentum. This can be achieved by using the

4-vector jet area correction (which was previously introduced in Equation 5.8), which uses

the 4-vector jet area to subtract the contributions due to pile-up from the full 4-vector of

the jet.

From Equations 5.7 and 5.8 it can be seen that the two key ingredients that are needed

for the jet area pile-up correction are the median event density, ρ, and the jet area. The

median event density is calculated on an event-by-event basis as described in Section 4.5. It

is independent of the jet algorithm that is used and will not be discussed further here.

The default choice for calculating the area of anti-kt R = 0.4 and R = 0.6 jets at ATLAS

is the 4-vector active area calculation (Equation 5.6). The active area calculation provides

an accurate measure of the area of a jet. However, the speed of reconstruction is significantly

degraded when ghost particles are added to the event. For VR jets this problem is even more

acute, since the speed of the VR jet algorithm degrades more rapidly with the number of
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constituents in the event compared to anti-kt jets, for which the speed of the algorithm is

extremely well optimised.

Two options were investigated to find a way of accurately measuring the jet area of VR

jets without a significant degradation in the speed of the jet reconstruction. The first of

these was to reduce the number of ghosts used in the active areas calculation. The default

choice for ATLAS is to use a ghost area of 0.01, meaning that one ghost is placed in each

0.01 area of η × φ space. Ghost areas of 0.1 and 0.05 were studied and compared to the

default choice of 0.01. Due to the long reconstruction time for VR jets it was unfeasible to

perform these studies with the full di-jet Monte Carlo samples and, therefore, only 1 out of

every 100 events was used.

For small VR jets it was found that when the ghost area was increased from 0.01 the

area distributions become discrete, as can be seen in Figure 8.1 a), b) and c). The discrete

nature of the distributions is less obvious for Figure 8.1 b), since in this pT range (150-

200 GeV) the VR jets have different sizes ranging from R = 0.4 to R = 0.3, which results

in a smearing of the distributions. These discrete distributions occur as it is possible that

different jets of a similar size contain the same number of ghost particles. This is more likely

for smaller jet sizes and for lower ghost densities (larger ghost areas). In the case of the

scalar active area calculation this results in the jets having exactly the same area. In the

case of the four-vector active area calculation they will not have exactly the same area since

the calculation takes into account the direction of the ghosts, but the transverse area will be

very similar. This effect is mitigated somewhat, since the initial positions of the ghosts are

randomly fluctuated. The effect can be completely removed by re-running the active area

calculation (with ∼5 repeats) using a different set of ghosts, with different initial positions

each time, and taking the average jet area for each jet [53]. Unfortunately, this is not an

option due to the increase in the CPU time that is required.

For large-R jets, the distributions remain continuous to higher pT due to the larger jet

sizes at low pT as can be seen in Figure 8.2 a). However, the discrete nature of the jets

becomes apparent as the large VR jets become smaller, as can be seen in Figure 8.2 b) for a
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ghost area of 0.1 (where the large VR jets have a size between 0.6 and 0.5) and in Figure 8.2

c) for ghost areas of 0.1 and 0.05 (where the large VR jets have a size between 0.3 and 0.24).

The second option that was investigated was to calculate the area of the jets using

the Voronoi areas calculation instead of the active areas calculation. The Voronoi areas

calculation is fast, since it does not involve the addition of ghosts to the event. However,

as can be seen in Figure 8.3 the Voronoi area calculation systematically overestimates the

area of the jet and has a broader area distribution than that calculated with the active area

calculation. The cause of the overestimation of the jet areas, when using the Voronoi area

calculation, is that for low density events the Voronoi cells at the edge of a jet are large due

to a lack of nearby constituents. This also results in the Voronoi areas calculation being

dependent on the level of pile-up in the event. For dense events with a high level of pile-up

the Voronoi areas will be a more accurate measure of the jet area than for sparsely populated

events with a low level of pile-up.

In order to improve the accuracy of the Voronoi area calculation ghosts were added to

the event. This decreases the size of the Voronoi cells and increases the accuracy of the

calculation of the jet area. This is illustrated in Figure 8.4, where the transverse jet area

(normalised to πR2) is shown as a function of NPV. It can be seen that for a Voronoi

area calculation with no ghosts there is a significant increase in the jet area for events with

NPV < 20 (5) for small (large) VR jets, which is not observed for the active area calculation.

The introduction of ghosts to the event reduces this dependence to a negligible level when

using the Voronoi area calculation.

The more ghosts that are added to the event, the closer the Voronoi area calculation

becomes in comparison to the active areas calculation. This can be seen in Figures 8.1 d),

e) and f) for small VR jets and Figures 8.2 d), e) and f) for large VR jets, for some example

pT ranges. The fractional difference between the Voronoi areas calculation using ghosts, and

the active area calculation with a ghost area of 0.01, on a jet-by-jet basis can be seen in

Figure 8.5. Even introducing a small number of ghosts to the event (e.g. a ghost area of

0.1) significantly improves the accuracy of the Voronoi area calculation when comparing to
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the active area calculation.

The average CPU time that it takes to reconstruct one event when using the active

area and the Voronoi area calculations can be seen in Table 8.1. The times were measured

using ROOT’s TStopwatch class in a standalone implementation of FastJet [53]. Therefore,

these timings are likely to vary in comparison to the timings that may be measured when

reconstructing jets using the ATLAS software. However, the aim here is to compare the

time of reconstruction for the active area calculation (with a ghost area of 0.01) when using

anti-kt jets, to the time for reconstructing jets using the VR jet algorithm. Therefore, the

accuracy of the absolute values is of less significance.

Average time to reconstruct one event [sec]

Active Areas Voronoi Areas

Ghost area 0.01 0.05 0.1 0.01 0.05 0.1 No ghosts

Small VR 52.6 1.82 0.96 36.2 1.29 0.90 0.12

R = 0.4 anti-kt 0.10 0.017 0.012 0.13 0.022 0.012 0.0071

Table 8.1: The average CPU time to reconstruct one event using small VR jets and anti-kt
R = 0.4 jets for the Active Areas and Voronoi Areas calculations with different ghost areas,
the last column is for Voronoi Areas with no ghosts.

From the average times in Table 8.1 it can be seen that the active area calculation, with

a ghost area of 0.01, takes ∼0.1 seconds per event for anti-kt R = 0.4 jets. When using the

VR jet algorithm the Voronoi areas calculation with no ghosts gives a similar reconstruction

time. However, it was previously shown that the introduction of any number of ghosts to

the event significantly improves the accuracy of the Voronoi areas calculation. Therefore,

the Voronoi areas calculation with a ghost area of 0.1 is chosen, for use in the jet area

correction, for the rest of the studies presented here. It should be noted that this may be

particularly sub-optimal for large VR jets since the Voronoi area calculation is a scalar area

calculation. A 4-vector is constructed from the scalar Voronoi area using the direction of

the jet, rather than any information about the way pile-up clusters in the event. Therefore,

when the Voronoi area is used in the context of the 4-vector jet area correction, it is not

expected to exactly correct the mass of the jet for pile-up.
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Figure 8.1: Active areas (AA) for small VR jets with different ghost densities, normalised to
πR2, for a) 50 - 100 GeV, b) 150 - 200 GeV and c) 300 - 500 GeV and Voronoi Areas (VA)
for small VR jets for d) 50 - 100 GeV, e) 150 - 200 GeV and f) 2000 - 2500 GeV. All the
plots are for |η| < 0.8. Ghost areas of 0.1, 0.05 and 0.01 are shown for Voronoi areas and
Active areas. The Voronoi area with no ghosts is also shown.
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Figure 8.2: Active areas (AA) for large VR jets with different ghost areas, normalised to
πR2, for a) 500 - 1000 GeV, b) 1000 - 1200 GeV and c) 2000 - 2500 GeV and Voronoi areas
(VA) for large VR jets with d) 500 - 1000 GeV, e) 1000 - 1200 GeV and f) 2000 - 2500 GeV.
All the plots are for |η| < 0.8. Ghost areas of 0.1, 0.05 and 0.01 are shown for Voronoi areas
and Active areas. The Voronoi area with no ghosts isalso shown.
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Figure 8.3: The transverse area, normalised to πR2, for anti-kt R = 0.4 jets calculated with
the active areas calculation and with the Voronoi areas calculation for 100 < pT < 150 GeV
for a) |η| < 0.8 and b) 0.8 < |η| < 2.1.
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Figure 8.4: The transverse area normalised to πR2 as a function of NPV for a) small VR jets
and b) large VR jets. Areas calculated with the Voronoi area calculation (VA) with ghost
areas of 0.01, 0.05, 0.1 and no ghosts and the active area calculation (AA) with ghost areas
of 0.01 are shown. The figures are for |η| < 0.8 and 50 < pjetT < 100 GeV.
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Figure 8.5: (AActive Areas ghost area 0.01
T −AVoronoi Areas ghost area X

T )/AActive Areas ghost area 0.01
T with

X = 0.01, 0.03, 0.05, 0.07, 0.1 and for Voronoi Areas with no ghosts for small VR jets with
a) |η| < 0.8 and b) 0.8 < |η| < 2.1, and large VR jets with c) |η| < 0.8 and d) 0.8 < |η| < 2.1.
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8.2.1 The Impact of Applying the Jet Area Correction to VR Jets

To assess the performance of the jet area correction, the gradients of the distributions of jet

pT vs. NPV and µ are derived. The scalar area correction is used for small VR jets and the

four-vector area correction is used for large VR jets. In all cases the jet area is calculated

using the Voronoi areas calculation with a ghost area of 0.1. The gradients are derived using a

similar method as was used to derive the gradients for the pile-up uncertainty for large-R jets

(Section 7.7). Since these are Monte Carlo based studies, the reference objects used to define

the pT ranges are truth jets rather than track jets. Truth jets are matched to reconstructed

jets using a geometrical matching criterion: ∆R(truth jet− reco jet) < 0.75 Rjet
eff . A 4D

binning in truth jet pT, jet |η|, µ and NPV is used. In each pT and |η| bin ∂pjetT /∂NPV is

averaged over µ and ∂pjetT /∂µ is averaged over NPV. The full di-jet Monte Carlo samples

were used for these studies.

In Figure 8.6 the resulting gradients can be seen as a function of |η| for small VR jets

with 20 < ptruthT < 30 GeV, and for large VR jets with 60 < ptruthT < 80 GeV. In Figure 8.7

the gradients can be seen as a function of ptruthT for |η| < 0.8. For both small and large

VR jets the jet area correction significantly reduces the dependence of the jet pT on NPV.

Additionally, the correction reduces the pT dependence of ∂pjetT /∂NPV. For small VR jets

there is a residual dependence of less than ∼0.1 GeV per primary vertex for |η| < 2.5. For

large VR jets there is a residual dependence of less than ∼0.4 GeV per primary vertex.

The jet area correction has little impact on the dependence of the jet pT on µ. In fact,

for small VR jets the correction slightly increases the dependence of the jet pT on µ. This is

also the case for fixed radius anti-kt jets, as discussed in Section 5.2.2. For VR jets, within

|η| < 2.5, the µ dependence is small and the residual dependence of the pT on NPV and

µ can be accounted for by systematic uncertainties. In the future it would be desirable to

investigate the application of a residual offset correction, as is done for anti-kt R = 0.4 and

R = 0.6 jets. This would decrease the systematic uncertainty due to pile-up for VR jets,

particularly in the forward region.
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Figure 8.6: ∂pjetT /∂NPV for a) small VR jets with 20 < ptruthT < 30 GeV and b) large VR
jets with 60 < ptruthT < 80 GeV, and ∂pjetT /∂µ for c) small VR jets with 20 < ptruthT < 30 GeV
and d) large VR jets with 60 < ptruthT < 80 GeV. The jet pT dependence is shown before and
after the Voronoi jet area correction. All plots are shown as a function of |η|.

In order to assess the impact of the 4-vector jet area correction on the mass of large

VR jets, the gradients of the jet mass vs. NPV and µ are derived as a function of jet

pT. The same method that was used to derive the jet pT gradients is used. The resulting

gradients can be seen before and after the jet area correction in Figure 8.8, for |η| < 0.8 and

0.8 < |η| < 2.1. Despite the Voronoi area calculation not providing a true 4-vector area it

can be seen that the area correction significantly reduces the dependence of the jet mass on

NPV and µ, with NPV (µ) gradients of less than ∼0.3 (0.1) following the correction.
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Figure 8.7: ∂pjetT /∂NPV for a) small VR jets and b) large VR jets, and ∂pjetT /∂µ for c) small
VR jets and d) large VR jets. The pT dependence is shown before and after the Voronoi jet
area correction. All plots are for |η| < 0.8, and are shown as a function of ptruthT .
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Figure 8.8: ∂mjet/∂NPV for large VR jets for a) |η| < 0.8 and b) 0.8 < |η| < 2.1, and
∂mjet/∂µ for large VR jets for a) |η| < 0.8 and b) 0.8 < |η| < 2.1. The mass dependence is
shown before and after the 4-vector jet area correction (using Voronoi areas). All plots are
as a function of ptruthT .
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8.3 Monte Carlo Calibration of VR jets

The Monte Carlo calibration for VR jets follows the calibration scheme used for anti-kt

fixed radius jets (that was described in Section 4.5). For small VR jets, the energy and

pseudorapidity are corrected to particle level. For large VR jets, the energy, pseudorapidity

and mass are corrected to particle level.

For small VR jets, the scalar jet area pile-up correction is applied and for large VR jets

the 4-vector jet area pile-up correction is applied. The pile-up corrections are applied before

the Monte Carlo calibration. The full
√
s = 8 TeV di-jet Monte Carlo samples that were

described in Section 3.9 were used for these studies.

8.3.1 Energy and Pseudorapidity Corrections for VR Jets

The jet energy is corrected by considering the truth jet energy response from Equation 5.10 1.

For anti-kt fixed radius jets, R(truth) is measured in bins of ηreco and Etruth. However, the

size of VR jets is inversely proportional to the pT of the jet and, therefore, for VR jets

R(truth) is measured in bins of ηreco and ptruthT . In this way the calibration is parametrised

as a function of jet size as well as pT.

For this pT parametrisation the following pT bins are used:

20,25,30,35,40,50,60,80,100,120,150,200,240,300,400,500,600,800,

1000,1200,1500,2000,2500,3000,3500 GeV.

For large VR jets, only pT bins above 50 GeV were used. For the ηreco parametrisation, bins

with a width of 0.1 were used. The ηreco bins range from ηreco = −4.2 up to ηreco = 4.2 for

small VR jets and from ηreco = −2.2 up to ηreco = 2.2 for large VR jets.

Truth jets are matched to reconstructed jets by taking the highest pT reconstructed jet

within ∆R(truth jet− reco jet) < 0.75·Rtruth jet
eff , where Rtruth jet

eff is the jet distance parameter

of the truth jet. The truth jets and reconstructed jets are required to be isolated. For truth

1R(truth) = Ereco

Etruth where Ereco is the reconstructed jet energy after the pile-up correction.
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jets there must be no other truth jet with pT > 7 GeV within ∆R < 2.5 · Rtruth jet
eff . For

reconstructed jets there must be no other reconstructed jet with pT > 7 GeV, after the

pile-up correction has been applied, within ∆R < 1.5 · Rreco jet
eff .

The calibration factors are then derived as follows:

1. In each ηreco and ptruthT bin theR(truth) distributions are fit with a Gaussian. Examples

of these fits can be seen in Figures 8.10 a) and c). The mean of the Gaussian fits are

used to determine the average values of R(truth) (〈R(truth)〉) in each pT and ηreco bin.

2. In each ηreco bin 〈R(truth)〉 is plot as a function of precoT . The ptruthT in each (ηreco, ptruthT )

bin is translated to precoT using the arithmetic mean of precoT in each ptruthT bin.

3. In order to extract the JES calibration factors (1/Fcalib(p
reco
T )) the 〈R(truth)〉 vs precoT

distributions are fit with the following function:

Fcalib(p
reco
T ) =

Nmax
∑

i=0

(

ai (ln precoT )i
)

(8.1)

where ai are free parameters of the fit. The fit is performed six times for Nmax = 1−6.

The Nmax that gives the smallest χ2/NDF for the fit is used to define the JES cal-

ibration factors. Examples of the 〈R(truth)〉 vs precoT distributions and the corre-

sponding Fcalib(p
reco
T ) fits can be seen in Figure 8.9 for small and large VR jets.

1/Fcalib(p
reco
T ) will be used to correct the JES in data and Monte Carlo as in Equa-

tion 5.12 (ELCW+JES = Ereco, LCW/Fcalib). The fits and parameters for all ηreco and pT

bins can be found in Ref. [5] and Ref. [6].

Following the JES calibration, the η of the jets is corrected to particle level by considering

the difference in truth and reconstructed η (∆η from Equation 5.13 2). The same procedure

is used to derive the η calibration factors as was used to derive the JES calibration factors.

∆η is measured in the same bins of ηreco and ptruthT as R(truth). Examples of distributions

of ∆η and the corresponding Gaussian fits that are used to define 〈∆η〉 can be seen in

2∆η = ηreco − ηtruth
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Figure 8.9: 〈R(truth)〉 as a function of precoT and the Fcalib with the smallest χ2/NDF for
0.0 < ηreco < 0.1 for a) small VR jets (Rmin = 0.2, Rmax = 0.4 and ρ = 60 GeV) and b) large
VR jets (Rmin = 0.2, Rmax = 1.0 and ρ = 100 GeV).

Figures 8.10 b) and d). The distribution of 〈∆η〉 vs ptruthT is fit with a function of the same

form as Equation 5.11 (Fη
calib(p

truth
T ) =

∑Nmax

i=0

(

ai
(

ln ptruthT

)i
)

). An example of the resulting

∆η vs ptruthT distribution can be seen in Figure 8.11 for 0.0 < ηreco < 0.1, for small and large

VR jets. The resulting Fη
calib function is used to correct the jet η according to Equation 5.14.

Energy and pT Closure Following the JES and η Corrections

In order to assess the performance of the energy and pseudorapidity calibrations R(truth) is

measured after the application of the JES calibration factors. The pT response (R(truth, pT ) =

precoT /ptruthT ) is also measured, following the application of the JES and η calibration factors.

This is known as a closure test. For a perfect calibration R(truth) and R(truth, pT ) are

expected to be equal to one, any deviation from unity is known as non-closure.

The resulting closure for 0.0 < η < 0.1 can be seen in Figure 8.12. The energy closure

after the JES calibration, the pT closure after the JES calibration, and the pT closure after

the JES and η calibrations are shown. It can be seen that the energy and pT closure for

small VR jets is well within 1 % above 60 GeV. For pT < 60 GeV there is a pT non-closure,

after both the JES and η calibrations, that rises up to 2 % for pT = 25 GeV.
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Figure 8.10: Examples of Gaussian fits for 0.0 < ηreco < 0.1 for small VR jets with 150 <
pT < 200 GeV for a) the energy response R(truth) and b) ∆η; and the Gaussian fits for
large VR jets with 200 < pT < 400 GeV for c) the energy response R(truth) and d) ∆η.

For large VR jets, the energy closure is within 1 % over the full pT range. However, there

is a large pT non-closure below ∼ 200 GeV. The mass calibration, which will be discussed

further in Section 8.3.2, will help to correct for this non-closure.

Whilst the fit and the corresponding closure test is good for small VR jets for the η bin

shown in Figures 8.11 and 8.12, some η bins exhibit a less stable response distribution. This

results in deviations from unity in the corresponding closure tests. An example can be seen

in Figure 8.13 for the bin 0.9 < η < 1.0. It can be seen that the closure exhibits some

instabilities in the region where the VR jets are of variable size (150 < pjetT < 300 GeV).

This is a direct result of Fcalib not fitting the response distribution well in this region. The
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Figure 8.11: 〈R(truth)〉 as a function of precoT and the Fcalib with the smallest χ2/NDF for
0.0 < ηreco < 0.1 for a) small VR jets (Rmin = 0.2, Rmax = 0.4 and ρ = 60 GeV) and b) large
VR jets (Rmin = 0.2, Rmax = 1.0 and ρ = 100 GeV).

 [GeV]truth
T

p
210 310

Je
t r

es
po

ns
e

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05

1.06

 after JEStruth/ErecoE

 after JEStruth
T

/preco
T

p

η∆ after JES+truth
T

/preco
T

p

 < 0.10
det

η0.00 < 

 = 60 GeVρVariable R Max R=0.4, Min R=0.2, 
LCW+JES scale

 =
T

p 25 60 150 300 GeV

(a)

 [GeV]truth
T

p
210 310

Je
t r

es
po

ns
e

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05

1.06

 after JEStruth/ErecoE

 after JEStruth
T

/preco
T

p

η∆ after JES+truth
T

/preco
T

p

 < 0.10
det

η0.00 < 

 = 600 GeVρVariable R Max R=1.0, Min R=0.2, 
LCW+JES scale

 =
T

p 100 200 600 GeV

(b)

Figure 8.12: The energy (Ereco/Etruth) and pT (precoT /ptruthT ) closure for a) small VR jets and
b) large VR jets with 0 < η < 0.1. The energy closure is shown after the JES calibration
(black points), the pT closure is shown after the JES calibration (blue squares) and the pT
closure is also shown after the JES and η calibrations (green triangles).

size of these instabilities are small (< 0.5 %) and can be accounted for by an additional

systematic uncertainty. However, it will be important to try to understand the source of

these variations in future studies. Additionally, it can be seen that there are no data points

above 1.5 TeV for this η bin, due to a lack of events above this value. At higher η the

last data point is at an increasingly low value of pT. For pT greater than the pT of the last

data point the calibration is frozen. Improving the fit at high pT would help to increase the
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accuracy of the calibration for high pT jets.
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Figure 8.13: a) shows the energy response distribution (R(truth) = Ereco/Etruth), that is
used to derive the JES calibration factors, and Fcalib, as a function of precoT . b) shows the
energy and pT closure tests as a function of of ptruthT . b) shows R(truth) = Ereco/Etruth after
the JES calibration (black points), R(truth, pT ) = precoT /ptruthT after the JES calibration (blue
squares) and R(truth, pT ) = precoT /ptruthT after the JES and η calibrations (green triangles).
a) and b) are for small VR jets with 0.9 < η < 1.0.

The calibration factors derived from the energy response distributions and ∆η distribu-

tions can be seen in Figure 8.14 for some example pT values, as a function of η. Also shown

is the pT response following the JES and η calibrations. For small VR jets the pT closure is

within ∼2 % (1 %) for pT > 25 GeV (50 GeV). For large VR jets there is a pT non-closure

of ∼2-3 % for pT = 100 GeV.

8.3.2 Mass Correction for Large VR Jets

The mass calibration for large-R jets makes use of the same methods which are used to

derive the JES and η calibrations. To derive the mass calibration, the jet mass response

(R(truth, mass), from Equation 5.15 3) is measured. R(truth, mass) is measured in bins

of η and ptruthT . The same η and ptruthT bins are used as were used to measure R(truth). It

is observed that the R(truth, mass) distributions are highly non-Gaussian in many pT and

η bins, as can be seen in Figure 8.15. Therefore, only the very peak of the distributions

3R(truth, mass) = mreco/mtruth



Chapter 8. 184

η
-4 -3 -2 -1 0 1 2 3 4

ca
lib

F

0.6

0.7

0.8

0.9

1

1.1

1.2
25 GeV
50 GeV
150 GeV
300 GeV
1000 GeV

 = 60 GeVρVariable R Max R=0.4, Min R=0.2, 
LCW scale

(a)

η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

ca
lib

F

0.6

0.7

0.8

0.9

1

1.1

1.2
100 GeV
300 GeV
600 GeV
1000 GeV
2000 GeV

 = 600 GeVρVariable R Max R=1.0, Min R=0.2, 
LCW scale

(b)

η
-4 -3 -2 -1 0 1 2 3 4

η ca
lib

F

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2
25 GeV
50 GeV
150 GeV
300 GeV
1000 GeV

 = 60 GeVρVariable R Max R=0.4, Min R=0.2, 
LCW scale

(c)

η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

η ca
lib

F

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2
100 GeV
300 GeV
600 GeV
1000 GeV
2000 GeV

 = 600 GeVρVariable R Max R=1.0, Min R=0.2, 
LCW scale

(d)

η
-4 -3 -2 -1 0 1 2 3 4

tr
ut

h

T
/pη∆

re
co

, J
E

S
+

Tp

0.9

0.95

1

1.05

1.1

1.15
25 GeV
50 GeV
150 GeV
300 GeV
1000 GeV

 = 60 GeVρVariable R Max R=0.4, Min R=0.2, 
 scaleη∆JES+

(e)

η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

tr
ut

h

T
/pη∆

re
co

, J
E

S
+

Tp

0.9

0.95

1

1.05

1.1

1.15
100 GeV
300 GeV
600 GeV
1000 GeV
2000 GeV

 = 600 GeVρVariable R Max R=1.0, Min R=0.2, 
η∆LCW+JES+

(f)

Figure 8.14: The 1/JES calibration factors (Fcalib) as a function of η for a) small VR jets
and b) large VR jets, the η calibration factors (Fη

calib) as a function of η for c) small VR jets
and d) large VR jets, and the pT closure (precoT /ptruthT ) following the JES and eta corrections
for e) small VR jets and f) large VR jets. For small VR jets the calibration factors and
closure are shown for pT = 25, 50, 150, 300 and 1000 GeV. For large VR jets the calibration
factors and closure are shown for pT = 100, 300, 600, 1000 and 2000 GeV.

are fit with a Gaussian in order to find the position of the peak. The 〈R(truth, mass)〉 vs

ptruthT distributions that result from these Gaussian fits are then fit with a function of the
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same form as Equation 8.1 (Fmass
calib (p

truth
T ) =

∑Nmax

i=0

(

ai
(

ln ptruthT

)i
)

). The jet mass scale is

defined as JMS = 1/Fmass
calib and this is used to correct the jet mass: mreco = mtruth/Fmass

calib .

An example of Fmass
calib , for 0.0 < η < 0.1, can be seen in Figure 8.16 a).

R(truth, pT) and R(truth, mass), after the application of the JES, η and mass calibra-

tions can be seen in Figure 8.16. Large fluctuations are seen in the mass closure due to

the non-Gaussian nature of the mass responses, which will need to be accounted for by a

systematic uncertainty. However, the mass calibration significantly improves the pT closure

for large VR jets with pT > 100 GeV. Below 100 GeV the pT closure increases up to 2-3 %.
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Figure 8.15: Examples of Gaussian fits of the mass response (mreco/mtruth) for large VR
jets with 0.0 < η < 0.1 for a) 50 < pT < 60 GeV, b) 200 < pT < 400 GeV and c)
1000 < pT < 1200 GeV.

A summary of the mass calibration factors, the mass closure and the pT closure following
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Figure 8.16: a) shows 〈R(truth, mass)〉 as a function of ptruthT , which is used to derive the
JMS calibration factors, and the Fmass

calib with the smallest χ2/NDF for 0.0 < η < 0.1 for
large VR jets. b) shows the mass closure following the application of the JES, η and JMS
calibrations. b) shows the mass closure, mreco/mtruth following the JMS calibration (black
points) and the pT closure, precoT /ptruthT after the JES, η and JMS calibrations (blue points).

the application of the mass calibration can be seen in Figure 8.17. It can be seen that the

pT closure is within ∼0.5-1% above 100 GeV and the mass closure is within ∼5 %.
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Figure 8.17: a) The mass calibration factors (Fmass
calib ) as a function of η, b) the mass clo-

sure (mreco/mtruth) after applying the JMS factors and c) the pT closure (precoT /ptruthT ) after
applying the JES, η and mass corrections.
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Evaluation of the Jet Energy Scale

Uncertainties for Variable R Jets

In this chapter the γ-jet direct balance method is used to evaluate the performance of the

VR jet calibrations described in the previous chapter. The γ-jet JES uncertainties of small

and large VR jets are also derived. The same techniques which were discussed in Chapters 6

and 7 were used for these studies. The 2012 data and γ-jet Monte Carlo samples described

in Section 3.9 were used for the studies presented here, providing the first studies of Variable

R jets in data.

The γ-jet method provides a measure of the JES uncertainty of jets by probing differences

in the JES between data and Monte Carlo. However, uncertainties are also required to

account for other sources of systematic uncertainty, such as the difference between the quark

and gluon jet response or the topology of the jets. A list of further uncertainties and

performance studies which will be needed to provide a full set of uncertainties for these jet

collections is given at the end of this chapter.

188
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9.1 The Jet Energy Scale Uncertainty of VR Jets De-

rived In-Situ using γ-jet Events

The Jet Energy Scale uncertainty of small and large VR jets has been evaluated in-situ

using γ-jet events. The jet area pile-up correction and Monte Carlo calibrations described

in the previous chapter are applied to the jets prior to the evaluation of these uncertainties.

The event selection and analysis strategy is the same as that used to evaluate the JES

uncertainties for large-R jets, which was described in Chapter 7. For small VR jets the

uncertainty evaluation covers 25 < pγT < 1000 GeV and extends up to |ηjet| = 2.8. For higher

|ηjet| this there is an insufficient number of events to evaluate the uncertainties. Larger |ηjet|

bins are used at low and high pγT for |ηjet| > 0.8. The binning used for small VR jets can

be seen in Figure 9.1, the pT binning is the same as for the large-R γ-jet analysis. The |ηjet|

binning retains the same bin boundaries as for the large R γ-jet analysis with different bin

merging at high and low pγT in order to retain statistics and cover the wider |ηjet| range.

Figure 9.1: The pγT and |ηjet| binning used to derive the small VR jet photon response and
γ-jet JES uncertainties.

The binning for large VR jets is the same as that used for anti-kt R = 1.0 jets, which

was described in Chapter 7. It covers 45 < pγT < 1000 GeV and extends up to |ηjet| = 2.1.

Since the size of large VR jets only shrinks for pT > 600 GeV the large VR jets have a

distance parameter of R = 1.0 for the majority of the pT range which can be studied using
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γ-jet events. Other in-situ techniques such as multi-jet balance and single hadron response

measurements will be required to study the rest of the pT region where large VR jets have

a changing jet size.

The requirement that pleading anti−kT R = 0.4 jet outside jet
T /pγT < 0.1 is retained for small

and large VR jets. An anti-kt R = 0.4 jet is considered to be outside the VR jet if

∆R(anti− kT R = 0.4 jet, VR jet) > D · Reff where Reff is the distance parameter of the

VR jet and D = 0.8. This is the same procedure as was used for the large-R γ-jet analysis

and it provides a veto against additional radiation in the event that is comparable for all

VR jet collections.

9.1.1 The Photon Response for VR Jets

Figure 9.2 shows the photon response for small VR jets and Figure 9.3 shows the photon re-

sponse for large VR jets. For small VR jets the photon response decreases for pT < 110 GeV,

where the jets have a fixed radius (R = 0.4). The photon response also decreases in the region

160 < pγT < 310 GeV, where the radius of the small VR jets is decreasing. These decreases

in the photon response for small VR jets are more pronounced for |ηjet| > 0.8 compared to

|ηjet| < 0.8. For large VR jets, the photon response rises as pγT decreases for |ηjet| < 0.8. For

|ηjet| > 0.8 the photon response decreases for pγT < 100 GeV.

As discussed previously, out-of-cone radiation and the underlying event can result in

an imbalance between the momentum of the jet and the photon. The k-term (which was

introduced in Section 6.4.7) can be used to assess whether there is significant out-of-cone

radiation, or contributions from the underlying event that would affect the value of the

photon response. The k-term for small and large VR jets, for |ηjet| < 0.8, can be seen in

Figure 9.4. For small VR jets (Figure 9.4 a)) it can be seen that there is a small decrease in

the k-term for pγT < 100 GeV and a significant decrease in the k-term for 160 < pγT < 310 GeV.

This suggests that in the region 160 < pγT < 310 GeV there is an increasing and significant

proportion of the hadronic shower that is not captured by the jet algorithm as the jet size

decreases. This is consistent with the decrease in the photon response that is observed for
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this pT region.

For large VR jets (Figure 9.4 b)) the k-term is stable over the full pγT range. This suggests

that there is little out-of-cone radiation, as expected for jets with such a large radius (large

VR jets have R = 1.0 for pjetT < 600 GeV).

Another source of imbalance between preco jet
T and pγT is any residual bias in preco jet

T /ptruth jet
T ,

following the application of the Monte Carlo calibration factors. preco jet
T /ptruth jet

T for small

VR jets is shown in Figure 9.5, as a function of ptruth jet
T . In Figure 9.5 a) only the leading

jets which contribute to the photon response are used to calculate preco jet
T /ptruth jet

T . In Fig-

ure 9.5 b) preco jet
T /ptruth jet

T is calculated using all jets in the γ-jet events (except for those

with ∆R(jet, γ) < Reff). It can be seen that for the leading jets there is a large non-closure

of up to ∼ 10 % at ptruth jet
T = 25 GeV, for |ηjet| < 1.8. However, for all jets in the γ-jet events

the non-closure is significantly smaller, with deviations of up to ∼ 3 % at ptruth jet
T = 25 GeV

for |ηjet| < 1.8. A non-closure of up to ∼ 3 % is consistent with the level of non-closure

observed in the di-jet Monte Carlo samples where the calibration was derived.

It is expected that there will be differences in the JES for small VR jets in the γ-jet and di-

jet samples. This is due to the fact that the leading jets in the γ-jet events are predominantly

quark jets, whereas the jets in the di-jet sample are predominantly gluon jets. Since gluon

jets have a wider shower shape than quark jets there are differences between the JES for

quark and gluon jets. This is because a small radius jet will contain, on average, less of the

hadronic shower of a gluon jet in comparison to a quark jet. It will be important to study

the flavour uncertainty for small VR jets and to check whether the non-closure observed in

the γ-jet sample can be explained by this uncertainty.

For large VR jets there is also a large non-closure for the leading jet in the γ-jet sample,

as can be seen in Figure 9.6 a). However, it is not expected that large VR jets will have

a significant flavour uncertainty. This is because the large radius of large VR jets results

in little out-of-cone radiation for the pT range that is studied here. However, there are

significant differences between the non-closure for the leading jet in the γ-jet sample and all

jets in the γ-jet sample, which can be seen in Figure 9.6 b). For all large VR jets in the
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γ-jet sample it is observed that preco jet
T < ptruth jet

T . This large non-closure for all large VR

jets in the γ-jet sample is due to the mass calibration. This can be seen in Figure 9.6 c),

where preco jet
T /ptruth jet

T for large VR jets is shown: with no Monte Carlo calibration; after

the energy and pseudorapidity calibrations; and after the energy, pseudorapidity and mass

calibrations.

Further investigation indicates that the non-closure caused by the mass calibration is due

to differences in preco jet
T /ptruth jet

T for jets with different mass. The mass calibration for large

VR jets was performed as a function of pT, inclusive of the jet mass. However, it can be

seen in Figure 9.7 that the mtruth jet/ptruth jet
T distributions in the γ-jet Monte Carlo sample

tend to have lower values than the mtruth jet/ptruth jet
T distributions in the di-jet Monte Carlo

samples. This means that the mass calibration factors are derived for jets with a different

substructure to those in the γ-jet sample.

Furthermore, preco jet
T /ptruth jet

T in the γ-jet Monte Carlo sample is highly dependent on

the value of mtruth jet/ptruth jet
T , as can be seen in Figure 9.8. It can also be seen that

the mtruth jet/ptruth jet
T distributions are more similar for higher pT, and the dependence of

preco jet
T /ptruth jet

T on mtruth jet/ptruth jet
T is smaller for higher pT jets. This is consistent with the

smaller non-closures which are observed at higher pT. In future studies it will be important

to derive the mass calibration for large VR jets as a function of jet mass or mjet/pjetT in order

to account for these dependencies.

9.1.2 γ-jet JES Uncertainties for VR Jets

The JES uncertainties for small and large VR jets have been evaluated using the same

methods and sources of uncertainty as were used for the small-R and large-R γ-jet analyses for

fixed radius jets, which were described in Section 6.4 and 7.4. Despite the deviations observed

in preco jet
T /ptruth jet

T in the γ-jet sample following calibration, deriving these uncertainties is

important in order to assess how well the JES in data corresponds to that measured in Monte

Carlo.
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Figure 9.2: Average photon response for small VR jets for (a) |ηjet| < 0.8 (b) 0.8 < |ηjet| <
1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8, (e) 1.8 < |ηjet| < 2.1, and f) 2.1 < |ηjet| < 2.8.
Only statistical uncertainties are shown.
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Figure 9.3: Average photon response for large VR jets for (a) |ηjet| < 0.8 (b) 0.8 < |ηjet| < 1.2,
(c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1. Only statistical
uncertainties are shown.
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Figure 9.4: The k-term for a) small and b) large VR jets. Only statistical uncertainties are
shown.
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Figure 9.5: preco jet
T /ptruth jet

T vs ptruth jet
T for (a) small VR jets for the leading jets in the γ-jet

events which are back-to-back with the photon, (b) small VR jets for all jets in the γ-jet
events.
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Figure 9.6: preco jet
T /ptruth jet

T vs ptruth jet
T for (a) large VR jets for the leading jets in the γ-jet

events which are back-to-back with the photon and (b) large VR jets for all jets in the
γ-jet events. (c) shows preco jet

T /ptruth jet
T vs ptruth jet

T for all large VR jets in the γ-jet sample
with: no pile-up correction or Monte Carlo calibration (green triangles), after the JES and
η calibrations and after the JES, η and JMS calibrations for ηjet < 0.8.
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Figure 9.7: mtruth jet/ptruth jet
T distributions for the leading jet in the γ-jet events, all jets in

the γ-jet events and all jets in the di-jet Monte Carlo samples which were used to derive the
Monte Carlo calibration for a) 45 < ptruth jet

T < 65 GeV, b) 110 < ptruth jet
T < 160 GeV and

c) 310 < ptruth jet
T < 400 GeV. All the distributions are for |ηjet| < 0.8. The distributions are

similar for |ηjet| > 0.8 and can be found in [6].
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Figure 9.8: preco jet
T /ptruth jet

T as a function of mtruth jet/ptruth jet
T for all jets in the γ-jet events

for 45 < ptruth jet
T < 65 GeV, 110 < ptruth jet

T < 160 GeV and 310 < ptruth jet
T < 400 GeV. All

the distributions are for |ηjet| < 0.8.
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Two systematics which are derived for large VR jets (due to mjet/pjetT and due to the

large VR jet encompassing more than one anti-kt R = 0.4 jet), are not derived for small

VR jets. The systematic uncertainty on mjet/pjetT is not derived for small VR jets since the

mass of small VR jets is not calibrated or used for analysis. The systematic uncertainty to

account for differences in the JES for jets encompassing more than one anti-kt R = 0.4 jet

is also not derived for small VR jets. Since small VR jets either have a size comparable to

R = 0.4 or less than R = 0.4, they can not contain more than one anti-kt R = 0.4 jet and

therefore this uncertainty is not required.

Following bin merging and smoothing (which proceeds in the same way as described in

Section 7.5) the total uncertainties can be seen in Figures 9.9 and 9.10 for small and large

VR jets respectively. The deviation of data-to-mc ratio of the photon response from one is

included in the total uncertainty. The total uncertainties are ∼ 1 % for pT > 100 GeV for

|ηjet| < 0.8, increasing to 2-4 % at higher |ηjet|. The values for these uncertainties can be

found in Appendix B and further details can be found in Refs. [5] and [6].

For small VR jets the photon energy scale is a dominant systematic uncertainty for

pT > 100 GeV and the generator systematic uncertainty becomes increasingly important as

|ηjet| increases. For pT < 50 GeV the photon purity is a dominant systematic uncertainty

for small VR jets since the photon purity is only ∼50 % at pγT = 35 GeV. The deviation of

the data-to-mc ratio from one is an important source of uncertainty over the full |ηjet| range

and it would be desirable to correct for this difference, as is done for small-R anti-kt jets.

For large VR jets the dominant sources of systematic uncertainty are similar to those

for small VR jets. In addition, the uncertainty on mjet/pjetT is important for |ηjet| < 1.2

and it becomes a dominant source of systematic uncertainty for |ηjet| > 1.2. This suggests

that there are significant data-to-MC differences in the JES due to the modelling of the

substructure of the jet, as well as the absolute differences in the JES due to the jet mass

that were discussed previously. Therefore, studies into the topology dependence of large VR

jets, such as the Monte Carlo studies described in Section 7.6, will be important to ensure

that the dependence of the JES on the substructure of large VR jets is well understood.



Chapter 9. 199

 [GeV]   jet

T
p

30 40 210 210×2 310

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 0.8jetη| 

(a)

 [GeV]   jet

T
p

30 40 210 210×2

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 1.2jetη0.8 < | 

(b)

 [GeV]   jet

T
p

30 40 210 210×2

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 1.5jetη1.2 < | 

(c)

 [GeV]   jet

T
p

30 40 210 210×2

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 1.8jetη1.5 < | 

(d)

 [GeV]   jet

T
p

30 40 210 210×2

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 2.1jetη1.8 < | 

(e)

 [GeV]   jet

T
p

30 40 210 210×2

F
ra

ct
io

na
l U

nc
er

ta
in

ty
 [%

]

0.01

0.1

1

10
 = 60 GeV

VR
ρ = 0.2 min = 0.4 RmaxVariable R R

 = 8 TeV s 
-1

L dt = 20.3 fb∫  | < 2.8jetη2.1 < | 

(f)

Figure 9.9: JES uncertainties for small VR jets derived from γ-jet events for (a) |ηjet| < 0.8
(b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8, (e) 1.8 < |ηjet| < 2.1, and
f) 2.1 < |ηjet| < 2.8. The legend for these Figures can be seen in Figure 9.10 (f).
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Figure 9.10: JES uncertainties for large VR jets derived from γ-jet events for (a) |ηjet| < 0.8
(b) 0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1.
Figure (f) shows the legend for the plots in this Figure and in Figure 9.9.
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9.1.3 The JER for VR Jets

As well as measuring the JES, the jet energy resolution (JER) can be estimated in-situ in

γ-jet events as follows [3]:

JER =

√

√

√

√σ

(

preco jet
T

pγ
T

)2

− σ

(

ptruth jet
T

pγ
T

)2

(9.1)

where σ(preco jet
T /pγT ) is the width of the photon response distribution using reconstructed

jets and σ(ptruth jet
T /pγT ) is the width of the photon response distribution using truth jets.

The truth photon response is subtracted from the reconstructed photon response in order

to account for smearing of the jet pT at truth level, e.g. due to having events in which the

pT of the jet does not exactly balance the pT of the photon. However, in the case where

the jet size becomes very small (such as for small VR jets where the jets can be as small

as R = 0.2 for pT > 300 GeV), out-of-cone radiation results in significant low response tails

in the photon response distribution. This is illustrated for small VR jets in Figure 9.11. It

can be seen that the photon response using reconstructed jets (preco jet
T /pγT ) and the photon

response using truth jets (ptruth jet
T /pγT ) have large low response tails. The tails are larger for

310 < pγT < 400 GeV than for 160 < pγT < 210 GeV since the VR jets are smaller for the

former pT range, and therefore have more out-of-cone radiation. These tails are not observed

in the distributions of preco jet
T /ptruth jet

T as can be seen in Figure 9.11 c) and f), since both

the reconstructed and the truth jets have out-of-cone radiation and are of a similar size.

Large asymmetric tails are also not seen for large VR jets, since they have little out-of-cone

radiation, as can be seen in Figure 9.12.

The size of these tails can be evaluated on a more quantitative level using quantiles.

The ±1σ and ±2σ quantiles have been evaluated for small and large VR jets and they are

shown in Figure 9.13 for |ηjet| < 0.8. The −1σ quantile gives the value of the response

distribution for which the integral from zero up to that value is equal to the mean minus

the standard deviation of the distribution, and similarly for the other quantiles. It can be

seen that there are significant tails for small VR jets in the ptruth jet
T /pγT distributions but
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not in the preco jet
T /ptruth jet

T distributions (where both the reconstructed and truth jets have

out-of-cone radiation) and not for large VR jets (where the majority of the hadronic shower

is encompassed by the jet due to their large size).
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Figure 9.11: The response distributions for small VR jets for a) preco jet
T /pγT for 160< pγT < 210

GeV, b) ptruth jet
T /pγT for 160 < pγT < 210 GeV, c) preco jet

T /ptruth jet
T for 160 < pγT < 210 GeV,

d) preco jet
T /pγT for 310 < pγT < 400 GeV, e) ptruth jet

T /pγT for 310 < pγT < 400 GeV and f)
preco jet
T /ptruth jet

T for 310 < pγT < 400 GeV.

These asymmetric tails will not be properly accounted for by the subtraction of

σ(ptruth jet
T /pγT ) in the JER since the widths are defined using a fit which does not take into

account the asymmetric nature of the response distributions. These tails would need to be

accounted for in order to provide a reliable measure of the JER in data and Monte Carlo

using the direct balance γ-jet method.

Instead of measuring the JER according to Equation 9.1 the truth Monte Carlo JER

(σ(preco jet
T /ptruth jet

T )) is measured in the γ-jet samples, since it does not suffer from asymmet-

ric tails in the response distributions. Unfortunately, this can not provide any information

about the JER of VR jets in data. The truth JER can be seen in Figures 9.14 and 9.15 for

small and large VR jets respectively, as measured using the PYTHIA and HERWIG++
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Figure 9.12: The response distributions for large VR jets for a) preco jet
T /pγT for 160 < pγT < 210

GeV, b) ptruth jet
T /pγT for 160 < pγT < 210 GeV, c) preco jet

T /ptruth jet
T for 160 < pγT < 210 GeV,

d) preco jet
T /pγT for 310 < pγT < 400 GeV, e) ptruth jet

T /pγT for 310 < pγT < 400 GeV and f)
preco jet
T /ptruth jet

T for 310 < pγT < 400 GeV.
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Figure 9.13: The arithmetic and fitted means of the response distributions and the quantiles
for a) ptruth jet

T /pγT for small VR jets, b) preco jet
T /ptruth jet

T for small VR jets, c) ptruth jet
T /pγT for

large VR jets and d) preco jet
T /ptruth jet

T for large VR jets. All the figures are for |ηjet| < 0.8.
The bottom inset shows the arithmetic mean minus the quantiles.
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Monte Carlo generators. It can be seen that the JER is < 0.1 for pT > 45 GeV and ∼ 0.05

for pT > 210 GeV for small VR jets. For large VR jets the JER is < 0.1 for pT & 110 GeV

and < 0.05 for pT > 300 GeV. For large VR jets the JER does not plateau as it does for

small VR jets, but continues to decrease for increasing pT over the full pT range which is

studied. Within statistical uncertainties the JER estimated using PYTHIA is consistent

with that measured with HERWIG++.

In order to probe the JER of VR jets in data and Monte Carlo di-jet events could be used.

In this case both jets have out-of-cone radiation and so they are on an equal footing, unlike

the photon and the jet in γ-jet events. It will still be important to account for differences

in which particles are contained in the jet at truth and reconstructed level. The uncertainty

due to these differences is likely to be larger for small jet sizes, and therefore have different

effects for different pT ranges for VR jets.

9.2 Future Performance Studies for VR Jets

The following list gives a selection of performance studies which could be performed, to

understand the performance of VR jets better, and to provide a full set of uncertainties.

This is not an exhaustive list of studies but it covers the most important areas of VR jet

performance which still need to be addressed or investigated further.

• Pile-up uncertainties. The residual dependence of the jet pT on pile-up, following

the jet area correction, will need to be accounted for by a pile-up uncertainty. This

can be derived in the same way as was done for R = 1.0 trimmed anti-kt jets, as was

discussed in Section 7.7 of this thesis. An additional component to account for the

systematic uncertainty due to the median event density, ρ will also be required. The

derivation of a correction to correct for the residual dependence of the jet pT on pile-up

after the jet area correction would significantly reduce this uncertainty.
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Figure 9.14: The JER measured with γ-jet events for small VR jets for (a) |ηjet| < 0.8 (b)
0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8, (e) 1.8 < |ηjet| < 2.1, and f)
2.1 < |ηjet| < 2.8.Only statistical uncertainties are shown.
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Figure 9.15: The JER measured with γ-jet events for large VR jets for (a) |ηjet| < 0.8 (b)
0.8 < |ηjet| < 1.2, (c) 1.2 < |ηjet| < 1.5, (d) 1.5 < |ηjet| < 1.8 and (e) 1.8 < |ηjet| < 2.1. Only
statistical uncertainties are shown.
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• Further studies of the response distributions for the Monte Carlo JES cali-

bration. The response distributions used for the Monte Carlo JES calibration, which

were discussed in the previous chapter, exhibit some instabilities in the region where

the VR jets are changing in size. An example of this can be seen in Figure 8.13, for an

example η bin of 0.9 < η < 1.0, for small VR jets. The non-closure observed is small

(< 0.5 %) and can be accounted for by systematic uncertainties of the same order.

However, these instabilities and their causes should be investigated further. The fit

function may need to be revisited in order to better fit the shape of the VR jet response

distributions.

• Dependence of the jet mass calibration on the jet mass. As discussed in this

chapter the jet mass calibration should be derived as a function of either jet mass

or mjet/pjetT as well as pjetT . This will account for variations of the mass response for

different jet masses. It is also expected to improve the non-Gaussian nature of the

mass response that was observed in Figure 8.15, which will make the mass calibration

more stable.

• In-situ uncertainties at low and high pT The γ-jet studies presented here cover

the pT range from 25 - 1000 GeV. Studies making use of Z-jet events would improve

the precision of the uncertainties for pT < 85 GeV. At high pT, the multi-jet balance

technique could be used to extend the uncertainties into the TeV region. It will also

be important to evaluate the JES uncertainties using single hadron studies. These

would provide a valuable cross-check of the other in-situ methods, as well as providing

uncertainties for pT > 1 TeV.

• Jet Mass Scale uncertainties for large VR jets. The uncertainty on the JMS

of large VR jets will need to be studied. Initially this can be done using the track-jet

double ratio method. However, it would be desirable to develop methods of estimating

the uncertainty using e.g. W-jet or tt̄ events. These methods have the benefit of

probing the JMS using events which are similar to those used in the tt̄ resonance

searches.
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• Flavour and topology uncertainties. It will be important to study the dependence

of the jet response on quark and gluon jets, and for different event topologies such as

events containing W or Z bosons and top quarks. Since these uncertainties depend

strongly on the containment of the hadronic shower by the jets they are likely to be

significant for small VR jets and for large VR jets at high pT.

• Jet grooming for large VR jets. Jet grooming could be investigated for large VR

jets. This would help to reduce the impact of pile-up on the jets, which may make the

calibration easier to derive. Additionally, jet grooming would improve the precision of

the measurement of the jet substructure at low pT.

• JER of VR jets. The JER of VR jets should be studied in-situ using di-jet events,

which will not suffer from the problems of the asymmetric tails that are observed for

small VR jets.
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Conclusions and Outlook

The Jet Energy Scale uncertainty of small and large-R jets and the calibration and Jet Energy

Scale uncertainty of Variable R jets have been presented in this thesis. In Chapter 7 it was

shown that the Jet Energy Scale uncertainty of large-R jets can be measured in-situ using

the γ-jet direct balance method, which is also used to calibrate and derive the Jet Energy

Scale uncertainty for small-R jets. The reduction in the Jet Energy Scale uncertainty from

the level of 3-4 % to ∼2 % (2-3 %) for |η| < 0.8 (|η| > 0.8) between 300 and 700 GeV

has been shown to significantly reduce the effect of the Jet Energy Scale uncertainty in the

semi-leptonic tt̄ resonance search. These uncertainties are now recommended for use by

any physics analysis at ATLAS using anti-kt R = 1.0 trimmed jets in the 2012
√
s = 8 TeV

dataset.

Looking forward to Run 2 of the LHC the γ-jet method will continue to provide an

accurate measure of the Jet Energy Scale uncertainty for small- and large-R jets. For large-

R jets correcting the data-to-MC differences that are observed in the photon response could

help to further reduce the baseline Jet Energy Scale uncertainty in the future. Studies

using the multi-jet balance and single hadron methods could be used to provide precision

measurements of the Jet Energy Scale uncertainty for large-R jets to higher pT. The jet

area pile-up correction has been studied for large-R jets and shown, in conjunction with

jet grooming, to provide a robust method with which to correct large-R jets for pile-up at

210



Chapter 10. 211

the high levels of pile-up expected for Run 2 of the LHC and beyond [115]. In addition to

exploiting techniques and methods which are used to probe the Jet Energy Scale uncertainty

of small R jets, methods making use of W bosons [46] and tt̄ events have been studied and

are being developed. These techniques will be important in order to understand the Jet

Energy Scale and Jet Mass Scale of large-R jets in topologies similar to those used in physics

analyses.

The studies of the calibration and uncertainties for Variable R jets which were presented

in Chapters 8 and 9 provide a basis for the calibration of Variable R jets. In this thesis it has

been shown that the methods used to calibrate fixed radius jets can be applied to Variable

R jets, with some modifications.

This new jet algorithm shows a lot of promise in the context of the tt̄ semi-leptonic

resonance search. Variable R jets may also be useful for other analyses, for use in jet

substructure evaluation, or to construct track-jets for use in b-tagging studies. A reliable

calibration and set of uncertainties for Variable R jets will make it possible for physics

analyses to fully exploit these jets. A list of studies which could be performed to improve

the understanding of the performance of Variable R jets was given at the end of Chapter 9.



Appendix A

Additional Information for the γ-jet
Large-R Jet Uncertainties

A.1 The Uncertainties for anti-kt R = 1.0 Trimmed Jets

Derived using γ-jet Events Before any Bin Merging

or Smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

1.0 - Data/MC 2.02±1.42 0.24±1.43 1.14±0.54 0.60±0.32 0.63±0.12 0.52±0.17

mjet/pjetT 2.46±3.71 -0.44±2.78 -0.06±0.84 1.48±0.50 0.52±0.21 -0.06±0.30

Generator 0.43±1.55 -1.30±1.78 -0.27±0.58 -0.29±0.36 -0.24±0.14 -0.27±0.20

Photon Energy Scale 0.45±0.72 0.66±0.82 0.65±0.25 0.61±0.17 0.56±0.07 0.59±0.10

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

0.14±0.82 0.83±1.26 1.21±0.68 0.51±0.23 0.50±0.09 0.28±0.12

Cut on
∆φ(photon− jet)

1.67±0.75 0.07±0.72 0.29±0.19 0.10±0.09 0.00±0.03 0.04±0.05

Photon Purity 1.70±0.30 1.03±0.13 0.80±0.07 0.31±0.01 0.15±0.01 0.04±0.01

JER 0.13±0.47 0.27±0.58 -0.01±0.17 0.16±0.11 0.02±0.04 0.00±0.05

Definition of in-
side/outside large R
jet

0.24±0.57 -0.68±0.74 -0.16±0.26 0.07±0.17 -0.07±0.07 -0.23±0.10

Cut on
psubleading jet
T /pγT

-0.03±0.70 -0.83±0.86 -0.04±0.29 0.25±0.17 0.20±0.06 0.13±0.08

k-term -0.91±1.75 -0.88±1.41 -0.38±0.89 0.08±3.55 -0.09±0.08 -0.13±0.11

Total uncertainty 4.37±5.11 2.85±4.63 2.11±1.77 1.89±3.65 1.18±0.35 0.94±0.50

Table A.1: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV and
0.00 < |η| < 0.80 before bin merging or smoothing.

212
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Uncertainty [%]

Uncertainty [%] 260-310 310-400 400-500 500-600 600-800 800-1000

1.0 - Data/MC 0.57±0.23 0.75±0.16 0.56±0.24 0.44±0.44 0.71±0.55 1.65±1.84

mjet/pjetT -0.03±0.42 0.70±0.30 -0.09±0.49 0.06±0.82 -0.52±1.03 -2.08±3.01

Generator -0.15±0.27 -0.08±0.20 -0.22±0.32 -0.01±0.55 0.04±0.69 -0.06±1.60

Photon Energy Scale 0.63±0.14 0.58±0.04 0.59±0.06 0.57±0.11 0.53±0.15 0.61±0.33

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

0.41±0.28 0.19±0.16 0.37±0.20 0.47±0.33 0.50±0.46 1.30±1.00

Cut on
∆φ(photon− jet)

0.05±0.06 0.04±0.02 0.02±0.05 0.04±0.08 0.08±0.05 0.10±0.08

Photon Purity 0.01±0.01 0.01±0.00 -0.00±0.01 0.01±0.02 0.00±0.01 -0.00±0.01

JER 0.04±0.06 -0.01±0.01 -0.03±0.02 -0.08±0.04 -0.21±0.14 -1.08±0.62

Definition of in-
side/outside large R
jet

-0.08±0.16 -0.28±0.10 -0.22±0.20 -0.38±0.33 -0.43±0.55 -0.27±1.29

Cut on
psubleading jet
T /pγT

-0.12±0.11 0.14±0.07 -0.07±0.13 -0.20±0.20 0.01±0.26 0.53±0.51

k-term -0.11±0.11 0.03±0.11 0.51±2.61 0.03±7.39 -0.41±11.31 -0.41±11.31

Total uncertainty 1.00±0.71 1.25±0.49 1.11±2.72 1.06±7.50 1.42±11.43 3.77±12.24

Table A.2: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 1000 GeV
and 0.00 < |η| < 0.80 before bin merging or smoothing.

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

1.0 - Data/MC 1.84±2.06 4.59±1.66 0.62±0.74 1.30±0.54 1.92±0.19 2.32±0.27

mjet/pjetT -0.70±4.34 2.11±4.01 0.74±1.36 1.32±0.83 -0.13±0.33 -0.18±0.47

Generator -0.41±1.85 -1.65±2.14 -0.82±0.90 0.47±0.58 -0.65±0.23 -0.39±0.32

Photon Energy Scale 0.84±0.60 0.83±0.75 0.66±0.33 0.56±0.19 0.58±0.11 0.71±0.15

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

3.47±1.18 3.06±1.27 0.69±0.56 0.60±0.41 0.32±0.14 0.77±0.21

Cut on
∆φ(photon− jet)

0.94±0.43 1.99±0.81 0.11±0.33 0.04±0.22 0.12±0.05 0.03±0.08

Photon Purity 2.03±0.31 0.99±0.15 0.80±0.10 0.28±0.02 0.14±0.01 0.06±0.01

JER -0.44±0.54 0.78±0.63 0.23±0.26 -0.19±0.18 0.03±0.06 0.02±0.08

Definition of in-
side/outside large R
jet

0.28±0.65 0.95±0.93 -0.60±0.38 0.11±0.29 -0.15±0.12 -0.08±0.17

Cut on
psubleading jet
T /pγT

0.80±0.88 1.08±1.06 0.05±0.41 0.34±0.28 -0.15±0.10 -0.15±0.14

k-term -0.91±1.75 -0.88±1.41 -0.38±0.89 0.08±3.55 -0.09±0.08 -0.13±0.11

Total uncertainty 5.27±6.11 7.03±5.78 2.07±2.34 2.20±3.82 2.17±0.55 2.60±0.78

Table A.3: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV and
0.80 < |η| < 1.20 before bin merging or smoothing.
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Uncertainty [%]

Uncertainty [%] 260-310 310-400 400-500 500-600 600-800

1.0 - Data/MC 2.92±0.37 2.24±0.28 2.74±0.45 2.42±1.49 2.52±1.28

mjet/pjetT -1.79±0.69 1.00±0.50 0.80±0.89 2.98±1.47 0.32±2.24

Generator -0.76±0.45 -0.18±0.34 -0.09±0.59 -0.31±1.08 -1.46±1.55

Photon Energy Scale 0.72±0.22 0.60±0.07 0.69±0.09 0.63±0.17 0.55±0.29

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

0.66±0.28 0.90±0.29 0.09±0.47 0.65±0.63 1.10±0.95

Cut on
∆φ(photon− jet)

0.07±0.12 0.14±0.07 0.00±0.08 0.13±0.16 0.05±0.06

Photon Purity 0.01±0.01 0.00±0.01 0.01±0.01 -0.00±0.03 0.00±0.01

JER -0.07±0.10 0.01±0.03 -0.03±0.04 0.03±0.08 0.00±0.25

Definition of in-
side/outside large R
jet

0.11±0.27 -0.47±0.17 -0.13±0.33 0.44±0.47 -0.41±0.94

Cut on
psubleading jet
T /pγT

-0.48±0.19 0.17±0.12 -0.16±0.20 0.51±0.28 -0.26±0.60

k-term -0.11±0.11 0.03±0.11 0.51±2.61 0.03±7.39 -0.41±11.31

Total uncertainty 3.70±1.11 2.75±0.82 3.03±2.96 4.28±7.95 3.49±11.87

Table A.4: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV and
0.80 < |η| < 1.20 before bin merging or smoothing.

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

1.0 - Data/MC 1.84±2.06 4.59±1.66 4.20±1.02 1.48±0.73 2.09±0.27 1.74±0.38

mjet/pjetT -0.70±4.34 2.11±4.01 1.03±1.82 0.69±1.04 1.64±0.44 -0.32±0.61

Generator -0.41±1.85 -1.65±2.14 -1.38±1.15 -1.46±0.75 -0.64±0.30 -0.48±0.42

Photon Energy Scale 0.84±0.60 0.83±0.75 0.69±0.42 0.71±0.23 0.57±0.13 0.70±0.18

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

3.47±1.18 3.06±1.27 1.29±1.29 0.35±0.47 0.67±0.19 0.83±0.27

Cut on
∆φ(photon− jet)

0.94±0.43 1.99±0.81 0.08±0.42 0.48±0.20 0.03±0.08 0.06±0.10

Photon Purity 2.03±0.31 0.99±0.15 0.83±0.13 0.34±0.02 0.15±0.02 0.03±0.02

JER -0.44±0.54 0.78±0.63 0.12±0.33 0.26±0.25 -0.04±0.08 -0.01±0.11

Definition of in-
side/outside large R
jet

0.28±0.65 0.95±0.93 0.27±0.55 0.10±0.37 -0.01±0.15 0.07±0.22

Cut on
psubleading jet
T /pγT

0.80±0.88 1.08±1.06 -0.32±0.56 0.18±0.35 0.18±0.13 0.04±0.18

k-term -0.91±1.75 -0.88±1.41 -0.38±0.89 0.08±3.55 -0.09±0.08 -0.13±0.11

Total uncertainty 5.27±6.11 7.03±5.78 4.98±3.21 2.54±3.99 2.90±0.73 2.18±1.03

Table A.5: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV and
1.20 < |η| < 1.50 before bin merging or smoothing.
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Uncertainty [%]

Uncertainty [%] 260-310 310-400 400-500 500-600 600-800

1.0 - Data/MC 2.17±0.54 2.08±0.39 1.48±0.81 0.92±1.18 1.05±2.55

mjet/pjetT 1.55±0.94 1.47±0.63 -0.62±1.30 2.15±2.05 0.57±2.53

Generator -0.22±0.62 -0.41±0.43 -0.38±0.85 -0.40±1.52 -0.84±1.83

Photon Energy Scale 0.58±0.32 0.59±0.07 0.62±0.12 0.67±0.24 0.87±0.34

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

0.68±0.66 0.26±0.27 0.64±0.58 0.65±0.90 1.22±1.26

Cut on
∆φ(photon− jet)

0.07±0.05 0.01±0.08 0.12±0.09 0.37±0.24 0.72±0.39

Photon Purity 0.03±0.01 0.02±0.01 0.01±0.01 0.05±0.05 -0.00±0.01

JER -0.04±0.14 -0.00±0.04 0.11±0.06 -0.08±0.12 0.25±0.38

Definition of in-
side/outside large R
jet

-0.36±0.33 -0.55±0.23 -0.61±0.57 -2.37±1.28 -1.86±1.76

Cut on
psubleading jet
T /pγT

0.21±0.25 0.44±0.17 0.20±0.34 0.51±0.60 0.28±0.59

k-term -0.11±0.11 0.03±0.11 0.51±2.61 0.03±7.39 -0.41±11.31

Total uncertainty 2.91±1.61 2.78±1.03 2.20±3.37 3.74±8.18 3.90±12.50

Table A.6: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV and
1.20 < |η| < 1.50 before bin merging or smoothing.

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

1.0 - Data/MC 0.68±2.75 2.29±2.75 1.85±1.06 2.44±0.70 2.01±0.30 1.40±0.43

mjet/pjetT 0.35±6.28 4.78±5.71 4.62±1.92 1.00±1.15 0.72±0.49 0.94±0.75

Generator -2.05±2.82 -0.21±3.29 -0.32±1.30 -0.74±0.79 -0.92±0.34 -0.66±0.51

Photon Energy Scale 0.71±0.82 0.76±0.72 0.38±0.47 0.68±0.28 0.71±0.13 0.61±0.20

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

1.51±1.63 1.17±1.97 1.01±1.55 1.68±1.46 0.81±0.59 0.37±0.59

Cut on
∆φ(photon− jet)

1.13±1.37 0.71±1.30 0.53±0.45 0.25±0.18 0.11±0.09 0.08±0.10

Photon Purity 1.86±0.40 0.84±0.22 0.91±0.14 0.36±0.02 0.19±0.02 0.06±0.02

JER 0.02±0.80 -1.40±1.20 0.15±0.38 0.07±0.24 -0.03±0.09 0.11±0.11

Definition of in-
side/outside large R
jet

-0.59±0.98 -0.77±1.09 0.40±0.61 -0.16±0.41 -0.15±0.18 0.20±0.29

Cut on
psubleading jet
T /pγT

-0.70±1.33 -0.97±1.65 0.11±0.60 -0.05±0.38 0.04±0.16 0.08±0.21

k-term -0.91±1.75 -0.88±1.41 -0.38±0.89 0.08±3.55 -0.09±0.08 -0.13±0.11

Total uncertainty 4.64±8.62 6.57±8.49 5.35±3.49 3.39±4.25 2.59±0.99 2.01±1.32

Table A.7: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV and
1.50 < |η| < 1.80 before bin merging or smoothing.
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Uncertainty [%]

Uncertainty [%] 260-310 310-400 400-500 500-600 600-800

1.0 - Data/MC 2.89±0.68 1.94±0.45 1.51±0.71 3.57±1.12 1.47±3.05

mjet/pjetT 1.03±1.16 1.44±0.83 -0.49±1.83 0.89±1.62 0.48±2.38

Generator -0.31±0.75 -0.66±0.58 -0.89±1.25 -0.49±1.79 -0.10±4.31

Photon Energy Scale 0.77±0.30 0.55±0.18 0.66±0.17 0.60±0.31 0.62±0.57

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

1.26±0.79 0.33±0.41 1.03±0.88 1.23±1.15 3.56±3.18

Cut on
∆φ(photon− jet)

0.19±0.13 0.04±0.11 0.20±0.12 0.29±0.62 0.28±0.39

Photon Purity -0.00±0.02 0.00±0.01 -0.03±0.01 0.00±0.05 0.00±0.01

JER -0.18±0.15 0.03±0.05 -0.12±0.08 0.12±0.14 -0.03±0.46

Definition of in-
side/outside large R
jet

-0.19±0.51 -1.29±0.39 -1.47±0.86 -0.62±1.19 -2.39±2.97

Cut on
psubleading jet
T /pγT

0.24±0.28 0.26±0.26 -0.26±0.62 -0.36±0.63 0.69±1.93

k-term -0.11±0.11 0.03±0.11 0.51±2.61 0.03±7.39 -0.41±11.31

Total uncertainty 3.51±1.99 2.94±1.37 2.80±3.83 4.19±8.16 5.59±13.94

Table A.8: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV and
1.50 < |η| < 1.80 before bin merging or smoothing.

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

1.0 - Data/MC 0.68±2.75 2.29±2.75 0.58±1.25 0.95±0.83 0.64±0.34 0.87±0.47

mjet/pjetT 0.35±6.28 4.78±5.71 3.11±2.25 2.17±1.33 1.48±0.58 1.72±0.88

Generator -2.05±2.82 -0.21±3.29 -1.09±1.53 -1.20±0.96 -1.53±0.40 -0.99±0.61

Photon Energy Scale 0.71±0.82 0.76±0.72 0.98±0.80 0.47±0.36 0.71±0.18 0.87±0.29

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

1.51±1.63 1.17±1.97 1.52±1.05 0.95±1.75 0.34±0.26 0.66±0.40

Cut on
∆φ(photon− jet)

1.13±1.37 0.71±1.30 0.12±0.55 0.22±0.30 0.03±0.10 0.21±0.16

Photon Purity 1.86±0.40 0.84±0.22 0.92±0.15 0.34±0.02 0.17±0.02 0.10±0.03

JER 0.02±0.80 -1.40±1.20 0.04±0.40 0.18±0.27 0.06±0.09 0.19±0.13

Definition of in-
side/outside large R
jet

-0.59±0.98 -0.77±1.09 0.46±0.77 0.37±0.60 -0.69±0.23 0.54±0.37

Cut on
psubleading jet
T /pγT

-0.70±1.33 -0.97±1.65 0.53±0.77 0.11±0.41 0.48±0.18 0.09±0.25

k-term -0.91±1.75 -0.88±1.41 -0.38±0.89 0.08±3.55 -0.09±0.08 -0.13±0.11

Total uncertainty 4.64±8.62 6.57±8.49 4.18±3.83 3.04±4.53 2.54±0.97 2.55±1.45

Table A.9: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV and
1.80 < |η| < 2.10 before bin merging or smoothing.
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Uncertainty [%]

Uncertainty [%] 260-310 310-400 400-500 500-600 600-800

1.0 - Data/MC 0.54±0.83 0.62±0.60 0.32±1.52 3.57±1.12 1.47±3.05

mjet/pjetT 1.41±1.34 -0.25±1.25 4.38±2.06 0.89±1.62 0.48±2.38

Generator -0.82±0.92 -1.09±0.85 -0.93±1.48 -0.49±1.79 -0.10±4.31

Photon Energy Scale 0.71±0.42 0.70±0.10 0.57±0.21 0.60±0.31 0.62±0.57

Cut on the leading
anti-kt R = 0.4 jet out-
side large R jet

0.95±0.85 0.58±0.50 0.62±0.98 1.23±1.15 3.56±3.18

Cut on
∆φ(photon− jet)

0.10±0.16 0.11±0.15 0.07±0.09 0.29±0.62 0.28±0.39

Photon Purity 0.04±0.02 0.02±0.03 -0.01±0.01 0.00±0.05 0.00±0.01

JER 0.18±0.22 -0.09±0.05 0.19±0.11 0.12±0.14 -0.03±0.46

Definition of in-
side/outside large R
jet

-1.30±0.45 -0.88±0.46 -1.93±1.48 -0.62±1.19 -2.39±2.97

Cut on
psubleading jet
T /pγT

0.35±0.38 -0.49±0.32 0.60±0.64 -0.36±0.63 0.69±1.93

k-term -0.11±0.11 0.03±0.11 0.51±2.61 0.03±7.39 -0.41±11.31

Total uncertainty 2.63±2.31 1.97±1.90 5.25±4.63 4.19±8.16 5.59±13.94

Table A.10: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV
and 1.80 < |η| < 2.10 before bin merging or smoothing.
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A.2 The Uncertainties for anti-kt R = 1.0 Trimmed Jets

Derived using γ-jet Events after Bin Merging and

Smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.3695 73.2248 98.6215 139.142 181.163 231.223

Average pjetT [GeV] 51.5045 70.8058 94.7053 134.414 175.148 223.533

1.0 - Data/MC 2.04 1.54 0.80 0.85 0.69 0.60

mjet/pjetT 0.02 0.02 0.03 0.27 0.94 0.62

Generator 0.28 0.28 0.28 0.27 0.25 0.24

Photon Energy Scale 0.62 0.57 0.50 0.57 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside large R jet

1.97 2.02 1.74 0.82 0.48 0.48

Cut on ∆φ(photon− jet) 0.56 0.56 0.50 0.14 0.03 0.01

Photon Purity 1.74 1.63 1.06 0.80 0.31 0.15

JER 0.03 0.03 0.03 0.03 0.03 0.03

Definition of inside/outside large
R jet

0.07 0.07 0.07 0.07 0.09 0.11

Cut on psubleading jet
T /pγT 0.04 0.04 0.04 0.05 0.19 0.13

k-term 0.59 0.59 0.58 0.50 0.18 0.10

Statistics 1.43 1.41 1.20 0.72 0.31 0.19

Total uncertainty 3.76 3.48 2.67 1.82 1.51 1.23

Table A.11: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV
0.00 < |η| < 0.80 after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800 800-1000

Average pγT [GeV] 281.30 345.57 439.91 540.01 664.87 865.63

Average pjetT [GeV] 272.10 333.17 424.65 524.05 642.76 836.04

1.0 - Data/MC 0.58 0.61 0.63 0.59 0.61 0.84

mjet/pjetT 0.29 0.20 0.18 0.18 0.18 0.18

Generator 0.22 0.19 0.15 0.11 0.10 0.10

Photon Energy Scale 0.64 0.64 0.62 0.61 0.60 0.59

Cut on leading anti-kt R = 0.4
jet outside large R jet

0.44 0.37 0.29 0.30 0.35 0.36

Cut on ∆φ(photon− jet) 0.02 0.02 0.03 0.03 0.03 0.04

Photon Purity 0.05 0.02 0.01 0.00 0.00 0.00

JER 0.02 0.01 0.01 0.02 0.03 0.04

Definition of inside/outside large
R jet

0.14 0.20 0.28 0.32 0.32 0.32

Cut on psubleading jet
T /pγT 0.08 0.07 0.06 0.02 0.01 0.01

k-term 0.08 0.06 0.05 0.04 0.04 0.04

Statistics 0.18 0.19 0.21 0.30 0.46 0.78

Total uncertainty 1.07 1.04 1.03 1.02 1.10 1.39

Table A.12: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 1000 GeV
0.00 < |η| < 0.80 after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.37 73.23 98.34 138.99 181.15 231.45

Average pjetT [GeV] 48.99 67.81 92.76 132.22 172.38 219.96

1.0 - Data/MC 1.85 2.69 3.07 1.54 1.45 1.96

mjet/pjetT 1.14 1.14 1.14 1.12 0.82 0.48

Generator 0.86 0.86 0.85 0.78 0.56 0.56

Photon Energy Scale 0.62 0.55 0.50 0.58 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside large R jet

1.97 2.03 1.68 0.73 0.48 0.47

Cut on ∆φ(photon− jet) 0.56 0.56 0.48 0.12 0.02 0.01

Photon Purity 2.13 1.85 1.00 0.78 0.27 0.14

JER 0.03 0.03 0.03 0.03 0.03 0.03

Definition of inside/outside large
R jet

0.07 0.07 0.07 0.07 0.09 0.11

Cut on psubleading jet
T /pγT 0.04 0.04 0.04 0.05 0.19 0.13

k-term 0.59 0.59 0.58 0.49 0.17 0.10

Statistics 2.07 1.91 1.45 0.88 0.46 0.30

Total uncertainty 4.35 4.63 4.26 2.60 2.01 2.27

Table A.13: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV
0.80 < |η| < 1.20 after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 282.05 345.11 436.77 535.26 662.67

Average pjetT [GeV] 267.40 327.76 413.10 509.20 628.28

1.0 - Data/MC 2.38 2.53 2.53 2.54 2.52

mjet/pjetT 0.73 1.09 1.19 1.11 1.09

Generator 0.58 0.52 0.36 0.23 0.21

Photon Energy Scale 0.64 0.64 0.62 0.61 0.60

Cut on leading anti-kt R = 0.4
jet outside large R jet

0.43 0.36 0.28 0.31 0.37

Cut on ∆φ(photon− jet) 0.02 0.02 0.02 0.02 0.04

Photon Purity 0.06 0.02 0.01 0.00 0.00

JER 0.02 0.01 0.01 0.02 0.03

Definition of inside/outside large
R jet

0.15 0.21 0.29 0.32 0.32

Cut on psubleading jet
T /pγT 0.08 0.07 0.06 0.03 0.03

k-term 0.08 0.06 0.05 0.04 0.04

Statistics 0.30 0.33 0.42 0.77 1.13

Total uncertainty 2.69 2.92 2.95 2.98 3.07

Table A.14: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV
0.80 < |η| < 1.20 after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.24 72.91 98.25 138.96 180.92 231.13

Average pjetT [GeV] 48.72 67.18 91.93 132.08 173.11 220.96

1.0 - Data/MC 1.81 2.75 4.02 3.66 2.02 1.90

mjet/pjetT 0.84 0.84 0.83 0.83 1.02 1.13

Generator 1.19 1.19 1.19 1.24 1.14 0.73

Photon Energy Scale 0.62 0.55 0.50 0.59 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside large R jet

1.95 2.01 1.65 0.72 0.48 0.47

Cut on ∆φ(photon− jet) 0.56 0.56 0.47 0.11 0.02 0.01

Photon Purity 2.13 1.84 1.00 0.81 0.32 0.15

JER 0.03 0.03 0.03 0.03 0.03 0.03

Definition of inside/outside large
R jet

0.07 0.07 0.07 0.07 0.09 0.11

Cut on psubleading jet
T /pγT 0.04 0.04 0.04 0.05 0.19 0.13

k-term 0.59 0.59 0.58 0.49 0.17 0.10

Statistics 2.08 1.92 1.53 1.08 0.62 0.41

Total uncertainty 4.33 4.67 5.02 4.31 2.76 2.50

Table A.15: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV
1.20 < |η| < 1.50 after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.37 345.11 438.52 540.84 663.45

Average pjetT [GeV] 269.08 329.16 419.74 520.95 640.86

1.0 - Data/MC 1.96 2.00 1.89 1.48 1.18

mjet/pjetT 0.87 0.71 0.68 0.67 0.67

Generator 0.48 0.42 0.42 0.42 0.42

Photon Energy Scale 0.64 0.64 0.62 0.61 0.60

Cut on leading anti-kt R = 0.4
jet outside large R jet

0.43 0.36 0.29 0.30 0.37

Cut on ∆φ(photon− jet) 0.02 0.02 0.02 0.02 0.03

Photon Purity 0.05 0.03 0.02 0.02 0.03

JER 0.02 0.01 0.01 0.02 0.03

Definition of inside/outside large
R jet

0.15 0.21 0.29 0.32 0.32

Cut on psubleading jet
T /pγT 0.08 0.07 0.06 0.03 0.03

k-term 0.08 0.06 0.05 0.04 0.04

Statistics 0.42 0.47 0.57 0.93 1.45

Total uncertainty 2.37 2.34 2.25 2.07 2.18

Table A.16: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV
1.20 < |η| < 1.50 after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 53.05 72.83 98.38 138.80 180.99 230.45

Average pjetT [GeV] 50.10 67.82 91.77 130.58 170.57 218.07

1.0 - Data/MC 0.71 1.22 1.92 2.05 2.17 1.97

mjet/pjetT 4.25 4.26 4.22 3.53 1.35 0.89

Generator 0.59 0.59 0.59 0.66 0.85 0.77

Photon Energy Scale 0.62 0.56 0.51 0.58 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside large R jet

0.83 0.83 0.82 0.70 0.38 0.35

Cut on ∆φ(photon− jet) 0.56 0.56 0.47 0.12 0.02 0.01

Photon Purity 1.95 1.69 0.91 0.85 0.34 0.17

JER 0.03 0.03 0.03 0.03 0.03 0.03

Definition of inside/outside large
R jet

0.07 0.07 0.07 0.07 0.09 0.11

Cut on psubleading jet
T /pγT 0.04 0.04 0.04 0.05 0.19 0.13

k-term 0.59 0.59 0.58 0.48 0.16 0.10

Statistics 2.76 2.71 2.25 1.30 0.62 0.45

Total uncertainty 5.65 5.64 5.41 4.54 2.89 2.46

Table A.17: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV
1.50 < |η| < 1.80 after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 280.86 345.07 435.99 536.82 637.53

Average pjetT [GeV] 264.34 323.52 417.75 504.81 586.38

1.0 - Data/MC 2.01 2.14 2.10 2.21 2.31

mjet/pjetT 0.85 0.89 0.96 1.01 1.02

Generator 0.64 0.61 0.64 0.68 0.68

Photon Energy Scale 0.64 0.64 0.62 0.61 0.59

Cut on leading anti-kt R = 0.4
jet outside large R jet

0.40 0.43 0.44 0.45 0.45

Cut on ∆φ(photon− jet) 0.02 0.02 0.02 0.03 0.04

Photon Purity 0.06 0.02 0.01 0.02 0.01

JER 0.02 0.01 0.01 0.02 0.04

Definition of inside/outside large
R jet

0.15 0.21 0.29 0.32 0.32

Cut on psubleading jet
T /pγT 0.08 0.07 0.06 0.03 0.03

k-term 0.08 0.06 0.05 0.04 0.04

Statistics 0.49 0.55 0.65 1.09 1.68

Total uncertainty 2.45 2.59 2.62 2.86 3.21

Table A.18: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV
1.50 < |η| < 1.80 after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.89 72.93 98.29 138.85 180.97 230.08

Average pjetT [GeV] 49.11 69.11 92.63 132.66 172.94 218.62

1.0 - Data/MC 0.66 1.15 1.58 1.02 0.83 0.77

mjet/pjetT 2.78 2.78 2.68 2.49 2.11 1.72

Generator 1.15 1.15 1.15 1.21 1.41 1.29

Photon Energy Scale 0.63 0.56 0.50 0.58 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside large R jet

0.81 0.81 0.81 0.72 0.39 0.35

Cut on ∆φ(photon− jet) 0.56 0.56 0.48 0.13 0.02 0.01

Photon Purity 1.94 1.72 0.90 0.87 0.33 0.17

JER 0.03 0.03 0.03 0.03 0.03 0.03

Definition of inside/outside large
R jet

0.07 0.07 0.07 0.07 0.09 0.11

Cut on psubleading jet
T /pγT 0.04 0.04 0.04 0.05 0.19 0.13

k-term 0.59 0.59 0.58 0.49 0.17 0.10

Statistics 2.76 2.72 2.32 1.49 0.74 0.52

Total uncertainty 4.74 4.73 4.32 3.58 2.90 2.46

Table A.19: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 45 < pγT < 260 GeV
1.80 < |η| < 2.10 after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 280.66 343.71 430.27 524.59 683.59

Average pjetT [GeV] 267.53 325.24 407.56 506.20 652.16

1.0 - Data/MC 0.72 0.66 0.68 1.19 1.83

mjet/pjetT 1.54 1.37 1.13 0.94 0.91

Generator 1.05 0.93 0.92 0.94 0.94

Photon Energy Scale 0.64 0.64 0.62 0.61 0.60

Cut on leading anti-kt R = 0.4
jet outside large R jet

0.39 0.43 0.44 0.45 0.45

Cut on ∆φ(photon− jet) 0.02 0.02 0.02 0.02 0.04

Photon Purity 0.09 0.05 0.02 0.01 0.00

JER 0.02 0.01 0.01 0.02 0.03

Definition of inside/outside large
R jet

0.15 0.21 0.29 0.32 0.32

Cut on psubleading jet
T /pγT 0.08 0.07 0.06 0.03 0.03

k-term 0.08 0.06 0.05 0.04 0.04

Statistics 0.58 0.71 0.91 1.29 1.84

Total uncertainty 2.22 2.08 2.02 2.36 3.02

Table A.20: γ-jet uncertainties for anti-kt R = 1.0 trimmed jets for 260 < pγT < 800 GeV
1.80 < |η| < 2.10 after bin merging and smoothing



Appendix B

Additional Information for the γ-jet
JES Uncertainty of Variable R Jets

B.1 The Uncertainties for VR Jets Derived using γ-jet

Events after Bin Merging and Smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 31.3291 52.2119 73.1259 98.6675 139.235 181.234 231.285

Average pjetT [GeV] 29.7932 49.649 70.2465 95.6257 134.155 173.095 217.253

1.0 - Data/MC 0.81 0.83 0.84 0.45 0.31 0.40 0.52

Generator 0.46 0.46 0.46 0.50 0.56 0.47 0.37

Photon Energy Scale 0.53 1.14 1.33 1.24 0.80 0.65 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.39 0.39 0.39 0.38 0.33 0.34 0.39

Cut on ∆φ(photon− jet) 0.15 0.21 0.88 0.35 0.13 0.04 0.03

Photon Purity 6.19 1.19 0.88 0.59 0.25 0.12 0.04

JER 0.19 0.19 0.16 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.34 0.56 0.35 0.27 0.22 0.17

k-term 1.05 1.05 1.05 0.93 0.50 0.31 0.24

Statistics 2.15 1.27 1.22 0.71 0.31 0.20 0.21

Total uncertainty 6.75 2.58 2.71 2.03 1.29 1.07 1.04

Table B.1: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 0.00 < |η| < 0.80
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800 800-1000

Average pγT [GeV] 281.48 345.47 439.89 539.52 665.29 907.44

Average pjetT [GeV] 260.35 314.04 395.69 486.94 603.42 803.55

1.0 - Data/MC 0.59 0.54 0.43 0.55 0.98 2.22

Generator 0.30 0.24 0.22 0.22 0.22 0.22

Photon Energy Scale 0.62 0.61 0.61 0.60 0.58 0.57

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.40 0.37 0.33 0.32 0.32 0.32

Cut on ∆φ(photon− jet) 0.02 0.04 0.18 0.32 0.39 0.50

Photon Purity 0.02 0.01 0.01 0.01 0.01 0.00

JER 0.01 0.01 0.01 0.01 0.01 0.01

Definition of inside/outside VR
jet

0.14 0.11 0.09 0.10 0.11 0.12

k-term 0.20 0.18 0.17 0.17 0.17 0.17

Statistics 0.24 0.29 0.44 0.81 1.85 4.45

Total uncertainty 1.05 1.00 0.99 1.28 2.25 5.05

Table B.2: γ-jet uncertainties for small VR jets for 260 < pγT < 1000 GeV 0.00 < |η| < 0.80
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 31.10 52.10 73.15 98.52 139.17 181.18 231.47

Average pjetT [GeV] 29.71 48.45 68.65 94.01 131.79 169.98 213.33

1.0 - Data/MC 0.41 1.50 0.76 0.70 1.53 2.09 2.68

Generator 0.94 0.94 0.93 0.79 0.43 0.48 0.53

Photon Energy Scale 0.54 1.13 1.33 1.24 0.80 0.65 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.51 0.51 0.51 0.47 0.35 0.35 0.40

Cut on ∆φ(photon− jet) 0.15 0.21 0.88 0.34 0.13 0.04 0.03

Photon Purity 6.41 1.07 0.97 0.82 0.25 0.11 0.04

JER 0.19 0.19 0.16 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.34 0.57 0.34 0.27 0.22 0.17

k-term 1.05 1.05 1.05 0.93 0.50 0.31 0.24

Statistics 2.85 1.54 1.50 0.94 0.48 0.33 0.33

Total uncertainty 7.21 3.08 2.98 2.36 1.98 2.33 2.87

Table B.3: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 0.80 < |η| < 1.20
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.98 345.48 437.69 534.55 674.00

Average pjetT [GeV] 254.66 306.57 382.04 478.81 597.89

1.0 - Data/MC 2.96 2.94 2.74 2.85 3.61

Generator 0.50 0.46 0.44 0.44 0.44

Photon Energy Scale 0.62 0.61 0.61 0.60 0.58

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.41 0.39 0.36 0.35 0.35

Cut on ∆φ(photon− jet) 0.02 0.04 0.17 0.33 0.38

Photon Purity 0.02 0.01 0.01 0.01 0.00

JER 0.01 0.01 0.01 0.01 0.01

Definition of inside/outside VR
jet

0.14 0.11 0.09 0.09 0.11

k-term 0.20 0.18 0.16 0.15 0.15

Statistics 0.38 0.47 0.69 1.00 1.21

Total uncertainty 3.13 3.11 2.96 3.15 3.91

Table B.4: γ-jet uncertainties for small VR jets for 260 < pγT < 800 GeV 0.80 < |η| < 1.20
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 31.74 52.09 72.88 98.53 139.29 181.12 231.28

Average pjetT [GeV] 26.73 48.55 69.65 93.21 132.44 171.05 214.78

1.0 - Data/MC 0.32 1.62 1.71 2.89 1.76 1.39 1.48

Generator 1.01 1.01 1.02 1.07 1.18 0.92 0.65

Photon Energy Scale 0.51 1.15 1.33 1.25 0.80 0.65 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.52 0.52 0.52 0.48 0.34 0.34 0.39

Cut on ∆φ(photon− jet) 0.15 0.20 0.87 0.37 0.13 0.04 0.03

Photon Purity 6.44 1.04 0.95 0.73 0.30 0.12 0.03

JER 0.19 0.19 0.16 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.33 0.56 0.36 0.27 0.22 0.17

k-term 1.05 1.05 1.05 0.94 0.49 0.31 0.24

Statistics 2.94 1.47 1.53 1.16 0.67 0.47 0.49

Total uncertainty 7.27 3.13 3.38 3.79 2.47 1.92 1.87

Table B.5: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 1.20 < |η| < 1.50
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.23 344.75 439.39 543.72 659.04

Average pjetT [GeV] 256.31 306.87 391.00 470.51 590.74

1.0 - Data/MC 1.56 1.59 1.73 2.29 3.47

Generator 0.55 0.53 0.52 0.52 0.52

Photon Energy Scale 0.62 0.61 0.61 0.60 0.58

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.41 0.39 0.36 0.35 0.35

Cut on ∆φ(photon− jet) 0.02 0.04 0.19 0.32 0.37

Photon Purity 0.02 0.02 0.01 0.00 0.00

JER 0.01 0.01 0.01 0.01 0.01

Definition of inside/outside VR
jet

0.14 0.11 0.09 0.09 0.10

k-term 0.20 0.18 0.16 0.15 0.15

Statistics 0.57 0.71 0.97 1.13 1.25

Total uncertainty 1.92 1.97 2.19 2.72 3.81

Table B.6: γ-jet uncertainties for small VR jets for 260 < pγT < 800 GeV 1.20 < |η| < 1.50
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 30.81 52.64 73.23 98.98 138.98 181.27 230.63

Average pjetT [GeV] 26.11 47.67 68.18 93.10 130.11 168.21 211.54

1.0 - Data/MC 0.35 1.59 1.13 1.66 1.71 1.82 1.98

Generator 1.56 1.56 1.56 1.49 1.28 1.14 0.91

Photon Energy Scale 0.50 1.15 1.33 1.24 0.81 0.65 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

1.16 1.15 1.13 0.90 0.30 0.15 0.14

Cut on ∆φ(photon− jet) 0.15 0.20 0.89 0.35 0.13 0.04 0.03

Photon Purity 6.45 1.06 0.95 0.67 0.31 0.18 0.08

JER 0.19 0.19 0.16 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.33 0.57 0.35 0.27 0.22 0.17

k-term 1.05 1.05 1.05 0.93 0.50 0.31 0.24

Statistics 2.96 1.49 1.62 1.27 0.74 0.54 0.59

Total uncertainty 7.46 3.50 3.54 3.24 2.51 2.35 2.37

Table B.7: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 1.50 < |η| < 1.80
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.19 344.94 437.41 542.53 645.87

Average pjetT [GeV] 250.88 299.96 382.93 442.98 539.08

1.0 - Data/MC 2.11 2.21 2.42 2.78 3.52

Generator 0.78 0.70 0.69 0.69 0.69

Photon Energy Scale 0.62 0.61 0.61 0.60 0.59

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.14 0.14 0.14 0.14 0.14

Cut on ∆φ(photon− jet) 0.02 0.04 0.21 0.30 0.37

Photon Purity 0.04 0.02 0.01 0.01 0.01

JER 0.01 0.01 0.01 0.01 0.01

Definition of inside/outside VR
jet

0.14 0.11 0.09 0.09 0.10

k-term 0.20 0.18 0.16 0.16 0.15

Statistics 0.68 0.79 1.11 1.34 1.57

Total uncertainty 2.45 2.54 2.83 3.24 3.99

Table B.8: γ-jet uncertainties for small VR jets for 260 < pγT < 800 GeV 1.50 < |η| < 1.80
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 30.85 52.44 73.04 98.61 139.03 181.16 230.49

Average pjetT [GeV] 25.71 47.14 69.90 94.05 131.80 170.68 211.94

1.0 - Data/MC 2.75 1.42 1.29 1.27 1.29 0.83 0.91

Generator 2.09 2.09 2.08 1.89 1.36 1.34 1.25

Photon Energy Scale 0.50 1.14 1.34 1.24 0.80 0.65 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.53 0.53 0.66 0.76 0.31 0.17 0.16

Cut on ∆φ(photon− jet) 0.15 0.18 0.89 0.36 0.13 0.04 0.03

Photon Purity 7.36 2.44 1.12 0.84 0.32 0.17 0.09

JER 0.19 0.19 0.15 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.31 0.58 0.36 0.27 0.22 0.17

k-term 1.05 1.05 1.05 0.93 0.50 0.31 0.24

Statistics 4.47 2.82 2.77 1.75 0.85 0.63 0.73

Total uncertainty 9.37 4.81 4.41 3.50 2.33 1.87 1.85

Table B.9: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 1.80 < |η| < 2.10
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 280.36 343.60 431.26 522.74 697.81

Average pjetT [GeV] 254.91 301.41 372.63 452.57 643.12

1.0 - Data/MC 1.37 2.04 3.42 5.60 9.54

Generator 1.16 1.12 1.10 1.07 1.08

Photon Energy Scale 0.62 0.61 0.61 0.60 0.55

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.16 0.16 0.16 0.16 0.16

Cut on ∆φ(photon− jet) 0.02 0.04 0.16 0.29 0.38

Photon Purity 0.04 0.02 0.05 0.07 0.00

JER 0.01 0.01 0.01 0.01 0.01

Definition of inside/outside VR
jet

0.14 0.11 0.09 0.09 0.11

k-term 0.20 0.18 0.16 0.16 0.15

Statistics 0.97 1.44 2.92 5.84 11.26

Total uncertainty 2.15 2.82 4.68 8.20 14.81

Table B.10: γ-jet uncertainties for small VR jets for 260 < pγT < 800 GeV 1.80 < |η| < 2.10
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 25-45 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 31.41 52.08 72.55 98.30 138.84 180.23 230.77

Average pjetT [GeV] 27.01 43.59 66.61 94.95 132.10 170.68 213.59

1.0 - Data/MC 2.68 1.50 1.39 1.38 1.10 1.06 1.33

Generator 0.76 0.76 0.76 0.76 0.87 1.19 1.35

Photon Energy Scale 0.54 1.09 1.35 1.23 0.81 0.66 0.63

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.52 0.52 0.61 0.76 0.31 0.17 0.16

Cut on ∆φ(photon− jet) 0.15 0.17 0.96 0.32 0.13 0.05 0.03

Photon Purity 7.33 2.50 1.11 0.50 0.39 0.19 0.12

JER 0.19 0.19 0.17 0.08 0.03 0.02 0.01

Definition of inside/outside VR
jet

0.21 0.29 0.65 0.34 0.27 0.23 0.18

k-term 1.05 1.05 1.05 0.92 0.50 0.32 0.25

Statistics 4.36 2.93 3.05 1.89 0.95 0.71 0.93

Total uncertainty 9.07 4.51 4.21 3.08 2.03 1.92 2.24

Table B.11: γ-jet uncertainties for small VR jets for 25 < pγT < 260 GeV 2.10 < |η| < 2.80
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 280.24 341.37 426.74 0.00 621.82

Average pjetT [GeV] 252.07 299.88 326.57 0.00 529.06

1.0 - Data/MC 1.60 1.77 1.82 3.63 3.99

Generator 1.20 0.91 0.79 0.76 0.59

Photon Energy Scale 0.62 0.62 0.62 0.13 0.60

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.16 0.16 0.16 0.52 0.16

Cut on ∆φ(photon− jet) 0.03 0.06 0.08 0.15 0.34

Photon Purity 0.10 0.07 0.06 7.79 0.01

JER 0.01 0.01 0.01 0.19 0.01

Definition of inside/outside VR
jet

0.15 0.12 0.11 0.21 0.08

k-term 0.22 0.19 0.18 1.05 0.16

Statistics 1.25 1.53 1.62 5.59 4.21

Total uncertainty 2.46 2.60 2.65 10.30 5.88

Table B.12: γ-jet uncertainties for small VR jets for 260 < pγT < 800 GeV 2.10 < |η| < 2.80
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.519 73.257 98.5723 139.181 181.206 231.246

Average pjetT [GeV] 57.7671 80.1426 106.085 145.884 187.31 236.306

1.0 - Data/MC 1.52 0.67 0.41 0.64 0.69 0.65

mjet/pjetT 0.58 0.58 0.58 0.52 0.43 0.38

Generator 0.64 0.63 0.56 0.31 0.21 0.14

Photon Energy Scale 0.69 0.81 0.89 0.69 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.77 0.77 0.70 0.53 0.47 0.41

Cut on ∆φ(photon− jet) 0.46 0.43 0.29 0.12 0.04 0.03

Photon Purity 1.13 0.73 0.57 0.26 0.13 0.05

JER 0.02 0.06 0.13 0.09 0.05 0.02

Definition of inside/outside VR
jet

0.18 0.18 0.16 0.11 0.10 0.14

Cut on psubleading jet
T /pγT 0.50 0.45 0.19 0.14 0.14 0.12

k-term 0.25 0.25 0.22 0.16 0.16 0.14

Statistics 1.42 1.28 0.75 0.32 0.20 0.19

Total uncertainty 2.83 2.25 1.79 1.34 1.19 1.11

Table B.13: γ-jet uncertainties for large VR jets for 45 < pγT < 260 GeV 0.00 < |η| < 0.80
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800 800-1000

Average pγT [GeV] 281.46 345.85 440.25 539.28 665.14 903.42

Average pjetT [GeV] 286.05 347.38 438.84 537.55 656.47 886.99

1.0 - Data/MC 0.63 0.61 0.57 0.59 0.88 1.79

mjet/pjetT 0.38 0.37 0.37 0.37 0.37 0.37

Generator 0.10 0.07 0.06 0.05 0.05 0.05

Photon Energy Scale 0.62 0.61 0.59 0.57 0.55 0.50

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.35 0.31 0.33 0.34 0.30 0.26

Cut on ∆φ(photon− jet) 0.03 0.03 0.04 0.04 0.04 0.12

Photon Purity 0.01 0.01 0.01 0.01 0.00 0.00

JER 0.00 0.00 0.00 0.00 0.00 0.00

Definition of inside/outside VR
jet

0.22 0.30 0.30 0.26 0.24 0.23

Cut on psubleading jet
T /pγT 0.12 0.17 0.22 0.25 0.26 0.26

k-term 0.10 0.06 0.02 0.01 0.01 0.01

Statistics 0.20 0.22 0.28 0.39 0.57 0.99

Total uncertainty 1.08 1.07 1.07 1.10 1.32 2.19

Table B.14: γ-jet uncertainties for large VR jets for 260 < pγT < 1000 GeV 0.00 < |η| < 0.80
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.70 73.22 98.51 139.06 181.24 231.59

Average pjetT [GeV] 54.14 76.15 102.73 141.58 182.09 230.14

1.0 - Data/MC 2.65 3.18 2.13 2.02 2.05 2.21

mjet/pjetT 0.10 0.10 0.10 0.18 0.29 0.35

Generator 0.61 0.61 0.60 0.55 0.51 0.53

Photon Energy Scale 0.69 0.80 0.89 0.69 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.77 0.73 0.67 0.52 0.47 0.41

Cut on ∆φ(photon− jet) 0.46 0.44 0.29 0.12 0.04 0.03

Photon Purity 1.08 0.79 0.65 0.25 0.12 0.05

JER 0.02 0.06 0.13 0.09 0.05 0.02

Definition of inside/outside VR
jet

0.18 0.18 0.16 0.11 0.10 0.14

Cut on psubleading jet
T /pγT 0.50 0.46 0.18 0.14 0.14 0.14

k-term 0.25 0.25 0.22 0.16 0.16 0.14

Statistics 1.47 1.34 0.85 0.42 0.29 0.29

Total uncertainty 3.51 3.82 2.75 2.35 2.30 2.44

Table B.15: γ-jet uncertainties for large VR jets for 45 < pγT < 260 GeV 0.80 < |η| < 1.20
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.90 345.29 436.99 536.50 665.16

Average pjetT [GeV] 278.12 338.71 426.34 524.75 642.14

1.0 - Data/MC 2.35 2.33 2.24 2.38 2.68

mjet/pjetT 0.35 0.35 0.35 0.35 0.35

Generator 0.49 0.34 0.19 0.16 0.16

Photon Energy Scale 0.62 0.61 0.59 0.58 0.56

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.35 0.31 0.34 0.36 0.34

Cut on ∆φ(photon− jet) 0.03 0.03 0.04 0.03 0.03

Photon Purity 0.02 0.01 0.01 0.01 0.01

JER 0.00 0.00 0.00 0.00 0.00

Definition of inside/outside VR
jet

0.22 0.30 0.30 0.26 0.25

Cut on psubleading jet
T /pγT 0.14 0.15 0.16 0.16 0.16

k-term 0.10 0.06 0.02 0.01 0.01

Statistics 0.32 0.41 0.64 0.86 0.97

Total uncertainty 2.56 2.54 2.49 2.67 2.97

Table B.16: γ-jet uncertainties for large VR jets for 260 < pγT < 800 GeV 0.80 < |η| < 1.20
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.24 73.09 98.33 139.00 180.81 231.22

Average pjetT [GeV] 49.87 71.43 98.96 139.79 180.12 228.24

1.0 - Data/MC 2.66 3.75 3.32 2.21 2.26 2.48

mjet/pjetT 2.05 2.05 2.04 1.82 1.41 1.08

Generator 0.22 0.23 0.29 0.48 0.41 0.25

Photon Energy Scale 0.68 0.80 0.91 0.68 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.78 0.73 0.68 0.52 0.47 0.41

Cut on ∆φ(photon− jet) 0.46 0.44 0.29 0.12 0.04 0.03

Photon Purity 1.09 0.80 0.76 0.29 0.14 0.05

JER 0.01 0.05 0.14 0.09 0.05 0.02

Definition of inside/outside VR
jet

0.18 0.18 0.16 0.11 0.10 0.14

Cut on psubleading jet
T /pγT 0.50 0.47 0.17 0.14 0.14 0.14

k-term 0.25 0.25 0.22 0.15 0.16 0.14

Statistics 1.54 1.44 1.02 0.57 0.40 0.40

Total uncertainty 4.06 4.77 4.28 3.11 2.85 2.86

Table B.17: γ-jet uncertainties for large VR jets for 45 < pγT < 260 GeV 1.20 < |η| < 1.50
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.62 344.98 437.88 539.60 663.41

Average pjetT [GeV] 276.59 336.99 429.41 525.07 649.13

1.0 - Data/MC 2.45 2.19 1.88 2.01 2.26

mjet/pjetT 0.97 0.90 0.81 0.76 0.75

Generator 0.21 0.26 0.32 0.34 0.34

Photon Energy Scale 0.62 0.61 0.59 0.58 0.56

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.35 0.31 0.34 0.36 0.34

Cut on ∆φ(photon− jet) 0.03 0.03 0.04 0.03 0.03

Photon Purity 0.03 0.02 0.01 0.00 0.00

JER 0.00 0.00 0.00 0.00 0.00

Definition of inside/outside VR
jet

0.22 0.30 0.30 0.26 0.25

Cut on psubleading jet
T /pγT 0.14 0.15 0.16 0.16 0.16

k-term 0.10 0.06 0.02 0.01 0.01

Statistics 0.45 0.54 0.86 1.23 1.57

Total uncertainty 2.79 2.56 2.37 2.61 2.96

Table B.18: γ-jet uncertainties for large VR jets for 260 < pγT < 800 GeV 1.20 < |η| < 1.50
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 52.67 72.97 98.38 138.95 181.23 230.85

Average pjetT [GeV] 47.77 67.53 95.18 135.84 177.51 225.01

1.0 - Data/MC 5.58 2.84 3.79 2.15 1.99 2.30

mjet/pjetT 2.04 2.04 2.03 1.72 1.20 0.98

Generator 0.34 0.36 0.48 0.79 0.75 0.60

Photon Energy Scale 0.68 0.79 0.92 0.68 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.96 0.97 1.16 1.45 0.77 0.39

Cut on ∆φ(photon− jet) 0.46 0.44 0.28 0.12 0.04 0.03

Photon Purity 1.14 0.90 0.60 0.31 0.16 0.06

JER 0.01 0.05 0.14 0.09 0.05 0.02

Definition of inside/outside VR
jet

0.18 0.18 0.16 0.11 0.10 0.14

Cut on psubleading jet
T /pγT 0.50 0.48 0.17 0.14 0.14 0.14

k-term 0.25 0.25 0.23 0.15 0.17 0.15

Statistics 6.38 3.86 1.97 0.78 0.47 0.48

Total uncertainty 8.91 5.49 5.04 3.39 2.69 2.73

Table B.19: γ-jet uncertainties for large VR jets for 45 < pγT < 260 GeV 1.50 < |η| < 1.80
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 281.29 344.84 437.19 540.20 641.43

Average pjetT [GeV] 272.81 332.60 427.12 519.94 596.28

1.0 - Data/MC 2.44 2.03 1.23 1.41 1.77

mjet/pjetT 0.90 0.72 0.33 0.17 0.14

Generator 0.52 0.48 0.47 0.47 0.47

Photon Energy Scale 0.62 0.61 0.59 0.57 0.57

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.32 0.30 0.27 0.26 0.26

Cut on ∆φ(photon− jet) 0.03 0.03 0.03 0.03 0.03

Photon Purity 0.02 0.01 0.02 0.02 0.01

JER 0.00 0.00 0.00 0.00 0.00

Definition of inside/outside VR
jet

0.22 0.30 0.30 0.26 0.25

Cut on psubleading jet
T /pγT 0.14 0.15 0.16 0.16 0.16

k-term 0.10 0.06 0.02 0.01 0.01

Statistics 0.55 0.68 1.03 1.35 1.54

Total uncertainty 2.81 2.43 1.86 2.13 2.50

Table B.20: γ-jet uncertainties for large VR jets for 260 < pγT < 800 GeV 1.50 < |η| < 1.80
after bin merging and smoothing

Uncertainty [%]

pγT [GeV] 45-65 65-85 85-110 110-160 160-210 210-260

Average pγT [GeV] 53.02 72.57 98.30 138.93 181.04 229.68

Average pjetT [GeV] 47.61 67.20 92.05 133.35 176.90 224.22

1.0 - Data/MC 5.52 1.87 0.80 1.11 1.10 1.02

mjet/pjetT 1.94 1.94 1.94 2.06 1.75 0.89

Generator 0.24 1.03 2.81 2.25 1.51 1.19

Photon Energy Scale 0.68 0.80 0.92 0.68 0.61 0.62

Cut on the leading anti-kt R =
0.4 jet outside VR jet

0.96 0.97 1.14 1.49 0.75 0.39

Cut on ∆φ(photon− jet) 0.46 0.44 0.29 0.12 0.04 0.03

Photon Purity 1.14 0.91 0.84 0.32 0.15 0.06

JER 0.02 0.05 0.14 0.08 0.05 0.02

Definition of inside/outside VR
jet

0.18 0.18 0.17 0.11 0.10 0.14

Cut on psubleading jet
T /pγT 0.50 0.47 0.18 0.14 0.14 0.14

k-term 0.25 0.25 0.23 0.15 0.17 0.15

Statistics 6.38 3.74 1.96 0.96 0.61 0.59

Total uncertainty 8.84 5.03 4.39 3.79 2.81 2.05

Table B.21: γ-jet uncertainties for large VR jets for 45 < pγT < 260 GeV 1.80 < |η| < 2.10
after bin merging and smoothing
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Uncertainty [%]

pγT [GeV] 260-310 310-400 400-500 500-600 600-800

Average pγT [GeV] 280.33 343.35 429.71 528.86 683.59

Average pjetT [GeV] 274.16 334.62 417.13 522.64 656.52

1.0 - Data/MC 0.87 0.67 0.60 1.27 2.47

mjet/pjetT 0.44 0.33 0.31 0.31 0.31

Generator 1.03 0.87 0.74 0.71 0.70

Photon Energy Scale 0.62 0.61 0.60 0.58 0.56

Cut on leading anti-kt R = 0.4
jet outside VR jet

0.32 0.30 0.28 0.26 0.26

Cut on ∆φ(photon− jet) 0.03 0.03 0.04 0.03 0.03

Photon Purity 0.02 0.01 0.01 0.02 0.00

JER 0.00 0.00 0.00 0.00 0.00

Definition of inside/outside VR
jet

0.22 0.30 0.31 0.26 0.24

Cut on psubleading jet
T /pγT 0.14 0.15 0.16 0.16 0.16

k-term 0.10 0.06 0.03 0.01 0.01

Statistics 0.72 0.99 1.39 1.64 1.88

Total uncertainty 1.76 1.69 1.87 2.32 3.27

Table B.22: γ-jet uncertainties for large VR jets for 260 < pγT < 800 GeV 1.80 < |η| < 2.10
after bin merging and smoothing
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