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Abstract

The Cabibbo suppressed production of Λ baryons in anti-neutrino interactions with nuclei is
a rare process that is yet to be measured with a modern neutrino detector with automated
reconstruction. The cross section for this process is sensitive to a number of unique nuclear
effects, most notably the secondary interactions of the produced hyperon while attempting
to escape from the nucleus. Other interactions within the nuclear remnant can impact the
estimation of neutrino energy in oscillation measurements, and thus an accurate description
of the nuclear environment is required. The strangeness violating hyperon production process
is only available to anti-neutrinos.

The model of this interaction is implemented into the NuWro neutrino interaction Monte
Carlo simulation, and some predictions are presented, focusing on the role of nuclear effects.
This model introduces a hyperon-nucleus potential, which calculations from hypernuclear
theory permit to be strongly repulsive in the case of Σ baryons. The presence of this potential
is found to sculpt the shape of the differential cross section in some variables.

The MicroBooNE detector will be described, followed by a description of a measurement
of the flux averaged, restricted phase space cross section of Cabibbo suppressed Λ baryon
production. A sophisticated event selection is employed, as a very large quantity of
background neutrino interactions must be removed to perform the measurement with any
sensitivity. This selection introduces some novel techniques such as the island finding
method, and achieves a background reduction of � 106, with an efficiency of around 7%.
The calculation of the systematic uncertainties will be explained, including two procedures
explored to handle sources of background with extremely poor simulation statistics: an in-
situ constraint using data from sidebands, and a visual inspection of the data and simulation
to remove the troublesome background events.

The sensitivity to the Λ baryon production cross section is calculated in the form of
Bayesian posterior probability distributions, combining the systematic uncertainties with
data and simulation statistical uncertainties. As a rare process, the statistical uncertainties
are highly non-Gaussian, and the Bayesian approach is applied to include the full shapes of
these uncertainties. Data corresponding to 2.2 � 1020 protons on target of neutrino mode
running and 4.9 � 1020 protons on target of anti-neutrino running is analysed. When the
data was unblinded, five Λ production candidates were selected from the data, consistent
with the MC simulation prediction of 5.3 � 1.1 events. The final estimated cross section is
1.8+2:0
�1:6 � 10�40cm2/Ar when employing the sideband constraint procedure. A similar result

of 2.0+2:2
�1:8� 10�40cm2/Ar is obtained when performing the visual scan instead. The methods
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used in this analysis are intended to be easily exported to other LArTPC detectors such as
the Short Baseline Near Detector.

iii



Publications

The following publications have been generated while developing this thesis, and to an extent
have guided this thesis into what it has become:

Much of the discussion in Chapter 2 was previously published in C. Thorpe et al. “Second
class currents, axial mass, and nuclear effects in hyperon production”. Phys. Rev. C 104.3
(2021), p. 035502.

The author of this thesis contributed material describing the fitting procedure applied
in Section 5.6 to: J. Calcutt et al. “Geant4Reweight: a framework for evaluating and
propagating hadronic interaction uncertainties in Geant4”. JINST 16.08 (2021), P08042.

The main measurement described in Chapters 4- 6 has been published as: P. Abratenko et al.
“First Measurement of Quasielastic Λ Baryon Production in Muon Antineutrino Interactions
in the MicroBooNE Detector”. Phys. Rev. Lett. 130.23 (2023), p. 231802.

iv



Acknowledgements

Firstly, I would like to thank my wonderful supervisor, Professor Jaros law Nowak, for his
guidance, enthusiasm, and ability to find me so many opportunities to share my work with
others (or “throwing me under the bus”, as you once put it).

I could never have completed this thesis without the support of my collaborators on
MicroBooNE. The list of people I’m indebted to is far too long to write here, so instead
I give special mentions to Kirsty Duffy, Elena Gramellini, Lauren Yates, Steven Gardiner,
Afroditi Papadopoulou, Krishan Mistry, Matt Toups, David Caratelli, Sophie Berkman, Andy
Furmanski, Tim Bolton, Vassili Papavassiliou, and Justin Evans. To my hand scanners, David
Marsden, Niam Patel, Ishanee Pophale, and Natsumi Taniuchi, I think I still owe each one
of you a drink!

Much of what I present in this thesis was motivated by the work I began as an MPhys
student working on NuWro, which I was able to continue with the help of Jan Sobczyk,
Cezary Juszczak, and Kajetan Niewczas (the latter also becoming an excellent tour guide
when I came to visit Wroc law).

I wish to thank Andy Blake for a fantastic internship (also about hyperons) all those years
ago and for showing me how to write my first Root macro, and Dom Brailsford for knowing
how to ask challenging questions, but always helping me to figure out the answers.

My time in Lancaster has been made far more enjoyable by the other PhD students and
postdocs (and taxidermied animals) I was lucky enough to share an office with: Ishanee,
Katherine, Niam, Will, Henry, Lingxin, Elliot, Ruby, Ryan, and Neza. I’m especially thankful
to Tristan Doyle for providing some calming advice and encouragement concerning applying
to PhDs, and later research positions, when I really needed it.

Last, but certainly not least, I will always be grateful to Mum, Dad, Emily, Becky, and the
rest of my family, for their love and support.

v



In loving memory of Grandma Lily

vi



Contents

1 The Neutrino 1
1.1 Proposal and Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Trouble with � Decay . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 The Electron Neutrino . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.3 The Muon Neutrino . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.4 The Tau Neutrino . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.5 How Many Flavours? . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 The Standard Model Neutrino . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Symmetries of the Standard Model . . . . . . . . . . . . . . . . . . . 5
1.2.2 Neutrino Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 Neutrino Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Neutrino Oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.1 Experimental Hints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Mathematical Description . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Short Baseline Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4.1 Gallium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4.2 LSND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.3 The MiniBooNE Low Energy Excess . . . . . . . . . . . . . . . . . . 13
1.4.4 Neutrino-4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.5 The Sterile Neutrino: A Solution? . . . . . . . . . . . . . . . . . . . . 15

1.5 Neutrino Interaction Processes . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.5.1 Elastic and Quasi-Elastic . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.5.2 Resonance Production (RES) . . . . . . . . . . . . . . . . . . . . . . 19
1.5.3 Deep Inelastic Scattering (DIS) . . . . . . . . . . . . . . . . . . . . . 21
1.5.4 Meson Exchange Current (MEC) . . . . . . . . . . . . . . . . . . . . 22
1.5.5 Coherent Neutrino-Nucleus Scattering (COH) . . . . . . . . . . . . . 22
1.5.6 Nuclear E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.5.7 Measuring Oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.6 Summary of Chapter 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.7 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

vii



2 Direct Hyperon Production 27
2.1 Hyperons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2 Free Nucleon Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2.1 Matrix Element . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.2 Form Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.3 Predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3 Nuclear E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.1 Struck Nucleon Kinematics . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.2 Final State Interactions . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.3 The Hyperon-Nucleus Potential . . . . . . . . . . . . . . . . . . . . . 39

2.4 Comparisons Betweem NuWro and GENIE . . . . . . . . . . . . . . . . . . . 42
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 MicroBooNE 46
3.1 The Liquid Argon Time Projection Chamber . . . . . . . . . . . . . . . . . . 46
3.2 The MicroBooNE LArTPC . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.1 Cryostat and Charge Readout . . . . . . . . . . . . . . . . . . . . . . 50
3.2.2 Light Collection System . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.3 Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.4 Detector E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.5 Particle Identi�cation Methods . . . . . . . . . . . . . . . . . . . . . 56

3.3 The BNB and NuMI Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.4 Event Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4.1 Neutrino Fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.2 Neutrino Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4.3 Particle Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.4.4 Detector Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.4.5 Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.4.6 NuWro An Alternative Event Generator . . . . . . . . . . . . . . . . 71

3.5 Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.5.1 Hit Finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.5.2 Tracks, Showers, and Vertices . . . . . . . . . . . . . . . . . . . . . . 74
3.5.3 Truth Matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Event Selections 77
4.1 Signal De�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.1.1 Which Decay Mode? . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.1.2 Detection Thresholds and Phase Space . . . . . . . . . . . . . . . . . 79
4.1.3 BNB or NuMI? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.1.4 Flux-Averaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

viii



4.1.5 Signal Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.2 Monte Carlo Simulation and Data Samples . . . . . . . . . . . . . . . . . . . 83

4.2.1 Hyperon Only Samples . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2.2 Neutron Only Samples . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2.3 Background Neutrino Interactions . . . . . . . . . . . . . . . . . . . . 85
4.2.4 Out-of-cryostat (Dirt) Samples . . . . . . . . . . . . . . . . . . . . . 85
4.2.5 EXT Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3 Preselection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.3.1 Reconstructed Vertex Location and the Fiducial Volume . . . . . . . 86
4.3.2 Three Track Requirement . . . . . . . . . . . . . . . . . . . . . . . . 86
4.3.3 Zero Shower Requirement . . . . . . . . . . . . . . . . . . . . . . . . 89

4.4 Muon Identi�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.4.1 Reasoning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.4.2 The Log-likelihood Ratio PID . . . . . . . . . . . . . . . . . . . . . . 90
4.4.3 Quality Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.4.4 Optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.5 Selection of the Proton and Pion Tracks . . . . . . . . . . . . . . . . . . . . 94
4.5.1 Useful Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.5.2 The Three Plane MeandE=dx . . . . . . . . . . . . . . . . . . . . . . 95
4.5.3 Boosted Decision Trees . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.5.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.6 Kinematic Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.6.1 Proton and Pion Momentum Estimation . . . . . . . . . . . . . . . . 106
4.6.2 Reconstructed Invariant Mass . . . . . . . . . . . . . . . . . . . . . . 107
4.6.3 Angular Deviation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.7 Island Finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.7.1 Reconstructed Decay Length . . . . . . . . . . . . . . . . . . . . . . . 110
4.7.2 Island Finding Algorithm . . . . . . . . . . . . . . . . . . . . . . . . 112
4.7.3 Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.8.1 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.8.2 Response to Other Sources of Hyperons . . . . . . . . . . . . . . . . . 121
4.8.3 The Mis-reconstruction Background . . . . . . . . . . . . . . . . . . . 123
4.8.4 The Neutron Background . . . . . . . . . . . . . . . . . . . . . . . . 124
4.8.5 Phase Space Dependence . . . . . . . . . . . . . . . . . . . . . . . . . 127

5 Uncertainties 131
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.2 Treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
5.3 Low Simulation Statistics Background . . . . . . . . . . . . . . . . . . . . . 134

ix



5.3.1 Sideband Constraint . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.3.2 Visual Scanning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.4 Neutrino Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.4.1 Hadron Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.4.2 Beamline Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.4.3 POT Counting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.4.4 Summary of Flux Uncertainties . . . . . . . . . . . . . . . . . . . . . 146

5.5 Background Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.5.1 The MicroBooNE Cross Section Tune and Uncertainties . . . . . . . 147
5.5.2 Alternative Models and CCQE RPA . . . . . . . . . . . . . . . . . . 149
5.5.3 CCQE Hyperon Cross Sections . . . . . . . . . . . . . . . . . . . . . 150
5.5.4 Summary of Background Cross Section Uncertainties . . . . . . . . . 151

5.6 Secondary Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
5.6.1 Protons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.6.2 � Baryons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.6.3 Charged Pions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.6.4 Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.6.5 Summary of Secondary Interaction Uncertainties . . . . . . . . . . . . 160

5.7 Detector Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.7.1 Detector Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.7.2 Light Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
5.7.3 Wire Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
5.7.4 Recombination Model . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.7.5 Space Charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.7.6 Detector Uncertainties Summary . . . . . . . . . . . . . . . . . . . . 167

5.8 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.8.1 Visual Scanning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.8.2 Sideband Fit Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . 169
5.8.3 Signal Selection E�ciency . . . . . . . . . . . . . . . . . . . . . . . . 170
5.8.4 Out-of Cryostat Contribution . . . . . . . . . . . . . . . . . . . . . . 170

5.9 Summary of Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . 172
5.10 Cross Section Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

5.10.1 Data Statistical Uncertainties . . . . . . . . . . . . . . . . . . . . . . 174
5.10.2 Monte Carlo Statistical Uncertainties . . . . . . . . . . . . . . . . . . 175
5.10.3 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6 Result and Summary 178
6.1 Selected Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
6.2 Visual Scan of Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
6.3 Cross Section Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

x



6.4 Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
6.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

References 185

Appendix A Partial Phase Space De�nition 196

Appendix B Selection Performance Tables 199

Appendix C Vertex Finding 201

Appendix D Systematics Calculations 204
D.1 Beamline Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
D.2 Background Cross Section Uncertainties . . . . . . . . . . . . . . . . . . . . 207
D.3 Light Yield Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Appendix E When Applying the Visual Scan 210
E.1 Neutrino Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
E.2 Background Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
E.3 Secondary Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
E.4 Detector Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

Appendix F Data MC Comparisons 220
F.1 Normalisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
F.2 Vertex x position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
F.3 Vertex y position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
F.4 Vertex z position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
F.5 Leading Track Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
F.6 Second Track Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
F.7 Leading Track Polar Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
F.8 Leading Track Azimuthal Angle . . . . . . . . . . . . . . . . . . . . . . . . . 226
F.9 BDT Input Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
F.10 BDT Response Score . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
F.11 Kinematic Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
F.12 Sidebands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

Appendix G Flux 231

xi



List of Figures

1.1 Spark Chamber� � Candidate . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Four � � Events Observed by the DONUT Experiment . . . . . . . . . . . . . 4
1.3 Number of Neutrino Flavours from the Z Boson Decay Width . . . . . . . . 5
1.4 Neutrino Feynman Vertices . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Results of Gallium Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.6 Electron Neutrino Excess Observed By LSND . . . . . . . . . . . . . . . . . 13
1.7 Particle Identi�cation in MiniBooNE . . . . . . . . . . . . . . . . . . . . . . 14
1.8 The MiniBooNE Low Energy Excess . . . . . . . . . . . . . . . . . . . . . . 15
1.9 Values of � m2 and sin2 (� ) Required by MiniBooNE . . . . . . . . . . . . . . 16
1.10 Signal Observed by Neutrino-4 . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.11 Separate Fits to Short Baseline Appearance and Disappearance Data . . . . 18
1.12 Feynman Diagrams of Elastic and Quasi-elastic Neutrino Interactions . . . . 19
1.13 Feynman Diagram of a Resonant Neutrino Interaction . . . . . . . . . . . . . 20
1.14 Event Rate at Di�erent W for the Neutrino Event Generators . . . . . . . . 21
1.15 Feynman Diagram of Meson Exchange Current . . . . . . . . . . . . . . . . . 22
1.16 Feynman Diagram of Charged Current Coherent Pion Production . . . . . . 23
1.17 Illustration of Nuclear E�ects in Scattering . . . . . . . . . . . . . . . . . . . 24

2.1 Annotated Feynman Diagram of Hyperon Production . . . . . . . . . . . . . 29
2.2 �� � + p ! � + � + Measurements vs NuWro Predictions . . . . . . . . . . . . 35
2.3 �� � + p ! � 0 + � + Measurements vs NuWro Predictions . . . . . . . . . . . . 36
2.4 Hyperon Production Cross Sections for �� � + C Before and After FSI . . . . . 39
2.5 Predicted limits on neutron/hyperon star masses . . . . . . . . . . . . . . . . 40
2.6 � 0 Kinetic Energy Distributions Using Di�erent Hypernuclear Potentials . . 43
2.7 Comparisons of Di�erential Cross Sections Between NuWro and GENIE for �

Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.8 Comparisons of Di�erential Cross Sections Between NuWro and GENIE for

� 0 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1 Operational Principle of the LArTPC . . . . . . . . . . . . . . . . . . . . . . 48
3.2 Example MicroBooNE Event Display . . . . . . . . . . . . . . . . . . . . . . 49

xii



3.3 Diagram of MicroBooNE Cryostat and Field Cage . . . . . . . . . . . . . . . 51
3.4 Diagram of the MicroBooNE TPC . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5 Diagram of a MicroBooNE Photomultiplier Tube . . . . . . . . . . . . . . . 53
3.6 The Space Charge E�ect in MicroBooNE . . . . . . . . . . . . . . . . . . . . 55
3.7 E�ect of Dead Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.8 The Bethe-Bloch Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.9 Predicted Energy Loss Rates for Protons, Kaons, Charged Pions, and Muons 58
3.10 Event Display of Simulated Muon . . . . . . . . . . . . . . . . . . . . . . . . 59
3.11 Event Display of Simulated Proton . . . . . . . . . . . . . . . . . . . . . . . 59
3.12 Event Display of Simulated� + . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.13 Event Display of SimulatedK + . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.14 Event Display of Simulatede� . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.15 Diagram of Electromagnetic Shower Development . . . . . . . . . . . . . . . 62
3.16 ShowerdE=dx of Photons and Electrons . . . . . . . . . . . . . . . . . . . . 62
3.17 Event Display of Simulated� 0 . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.18 Position of MicroBooNE in the NuMI Beamline . . . . . . . . . . . . . . . . 65
3.19 The Booster Neutrino Beam Flux . . . . . . . . . . . . . . . . . . . . . . . . 66
3.20 The NuMI Beam Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.21 Example of Overlay Event . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.22 CCQE Cross Section of GENIE and NuWro . . . . . . . . . . . . . . . . . . 72
3.23 Validation of the NuWro Flux/Geometry Simulation . . . . . . . . . . . . . 73
3.24 Creating Hits from Wire Signals . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.25 Pandora Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.1 Event Display of Simulated � Production Interaction in MicroBooNE . . . . 78
4.2 Phase Space Acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.3 Anti-neutrino 
uxes For Available Data . . . . . . . . . . . . . . . . . . . . . 81
4.4 Predicted Numbers of Tracks . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.5 Examples of Failed Reconstruction of the � Baryon Decay Vertex . . . . . . 88
4.6 Predicted Numbers of Showers . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.7 Particles Creating the Longest Track . . . . . . . . . . . . . . . . . . . . . . 90
4.8 The Log-likelihood PID Score for Di�erent Particles . . . . . . . . . . . . . . 92
4.9 Muon ID Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.10 BDT Input Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.11 Lengths of � Decay Product Tracks . . . . . . . . . . . . . . . . . . . . . . . 98
4.12 Log-likelihood PID Score and Three Plane MeandE=dx Calculated for Tracks

of Di�erent Lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.13 Example of a Decision Tree . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.14 BDT Response Score Distributions . . . . . . . . . . . . . . . . . . . . . . . 102
4.15 Decay Selection MVA ROC Curves . . . . . . . . . . . . . . . . . . . . . . . 104

xiii



4.16 Muon/Proton/Pion Confusion Matrix . . . . . . . . . . . . . . . . . . . . . . 105
4.17 Proton and Pion Momentum Estimator Performances . . . . . . . . . . . . . 107
4.18 Reconstructed Invariant Mass Distributions for Signal and Background . . . 108
4.19 Diagram of Angular Deviation Calculation . . . . . . . . . . . . . . . . . . . 109
4.20 Angular Deviation Values Calculated for Signal and Background . . . . . . . 110
4.21 Event Display with Displaced Vertex . . . . . . . . . . . . . . . . . . . . . . 111
4.22 Reconstructed Decay Length Calculated for Signal and Background . . . . . 112
4.23 Background Event with Unexpectedly Large Decay Length . . . . . . . . . . 113
4.24 Example of Island Finding Algorithm Applied to a Signal Event . . . . . . . 115
4.25 Example of Island Finding Algorithm Applied to a Background Event . . . . 116
4.26 Example of Bad Reconstruction Background . . . . . . . . . . . . . . . . . . 124
4.27 Example of Bad Reconstruction Background . . . . . . . . . . . . . . . . . . 125
4.28 Event Display of the Neutron Background . . . . . . . . . . . . . . . . . . . 126
4.29 Comparison of the Signal and Neutron Background with the Kinematic

Variables Employed by the Event Selection . . . . . . . . . . . . . . . . . . . 126
4.30 E�ciency as a Function of Anti-neutrino Energy . . . . . . . . . . . . . . . . 128
4.31 E�ciency as a Function of � Baryon Momentum . . . . . . . . . . . . . . . 128
4.32 E�ciency as a Function of the � Baryon Range . . . . . . . . . . . . . . . . 129
4.33 E�ciency as a Function of the Opening Angle Between the Proton and� � . 129
4.34 E�ciency as a Function of the Opening Angle Between the Proton and� � . 130

5.1 Breakdown of Signal and Background Passing Automated Event Selection . . 132
5.2 Regions De�ning the Near and Far Sideband Regions . . . . . . . . . . . . . 136
5.3 Data Used in Sideband Constraint . . . . . . . . . . . . . . . . . . . . . . . . 137
5.4 Breakdown of Predicted backgrounds Before and After Application of the

Sideband Constraint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.5 Visual Output of Island Finding Given to Hand Scanners (Signal) . . . . . . 139
5.6 Visual Output of Island Finding Algorithm Given to Hand Scanners (Back-

ground) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.7 Breakdown of Predicted backgrounds Before and After Application of the

Hand Scanning Weights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
5.8 Fractional Uncertainties in Flux At Di�erent Neutrino Energies/Directions . 143
5.9 Flux Simulation's Hadron Production Variations . . . . . . . . . . . . . . . . 144
5.10 Predicted Neutrino Energies and Directions of the Selected Signal Events . . 144
5.11 Fractional Uncertainties from Flux . . . . . . . . . . . . . . . . . . . . . . . 146
5.12 Selected Signal and Background with Background Cross Section Variations

with Fractional Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . 149
5.13 Background CCQE-like Hyperon Production Variations . . . . . . . . . . . . 150
5.14 Breakdown of fractional uncertainties. . . . . . . . . . . . . . . . . . . . . . . 152
5.15 Summary of Background Cross Section Uncertainties . . . . . . . . . . . . . 152

xiv



5.16 Selected Signal and Background with theGeant 4 p� Ar Cross Section
Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.17 Selected Signal and Background with theGeant 4 � � Ar Cross Section
Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.18 Charged Pion Exclusive Channel Rates . . . . . . . . . . . . . . . . . . . . . 157
5.19 Sample of Data Fitted with Geant4Reweight . . . . . . . . . . . . . . . . . . 157
5.20 Selected Signal and Background with theGeant 4 � � � Ar Cross Section

Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.21 CAPTAIN n� Ar Cross Section Data Compared withGeant 4 Predictions . 160
5.22 Selected Signal and Background with theGeant 4 n� Ar Cross Section

Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.23 Fractional Uncertainties in Signal and Background from Secondary Interactions162
5.24 Predicted Signal and Background with the Wire Response Variations . . . . 165
5.25 Predicted Signal and Background with the Alternative Recombination Model

and Fractional Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . . 166
5.26 Predicted Signal and Background with the Alternative Space Charge Map and

Fractional Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.27 Summary of Detector Response Uncertainties . . . . . . . . . . . . . . . . . 167
5.28 Hand Scan Uncertainty Variations . . . . . . . . . . . . . . . . . . . . . . . . 169
5.29 Sideband Fit Error Variations . . . . . . . . . . . . . . . . . . . . . . . . . . 169
5.30 Cross Section Shape Variations . . . . . . . . . . . . . . . . . . . . . . . . . 171
5.31 Breakdown of Uncertainties in the Predicted Signal and Background in

Di�erent Categories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.32 Bayesian Posterior Probability Density Distributions Describing Data Statis-

tical Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
5.33 Bayesian Posterior Probability Density Distributions Describing MC Simula-

tion Statistical Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
5.34 Final Sensitivity Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6.1 The Five Selected Data Events . . . . . . . . . . . . . . . . . . . . . . . . . 179
6.2 Hand Scanning Results for Both Sets of Simulation Events . . . . . . . . . . 181
6.3 Unblinded Cross Section Probability Distributions . . . . . . . . . . . . . . . 182
6.4 Distributions of data events after compete selection. . . . . . . . . . . . . . . 184

C.1 Diagram of the Vertex Finding Procedure . . . . . . . . . . . . . . . . . . . 203

D.1 Predicted Signal and Background for the Beamline Geometry Variations . . 206
D.2 Selected Signal and Background with Alternative Background Cross Section

Models and CCQE RPA Variations . . . . . . . . . . . . . . . . . . . . . . . 208
D.3 Predicted Signal and Background for the Light Yield Variations . . . . . . . 209

xv



E.1 Selected signal/background. . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
E.2 Production Variations from the Flux Simulation . . . . . . . . . . . . . . . . 210
E.3 Predicted Signal and Background for the Beamline Geometry Variations . . 212
E.4 Selected Signal and Background with Background Cross Section Variations

with Fractional Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . 213
E.5 Background CCQE-like Hyperon Production Variations . . . . . . . . . . . . 213
E.6 Selected Signal and Background with Alternative Background Cross Section

Models and CCQE RPA Variations . . . . . . . . . . . . . . . . . . . . . . . 215
E.7 Secondary Interaction Cross Section Variations . . . . . . . . . . . . . . . . . 216
E.8 Neuton Cross Section Variations . . . . . . . . . . . . . . . . . . . . . . . . . 217
E.9 Detector Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

F.1 Data/Monte Carlo Simulation Comparisons: Normalisation . . . . . . . . . . 221
F.2 Data/Monte Carlo Simulation Comparisons:x Vertex Position . . . . . . . . 222
F.3 Data/Monte Carlo Simulation Comparisons:y Vertex Position . . . . . . . . 223
F.4 Data/Monte Carlo Simulation Comparisons:z Vertex Position . . . . . . . . 224
F.5 Data/Monte Carlo Simulation Comparisons: Leading Track Length . . . . . 225
F.6 Data/Monte Carlo Simulation Comparisons: Second Longest Track Length . 225
F.7 Data/Monte Carlo Simulation Comparisons: Leading Track� Angle . . . . . 226
F.8 Data/Monte Carlo Simulation Comparisons: Leading Track� Angle . . . . . 226
F.9 Data/Monte Carlo Simulation Comparisons: BDT Input Variables . . . . . . 228
F.10 Data/Monte Carlo Simulation Comparisons: BDT Response Score . . . . . . 228
F.11 Data/MC Simulation Comparisons: Kinematic Variables . . . . . . . . . . . 229
F.12 Data/MC Simulation Comparisons: Sidebands . . . . . . . . . . . . . . . . . 230

xvi



List of Tables

1.1 Global Fit of Oscillation Parameters . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Hyperon Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2 Hyperon Production Form Factors . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 Symmetry breaking corrections from Ref.[84]. . . . . . . . . . . . . . . . . . 34

3.1 Details of the Three Wire Planes in the MircoBooNE TPC . . . . . . . . . . 51
3.2 MicroBooNE's Data Taking Periods . . . . . . . . . . . . . . . . . . . . . . . 67
3.3 Neutrino Interaction models employed by MicroBooNE . . . . . . . . . . . . 69

4.1 Number of Signal Events Expected from Each Data Taking Period . . . . . . 83
4.2 Integrated ROC Curve Values for MVA Algorithms . . . . . . . . . . . . . . 104
4.3 Performance of the Island Finding . . . . . . . . . . . . . . . . . . . . . . . . 117
4.4 Selection Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.5 Selection Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.6 Reduction of the Direct � 0 Background from the Event Selection . . . . . . 121
4.7 Reduction of the RESHyperon Background from the Event Selection . . . . . 122
4.8 Reduction of the DIS Hyperon Background from the Event Selection . . . . 123

5.1 Results of the Visual Scanning Study . . . . . . . . . . . . . . . . . . . . . . 140
5.2 Beamline Geometry Parameters Varied . . . . . . . . . . . . . . . . . . . . . 145
5.3 Fractional Covariance in� , �, and B from Neutrino Flux Systematics . . . . 146
5.4 Background Cross Section Parameters Varied in Parallel . . . . . . . . . . . 148
5.5 Alternative Background Cross Section Model Variations . . . . . . . . . . . . 150
5.6 Fractional Covariance in� , �, and B from Cross Section Systematics . . . . 151
5.7 List of Pion Reinteraction Channels . . . . . . . . . . . . . . . . . . . . . . . 156
5.8 � + Fit Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.9 � + Fit Covariance Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.10 Fractional Covariance in� , �, and B from Secondary Interaction Systematics 161
5.11 List of Detector Model Variations . . . . . . . . . . . . . . . . . . . . . . . . 163
5.12 Fractional Covariance in� , �, and B from Detector Response Systematics . . 167

xvii



5.13 Fractional Covariance in� , �, and B. . . . . . . . . . . . . . . . . . . . . . . 173

6.1 Data Events Selected by Visual Scanners . . . . . . . . . . . . . . . . . . . . 180

B.1 Event Selection Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

G.1 Muon Anti-neutrino Flux Corresponding to Data Analysed . . . . . . . . . . 232

xviii



Chapter 1

The Neutrino

1.1 Proposal and Discovery

1.1.1 Trouble with � Decay

Measurements of the radioactive� decay of nuclei in the early 20th century exhibited
a puzzling feature: a single electron was emitted, with a continuous spectrum of kinetic
energies. This observation con
icts with several well established conservation laws, namely
those applying to energy, momentum, and angular momentum.

In what he described as a \desperate remedy", Wolfgang Pauli postulated the presence of
a third particle that could carry the missing energy, momentum, and angular momentum [4].
So described, as this third particle would carry no electric charge, and only make its presence
known through the disappearance of the aforementioned quantities, interacting with matter
only very weakly rendering direct detection virtually impossible. Pauli named this particle
the \Neutron", though this name was also given to the neutrally charged nuclear particle
discovered by James Chadwick. Enrico Fermi suggested the light neutral particle produced
in � decay instead be named the \Neutrino", meaning \little neutral one", which has been
in use ever since. In the same paper, Fermi constructed a quantitative description of� decay
involving the new particle [5].

1.1.2 The Electron Neutrino

Two decades after Pauli's proposal, in an experiment �rst proposed in Ref. [6], Fredrick Reins
and Clyde Cowan attempted to directly detect electron anti-neutrinos produced by nuclear
reactor at the Hanford site in the state of Washington, USA (and repeated at the Savannah
River Plant, South Carolina), through the process of inverse� decay:

�� e + p ! n + e+ ; (1.1)
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Chapter 1. The Neutrino 1.1. Proposal and Discovery

the cross section of which could be estimated from Fermi's theory of� decay.
Their detector comprised several layers of dissolved cadmium-chloride, employed as a

target material, separated by tanks of liquid scintillator instrumented with photomultiplier
tubes (PMTs) [7, 8]. The interaction of an electron neutrino would be detected by �rst
observing scintillation light produced when the the positron underwent annihilation with
an electron in the detector, producing a \prompt" light signal, followed by a delayed light
signal when the neutron was captured by a cadmium nucleus, resulting in a
 ray photon.
The experiment recorded a signal to background ratio of approximately 3. Additional tests
performed included comparing changes in the observed event rate to those in the power
output of the reactor, and replacing the water in the target volumes with heavy water (D2O),
e�ectively halving the mass in the detector that could undergo reaction 1.1, and observing a
50% decrease in the event rate.

Frederick Reines was awarded the Nobel Prize in 1995 for the discovery. Clyde Cowan
had passed away in 1974 and the Nobel Prize is not awarded posthumously.

1.1.3 The Muon Neutrino

The experiment used to discover the muon neutrino [9] was the �rst foray into accelerator
based neutrino experiments. The experiment employed the proton beam produced by the
Alternating Gradient Synchrotron at Brookhaven National Laboratory (BNL), to produce
charged pions that would decay to muons and neutrinos1:

� � ! � � + �: (1.2)

They would then detect the neutrino with a spark chamber: a series of aluminium plates
separated by thin layers of gas, with a large voltage applied between the plates, such
that when a charged particle ionised the gas a spark would be produced and recorded
by instruments. A muon detected by the experiment is shown in Figure 1.1. Under the
hypothesis of a single variety of neutrino, the experiment would expect to observe roughly
equal numbers of muons and electrons. Instead, the majority of events observed were from
muons. The explanation was that there were two distinct varieties (now called 
avours) of
neutrino, one that would always produce electrons in charged current interactions, and one
that produced muons:

� e + n ! e� + p; (1.3)

� � + n ! � � + p: (1.4)

Leon Lederman, Melvin Schwartz, and Jack Steinberger were jointly awarded the Nobel Prize
in 1988 for this discovery.

1This technique is still used by modern accelerator neutrino beams, and is discussed in more detail in
Section 3.3
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Figure 1.1: A single muon event observed by the spark chamber. The roughly horizontal row
of white spots indicates the trajectory of the muon. Figure from Ref. [9].

1.1.4 The Tau Neutrino

The � particle was discovered in 1975 [10], with properties suggesting it was a new charged
lepton. Neutrino partners of the electron and muon had already been discovered, and the
existence of the� neutrino was postulated. The DONUT experiment [11] used 800 GeV
protons from the Fermi National Accelerator Laboratory's Tevatron collider to produce a 
ux
of charmed mesons, some of which were predicted to decay into� leptons and� neutrinos:

DS ! �� � + � �

� � + : : :
(1.5)

These would then interact via charged current processes in the detectors, producing� leptons:

� � + n ! � � + : : : (1.6)

�� � + p ! � + + : : : (1.7)

The experiment identi�ed charged current� neutrino interactions by looking for tracks with
a \kink" very close to the interaction vertex, illustrated in Figure 1.2, signalling the decay
of the very short lived � lepton. Four � neutrino candidates were detected, indicating the
presence of� � , with an expected background contamination of 0:34� 0:05.

Most neutrino experiments are insensitive to the charged current interactions of the�
neutrino due to the large mass of the� lepton. Aside from the DONUT experiment, two
other experiments have directly observed the� neutrino, OPERA [12], and IceCube [13].
The Super-Kamiokande experiment has studied the appearance of� � in neutrinos resulting

3
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from the interactions of cosmic rays in the upper atmosphere (atmospheric neutrinos) [14,
15], though this detector cannot directly observe the� lepton.

Figure 1.2: The� � events observed by the DONUT experiment, indicating the trajectories
of particles through the emulsion based tracker stage of the detector array. Figure from
Ref. [11].

1.1.5 How Many Flavours?

The decay width of the Z boson is precisely predicted by the standard model, as are the
partial widths of its various decay modes, which satisfy the following equation:

� =
X

q

� ( Z ! q�q) +
X

l

�
�
Z ! l � l+

�
+ �

�
Z ! W + W �

�
+

X

l

� ( Z ! � l �� l ) : (1.8)

� is the total decay with of Z , and the terms on the right hand side of Equation. 1.8 the
partial widths of its various decay modes. The summations overq and l are over the quark
and lepton 
avours respectively, excluding the top quark. Equation 1.8 implies the total
decay width of theZ boson depends on the number neutrino 
avours.

A constraint on the number of neutrino 
avours that interact with the Z boson may be
established by studying the size and shape of theZ resonance peak observed in the cross
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Chapter 1. The Neutrino 1.2. The Standard Model Neutrino

section ofe+ e� collisions, illustrated in Figure 1.3. Fitting this distribution yields an estimate
of 2:9963� 0:0074 [16] 
avours, consistent with the three already discovered.

Figure 1.3: Measurements of the hadron production cross section at theZ boson resonance
peak from the ALEPH [17], DELPHI [18], L3 [19], and OPAL [20] detectors at the Large
Electron-Positron Collider at CERN, overlaid with predictions involving di�erent numbers
of light active neutrino 
avours. Figure from Ref. [21].

1.2 The Standard Model Neutrino

1.2.1 Symmetries of the Standard Model

The Standard Model (SM) describes the (currently discovered) fundamental particles and the
interactions between them, employing the machinery of quantum �eld theory. This model
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includes three of the four fundamental forces: electromagnetism, the strong force, and the
weak force. Finding a quantum mechanical description of gravity remains one of physics'
greatest challenges. The SM is a gauge theory, with the following gauge group:

SU(3)C 
 SU(2)L 
 U(1)Y ; (1.9)

where C denotes the colour charge, L the weak-isospin of fermions with left-handed chirality,
and Y the weak hypercharge. The interactions are mediated by vector bosons, the gluon
in the case of the strong interactions, theW � and Z bosons in the weak interaction, and
the photon for electromagnetism. The weak and electromagnetic forces are uni�ed into the
electroweak theory, with the gauge group SU(2)L 
 U(1)Y .

The electroweak symmetry treats the components of the fermion �elds with left-handed
chriality and right-handed chriality di�erently: under the SU(2) L 
 U(1)Y symmetry, the left-
handed neutrino �eld and left-handed charged lepton �elds are paired into doublets, while
there exists only a right-handed charged lepton �eld, which transforms as a singlet:

 L
l =

0

@
lL

� L
l

1

A ;  R = lR : (1.10)

lL is the left-handed charged lepton �eld,� L
l the corresponding neutrino �eld, andlR the

right-handed charged lepton �eld. An important consequence of this formulation is that if
a right-handed neutrino (or left handed anti-neutrino) exists, it will not participate in the
weak interaction, and since neutrinos carry no electric or colour charges, they cannot interact
directly through any other particles in the standard model.

1.2.2 Neutrino Interactions

The weak interactions of neutrinos are described by the following terms in the standard
model Lagrangian:

L CC =
� ig
p

2

X

�

�� L
� 
 � W� � L + H :C: (1.11)

L NC =
� ig

2 cos� W

X

�

�� L
� 
 � Z � � L

� + H :C: (1.12)

�� � = � y
� 
 0, � � is a Dirac spinor describing the� 
avoured, left handed neutrino �eld, � the

corresponding charged lepton �eld, andy denotes Hermitian conjugation. W� and Z � are
components of the W boson and Z boson �elds. The script� indicates the four spacetime
dimensions, and the Einstein summation convention is used.� W = 28:7� is the Weinberg
angle [22]. The two corresponding Feynman vertices are illustrated in �gure 1.4.
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(a) Charged current. (b) Neutral current.

Figure 1.4: Feynman vertices predicted by the terms from standard model Lagrangian listed
in equations 1.11 and 1.12.

1.2.3 Neutrino Mass

A generic mass term for a fermion described by the Dirac equation is:

�
1
2

m �  = �
1
2

m
� � L  L + � R  R

�
= �

1
2

m( L y R +  Ry L ) (1.13)

which evaluates to zero if there is no right handed �eld. In other words the neutrino, as
described by the Standard Model, is massless. An alternative description of fermions found
by Ettore Majorana in 1937, considers the possibility of a fermion that is its own anti-particle,
otherwise known as a Majorana fermion. In this framework, neutrino mass terms of following
form:

�
1
2

m � L
c  L ; (1.14)

 L
c = C
 0 L � ; (1.15)

may be constructed entirely from a left handed �eld.C is the charge conjugation operator.
Equation 1.15 is known as the Majorana Condition, andC
 0 L � behaves like a right-handed
�eld. The interpretation of this condition is that neutrino/anti-neutrino are no longer distinct
particles, but the left and right handed states of the same particle. The neutrino is the only
fundamental particle (discovered so far) that can be a Majorana fermion; the quarks and
charged leptons have non-zero electric charge and therefore cannot be their own anti-particles.

If the neutrino is a Majorana particle then interactions violating lepton number
conservation by� 2 are allowed, most notably the neutrinoless double� decay of nuclei. A
number of experiments are searching for this process to test the Majorana hypothesis [23].
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1.3 Neutrino Oscillation

1.3.1 Experimental Hints

The Homestake Mine experiment was constructed by Ray Davis and his collaborators to study
the 
ux of neutrinos produced by the sun and the nuclear fusion processes involved. The
experiment consisted of a tank containing 390,000 litres of tetracholroethylene, and detected
electron neutrinos via their capture by the37Cl nuclei in the tank. The experiment discovered
the 
ux of solar neutrinos was below that of predictions [24], a con
ict that later became
known as the \Solar Neutrino Problem". Drawing inspiration from neutral kaon oscillation,
Bruno Pontecorvo proposed a solution in which the 
avour content of a beam of neutrinos
could evolve with distance from its source2, an e�ect now called \Neutrino Oscillaton". The
mechanism behind neutrino oscillations will be outlined in Section 1.3.2.

Nearly 50 year later, the Sudbury Neutrino Observatory (SNO) and Super-Kamiokande
(Super-K) experiments independently con�rmed the existence of neutrino oscillations. Both
experiments use water Cherenkov detectors, placed deep underground to minimise comic
backgrounds. SNO estimated the total solar neutrino 
ux by observing neutral current
interactions (which are 
avour insensitive), and compared this to the 
ux of electron
neutrinos measured from their charged current interactions (which were only sensitive to
the � e component), discovering a de�cit in the latter [25]. Super-K studied the 
uxes of
atmospheric electron and muon neutrinos, the ratio of which, in the absence of oscillations,
can be predicted to a high degree of precision. They discovered a de�cit in the number
of muon neutrinos arriving at the detector, alongside a small enhancement in the electron
neutrino 
ux, strengthening with the distance they had travelled through the earth to arrive
at the detector [26]. These experiments were jointly awarded the Nobel Prize for the discovery
in 2015.

1.3.2 Mathematical Description

Neutrino oscillations may be explained by describing neutrinos in terms of two sets of
eigenstates, which are superpositions of one another:

j� � i =
X

i

Ui� j� i i ; (1.16)

j� i i =
X

�

U�
i� j� � i : (1.17)

The basis statesj� � i , are the so called \
avour eigenstates", while the statesj� i i , are the
\mass eigenstates".Ui� are the elements of a matrix that describes the mixing between the

2Pontecorvo initially proposed the existence of� ! �� oscillations, the idea of evolving mixtures of the
neutrino 
avours came later.
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two. This matrix later became known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [27]. Neutrinos are always produced in their 
avour eigenstates.

The oscillation e�ect is a consequence of the di�erent masses of the mass eigenstates and
how this a�ects the way they evolve as the neutrino propagates through spacetime. The
propagation of a neutrino mass eigenstate is described by a plane wave:

j� i (t)i = e� i (E i t � p i �x ) j� i (0)i : (1.18)

For a neutrino produced with energy ofE = p, the energyE i of the mass eigenstatei with
massmi , assumingpi � mi :

E i =
q

m2
i + p2

i � pi +
m2

i

2pi
= E +

m2
i

2E
: (1.19)

Assuming the neutrino travels at approximately the speed of light, mass eigenstatei after
propagating a distanceL will be described by:

j� i (L)i = e
� iLm 2

i
2E j� i (0)i : (1.20)

The complete quantum state of a neutrino produced as 
avour� after propagating a distance
L is described by the superposition:

j� � (L)i =
X

i

Ui� j� i (L)i =
X

i

Ui� e
� iLm 2

i
2E j� i (0)i : (1.21)

When the neutrino interacts, the superposition of 
avour eigenstates collapses and a single

avour state is observed. The probability of observing 
avour state� after a neutrino
produced in the 
avour state � has propagated a distanceL is given by the expression:

P�� (E) = jh� � (L)j� � (0)ij 2 =

�
�
�
�
�

X

i

Ui� U�
i� e

� iLm 2
i

2E

�
�
�
�
�

2

: (1.22)

The existence of neutrino oscillations con
icts with their description in the SM, as they must
have nonzero rest masses in order to oscillate. The lack of a right handed neutrino in the SM
forbids this.

Two Neutrino Case

If one assumes the existence of two neutrino 
avours and two mass eigenstates, the matrix
introduced in equation 1.16 may be written in terms of a single mixing angle� :

U =

0

@
cos� sin�

� sin� cos�

1

A ; (1.23)
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with which one obtains a compact expression for the transition probability stated in
equation 1.22:

P� ! � (E) = sin 2(2� ) sin2

�
� m2L

4E

�
; (1.24)

P� ! � (E) = sin 2(2� ) sin2

 

1:27
� m2

�
eV2

�
L [km]

E [GeV]

!

; (1.25)

substituting in commonly used units in Equation 1.25. �m2 = m2
1 � m2

2, is the di�erence
between the squares of the masses of the two mass eigenstates. The oscillation probability is
only sensitive to the squared di�erence between the neutrino masses, and therefore oscillation
measurements alone cannot be used to determine the absolute neutrino masses. Other
methods such as high precision measurements of the� decay spectrum [28] are required.

Three Neutrino Case

In the case of three 
avour eigenstates and three mass eigenstates, the mixing matrix is:

U =

0

B
B
B
@

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

C
C
C
A

; (1.26)

which is often written in terms of three mixing angles� 12, � 23, and � 13, � CP , a parameter
enabling the violation of the combined parity and charge conjugation symmetry (CP
symmetry), and split into the product of three matrices, representing individual rotations in

avour space:

U =

0

B
B
B
@

1 0 0

0 cos� 23 sin� 23

0 � sin� 23 cos� 23

1

C
C
C
A

0

B
B
B
@

cos� 13 0 sin� 13e� i� CP

0 1 0

� sin� 13ei� CP 0 cos� 13

1

C
C
C
A

0

B
B
B
@

cos� 12 sin� 12 0

� sin� 12 cos� 12 0

0 0 1

1

C
C
C
A

:

(1.27)
The transition probabilities themselves now require two mass splittings, �m2

21 and � m2
31.

This permits two possible orderings of masses of the three neutrino mass states:m1 < m 2 <
m3, known as normal ordering (NO), andm3 < m 1 < m 2, known as inverted ordering (IO).
Determining the order of the three mass states, called the mass hierarchy, is an ongoing area
of study.

The results of a global �t of the neutrino oscillation parameters, under both mass ordering
hypotheses, are listed in Table 1.1. The mass splittings are both found to be very small, in
the region of 10� 3 to 10� 5 eV2. Equation 1.25 indicates the �rst oscillation maxima for these

10



Chapter 1. The Neutrino 1.4. Short Baseline Oscillations

Parameter NO Best Fit IO Best Fit

sin2 � 12 0:303+0 :012
� 0:011 0:303+0 :012

� 0:011

sin2 � 23 0:572+0 :018
� 0:023 0:578+0 :016

� 0:021

sin2 � 13 0:02203+0 :00056
� 0:00059 0:02219+0 :00060

� 0:00057

� m2
21/eV 2 7:41+0 :21

� 0:20 � 10� 5 7:41+0 :21
� 0:20 � 10� 5

� m2
3l /eV 2 +2:511+0 :028

� 0:027 � 10� 3 � 2:498+0 :032
� 0:025 � 10� 3

� CP =� 197+42
� 25 286+27

� 32

Table 1.1: Results from global �ts by the NuFIT Collaboration [31]. In the case of NO,
� m2

3l = � m2
31 and � m2

3l = � m2
32 for IO.

values of � m2 are located atL=E � 103 to 105 km/GeV. These oscillation phenomena can
be placed under the umbrella of \Long Baseline Oscillations". Several anomalies that could
be attributed to neutrino oscillation at much smaller values ofL=E have been found, and
are the subject of Section 1.4.

Perhaps the most signi�cant property of neutrino oscillations is the ability to violate
charge-parity (CP) symmetry. CP violation is required to explain the matter-antimatter
asymmetry observed in the universe [29], and while there is some CP violation in the hadronic
sector3, this alone is insu�cient. A recent measurement by the Tokai to Kamioka (T2K)
experiment suggests non-zero (and possibly even maximal) CP violation in the neutrino
oscillations [30].

1.4 Short Baseline Oscillations

1.4.1 Gallium

The experiments GALLEX and SAGE were designed to study solar electron neutrinos,
through their capture on Gallium nuclei. They performed calibration studies utilising radioac-
tive sources of known activity, and observed a de�cit of electron neutrino interactions [32{37],
illustrated in Figure 1.5. This result was later con�rmed by the BEST experiment [38, 39].

3A review of this topic can be found on pages 271-284 of Ref. [22].
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Figure 1.5: Ratios of the event rates observed by Gallium experiments to predictions
made assuming no oscillation. The shaded region indicates a weighted average of the four
measurements. Figure from Ref. [36].

1.4.2 LSND

The Liquid Scintillator Neutrino Detector (LSND) was operated between 1993 and 1998
and designed to study the oscillation of �� � . The experiment primarily used �� � from muon
decay at rest (� DAR), generated with the proton beam at the Los Alamos Meson Physics
Facility, with a well predicted �� � energy spectrum. This experiment observed an excess of
�� e interactions [40], at a signi�cance of 3:8� [40{42], illustrated in �gure 1.6. Assuming an
oscillation hypothesis, the values sin2(2� ) and � m2 favoured by the LSND measurements are
displayed in Figure 1.9, which con
ict with the results in Table 1.1.
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Figure 1.6: The excess of events observed by the LSND Experiment. Figure from Ref. [40].

1.4.3 The MiniBooNE Low Energy Excess

To further investigate the anomalous result reported by LSND, the MiniBooNE experi-
ment [43] was constructed in the Booster Neutrino Beam at the Fermilab, positioned at
a baseline to be sensitive to a similar value ofL=E to LSND. The apparatus consisted of a
spherical vessel 12.2 m in diameter, �lled with 818 tons of mineral oil and instrumented with
1520 photomultiplier tubes. A charged particle exceeding the speed of light in the mineral
oil would produce a ring of Cherenkov light which would be detected by the photomultiplier
tubes. The detector could distinguish the interactions electron neutrinos from muon neutrinos
through the shape of their Cherenkov rings: the electron produced in a charged current� e

interaction would repeatedly scatter, blurring the resulting ring, while muons do not scatter
as frequently and produce crisp rings. This identi�cation principle is illustrated in Figure 1.7.

MiniBooNE recorded an excess of low energy electron-like interactions [44], shown in
Figure 1.8, with a signi�cance of 4:8� . Under the hypothesis of short baseline neutrino
oscillations, the allowed regions of

�
sin2(2� ); � m2

�
space from the MiniBooNE result,

alongside those from LSND, are shown in Figure 1.9. MiniBooNE largely rea�rms the
LSND result. This low energy signal is often referred to as the \MiniBooNE Low Energy
Excess", or LEE. Further investigation of the MiniBooNE LEE is one of the physics goals of
the MicroBooNE experiment.
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Figure 1.7: The three particle signatures identi�ed by MiniBooNE. Figure from Ref. [46].

Explanations that do not involve oscillations have also been proposed: MiniBooNE could
not distinguish between photons and electrons, leading to a number of possible solutions
involving photon signals. Perhaps the most notable of these is the radiative decay of �
baryons, � ! N
 , though a measurement of this channel by the MicroBooNE experiment,
described in Chapter 3, disfavours this explanation [45].

1.4.4 Neutrino-4

The Neutrino-4 experiment [50] was constructed to study the oscillations of electron anti-
neutrinos produced by the SM-3 research reactor in Dimitrovgrad, Russia. The detector
consists of a series of gadolinium doped liquid scintillator �lled volumes, with the entire
assembly placed on rails, enabling measurements of the 
ux at many values ofL=E , the
result of which is presented in Figure 1.10. The experiment obtained a best �t of �m2 =
7:30� 1:17 eV2 (combined statistical and systematic uncertainty) and sin2 (2� ) = 0 :36� 0:12
(statistical uncertainty only) [51]. Reanalysis of the data by Giuntiet al [52] has suggested
the oscillation signal claimed by Neutrino-4 is due to statistical 
uctuations.
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(a) Neutrino mode. (b) Anti-neutrino mode.

Figure 1.8: The number of electron-like events observed by the MiniBooNE experiment as a
function of estimated neutrino energy. The large deviation between the data and prediction
at low energy is the MiniBooNE LEE. The best �t is produced using a two neutrino oscillation
model and includes data from muon-like events. Figure from Ref. [44].

1.4.5 The Sterile Neutrino: A Solution?

A proposed explanation of these anomalies is to expand the three 
avour paradigm and
introduce new neutrino mass and 
avour states that do not participate in the weak
interaction. These new 
avour states are sometimes called \sterile" neutrinos. With the
addition of a single sterile 
avour, the PMNS matrix becomes:

U =

0

B
B
B
B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us2 Us3 Us4

1

C
C
C
C
C
C
C
A

; (1.28)

which permits an additional mass splitting � m2
41 between the 4th mass state and the

others, which if su�ciently large, generates short baseline oscillations. The probability of
� � oscillating into � e, in the short baseline approximation becomes [42]:

P(� � ! � e) = 4 jUe4j2jU� 4j2 sin2

�
� m2

41L
4E

�
: (1.29)

An oscillation model that includesN additional 
avours and mass states is called a 3+N
model.
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Figure 1.9: Region of �m2 and sin2 (� ) space permitted by the MiniBooNE measurements,
overlaid by the regions excluded the the KARMEN [47] and OPERA [48] experiments. Figure
from Ref. [49].
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Figure 1.10: The neutrino 
ux at di�erent values of L=E measured by Neutrino-4. The
coloured points correspond to the predicted neutrino 
uxes with the extracted values of �m2

and sin2 (2� ). Figure from Ref. [51].

Some of these anomalies may be resolvedin isolation with the addition of a new neutrino

avour, but do not always agree on the value of the mixing angle or mass splitting, and the
presence of short baseline oscillations is not always backed up by other in-situ measurements
such as� � disappearance data. Figure 1.11 shows the results of performing separate �ts to
appearance and disappearance data, which yield incompatible results. Furthermore, there
are numerous, sometimes experiment speci�c, alternative explanations for these anomalies
that do not involve oscillation.

In addition to the discrepancy between the global �ts of appearance and disappearance
data shown in Figure. 1.11, several other experiments attempting to measure short baseline
oscillations have not observed any such signal and excluded portions of the parameter space
favoured by LSND and MiniBooNE: KARMEN [47], ICARUS [53], MINOS [54], MINOS and
Daya Bay [55], CCFR [56], and Ice Cube [57]. Direct measurements of neutrino masses also
place constraints on the maximum values of the �m2 parameters of the PMNS matrix [58].

1.5 Neutrino Interaction Processes

The processes described below are di�erent ways to model neutrino interactions with
nucleons/nuclei, and are not applicable at all neutrino energy scales. This list is non-
exhaustive, and describes the interactions of greatest relevance to the accelerator neutrino
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(a) Using only appearance data. (b) Using only disappearance data.

Figure 1.11: The allowed regions of
�
sin2(2� ); � m2

�
space obtained from performing separate

�ts to appearance and disappearance measurements. The stars indicate the best �t values.
Figure from Ref. [59].

experiments receiving neutrinos of energies from a few MeV to tens of GeV, and to the analysis
described in the second half of this thesis. The underlying physics is still the Standard
Model, however the non-pertubative nature of QCD at the relevant energy scales renders
direct calculations of the cross sections di�cult, and the e�ective interaction Lagrangians
are instead constructed from baryon/meson �elds, with form factors to account for their
composite structure.

1.5.1 Elastic and Quasi-Elastic

The simplest charged current interaction a neutrino/anti-neutrino may undergo with a
nucleon is quasielastic (QE) scattering, in which a proton is converted to a neutron or vice
versa:

� l + n ! l � + p; (1.30)

�� l + p ! l+ + n: (1.31)

Feynman diagrams for which are shown in Figures 1.12a and 1.12b respectively. A closely
related process, neutral current elastic scattering, is:

� l + N ! � l + N; (1.32)

�� l + N ! �� l + N; (1.33)
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(a) � l + n ! l � + p. (b) �� l + p ! l+ + n.

(c) � l + N ! � l + N .

Figure 1.12: Feynman diagrams for CC quasi-elastic and NC elastic neutrino interactions
with nucleons. For the neutral current process depicted in panel 1.12c, there also exists an
anti-neutrino channel with upper pair of fermion lines reversed.

depicted in Figure 1.12c. Many neutrino Monte Carlo simulations employ the Llewelyn-
Smith model [60] to describe this process. Extending this formulation to include strangeness
violating interactions is the topic of Chapter 2.

1.5.2 Resonance Production (RES)

As the four momentum transferred to the nucleon from the neutrino increases, the excitation
of the nucleon to a � resonance and its subsequent decay becomes possible:

� l + N ! l � + �
N 0+ �

(1.34)
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Figure 1.13: Feynman diagram of the resonant CC neutrino interaction in which a nucleon is
excited to a � resonance which subsequently decays to a nucleon and pion. Other diagrams
exist, including those involving anti-neutrino interactions, neutral current, and the excitation
of other resonances such as the spin 3/2 �� baryons. Neutrino event generators di�er on which
resonances are simulated.

depicted in Figure 1.13. This process produces a large peak in the cross section when the
hadronic invariant mass4 in the interaction (the magnitude of the combined four momenta
of the exchanged boson and struck nucleon) is close to the mass of the �, as can be seen in
Figure 1.14. At larger hadronic invariant masses, the excitation of heavier resonances becomes
possible. The most prominent models of resonance excitation in neutrino interactions are
the Rein-Sehgal [61] and Berger-Sehgal [62] models. The excitation of resonances with
strangeness content is possible, such as the production of the spin 3/2 �� baryons:

�� l + n ! l+ + � ��

� + � �
(1.35)

The di�erent neutrino event generators have adopted di�erent approaches to handling the
transition from a resonance based model to deep inelastic scattering, and on which resonances
are simulated. Figure. 1.14 shows the predicted event rates of di�erent neutrino event
generators as a function of the hadronic invariant mass (W), which posses di�erent features.

Non-resonant Background

Other Feynman diagrams that do not involve the excitation of a resonance may connect the
initial and �nal states in equation 1.34, and thus may cause interference when calculating

4The hadronic invariant mass is de�ned to be the (Lorentz invariant) magnitude of the sum of the four
momentum carried by the struck nucleon(s), and the four momentum transferred to the nucleus by the
neutrino.

20



Chapter 1. The Neutrino 1.5. Neutrino Interaction Processes

Figure 1.14: Event rates at di�erent hadronic invariant masses predicted by three neutrino
event generators, GENIE [63], NEUT [64], and NuWro [65], simulating 6 GeV neutrinos on
iron. The �rst peak corresponds to the excitation of the � resonance, with following peaks
due to heavier resonances. NuWro does not simulate resonances beyond the � and does not
predict the existence of these peaks. NEUT switches to DIS model atW = 2 GeV, resulting
in the discontinuity at this value of W. Figure from Ref. [66].

the amplitude in the cross section computation. These diagrams are collectively known as
non-resonant background. The Rein-Sehgal and Berger-Sehgal models do not include non-
resonant background.

1.5.3 Deep Inelastic Scattering (DIS)

As the four momentum transferred to the nucleus from the neutrino increases further, the
exchanged boson will begin to penetrate into the nucleon, in which case the interaction
is better described as the scattering of a neutrino and a quark, followed by hadronisation
processes. This kind of interaction is called Deep Inelastic Scattering, and typically produces
�nal states with high hadron multiplicity. Parton structure functions describing the momenta
carried by the di�erent 
avours of quarks within the nucleon make an appearance in the cross
section formulae describing the initial kinematic of the struck quark, which may be tuned to
data from collider experiments. Various software packages, most notably PYTHIA [67], are
employed to model the hadronisation processes.
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Figure 1.15: A Feynman diagram of a charged current meson exchange interaction,� l + p +
n ! l � + p + p. Many other diagrams of this process exist, and some calculations include
three nucleon initial/�nal states (for example, Ref. [68].)

1.5.4 Meson Exchange Current (MEC)

In the previous sections, the initial state has been an independent nucleon. In most
modern neutrino scattering experiments, the target is a nucleus. This introduces the need
for new processes with multi-nucleon initial states, also known as n-particle-n-hole (npnh)
interactions. Meson Exchange Current describes interactions on a correlated pair or trio of
nucleons, with the four momentum transfer shared between them. An example Feynman
diagram of a meson exchange current process is shown in Figure. 1.15.

1.5.5 Coherent Neutrino-Nucleus Scattering (COH)

If the momentum transfer to the nucleus is su�ciently small, the De-Broglie wavelength
of the exchanged particle5 approaches the size of the nucleus, with which the neutrino will
interact with as a single body:

� + A ! � + A + X; (1.36)

� + A ! l � + A + X; (1.37)

whereA denotes a nucleus andX possible other particles such as pions. The de�ning feature
of coherent scattering is that the nucleus is left intact, in its ground state. A Feynman
diagram of coherent pion production is shown in Figure. 1.16, in which a neutrino emits a
W boson that decays into a charged pion, which coherently scatters o� a nucleus.

5Depending on the reaction, this may be a W/Z boson, but may also include other particles such as the
pion in Figure. 1.16.
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Figure 1.16: Feynman diagram of the charged current coherent pion production process,
� + A ! l � + � + + A.

1.5.6 Nuclear E�ects

With the exception of MEC and the coherent interaction, all of the processes described
above take place on individual nucleons. MicroBooNE and most other neutrino oscillation
experiments employ target materials in which the majority of the target mass is made up
of elements such as carbon [43, 69], oxygen [70], argon [71{73], iron [74] and even lead [74].
Most calculations of neutrino nucleus cross sections solve this problem by factorising the
neutrino-nucleus interaction into stages, illustrated in Figure. 1.17. One of the previously
described interactions is simulated, with the exception of coherent scattering, with a quasi-
free nucleon/cluster of nucleons, with the presence of the rest of the nucleus accounted for
in the ways outlined below. The implementation of these for the hyperon production model
used by NuWro will be described in the next chapter.

Initial State Nucleon Kinematics

The nucleons are not stationary within the nucleus, and will carry some momentum, which
modi�es the kinematics of the process. Most neutrino event generators and cross section
calculations do not attempt to model the nucleus in a fully quantum mechanical way6, and
instead opt for a statistical description, such as treating the nucleus as a gas of Fermions.
Statistical mechanics then predicts their momentum distribution. This approach may be
improved by varying the density of the Fermi gas as a function of the distance from the
centre of the nucleus, resulting in the Local Fermi Gas model (LFG). There will exist long
range interactions between the nucleons, one interpretation of which is the presence of the
nuclear binding energy. The nuclear binding energy then modi�es the kinematic budget of

6A notable exception is the method employed by the GiBUU Monte Carlo simulation [75], which attempts
to solve the Boltzmann-Uehling-Uhlenbeck nuclear transport equations.
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Figure 1.17: The di�erent elements of particle-nucleus scattering. Figure from Ref. [76].

the interaction.

Interaction Dynamics

The fact that the interaction takes place inside the nuclear medium instead of a vacuum
is accounted for through a few methods: The propagator of the exchanged boson is
modi�ed to account for the polarisation of the nuclear medium through the Random Phase
Approximation (RPA). If any nucleons produced in the interaction have energy below that
of the Fermi level of the nucleus, they are being produced inside momentum states already
occupied by other nucleons, in violation of the Pauli Exclusion Principle. Such interactions
are forbidden and cross section calculations must exclude the corresponding region of phase
space. This e�ect is sometimes called \Pauli Blocking".

Final State Interactions

After the initial neutrino-nucleon interaction has taken place, the resulting particles must
escape from the nuclear remnant. This may involve additional collisions with other nucleons,
called �nal state interactions (FSI), resulting in additional particles in the �nal state.
Conversely, these collisions may also dissipate the energy of the particles produced in the
initial interaction, preventing them from escaping the nuclear potential. This is illustrated
in the fourth panel of Figure. 1.17.

1.5.7 Measuring Oscillation

In order to determine the oscillation parameters, an experiment must observe neutrino
interactions in a detector. Assuming a simpli�ed scenario of two neutrino 
avours, with
a source that exclusively produces neutrinos of 
avour� , the rate a detector will observe
neutrinos of 
avour � , with reconstructedenergyER , can be described schematically as:

R(ER ; � ) �
1

L2

Z
�( E)� � (E)S(E; ER)P� ! � (E)dE (1.38)
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�( E) is the 
ux of neutrinos of 
avour � and energyE produced at the source,� � (E) is the
cross section for the interaction of neutrinos of 
avour� and energyE with the nuclei in the
detector. S(E; ER) describes the detector response, and gives the probability of detecting a
neutrino of 
avour � with true energy E, and assigning it a reconstructed energy ofER .

The distinction between reconstructed energy and true energy is important: neutrino
experiments cannot produce monoenergetic beams in the way electron scattering/collider
experiments can, since the neutrino will not respond to electric/magnetic �elds. Flux
simulations and in-situ 
ux measurements such as the use of a second detector at a di�erent
baseline or studies of neutral current processes can be used to estimate the shape of �(E), but
the event-by-event neutrino energy is unknown. Instead experiments must resort to leveraging
other quantities, such as the angle and energy of the outgoing charged lepton. Di�erent sets
of oscillation parameters may then be input into Equation 1.38, and the predicted value of
R compared with observation to �nd a best �t, or a deconvolution procedure may be applied
to estimate the true neutrino energy spectrum from the observed values ofR(ER ; � ).

Whichever choice is made, the cross section of neutrino interactions is a necessary
ingredient, as is the detector response functionS(E; ER). The relationship betweenE and
ER is often incredibly complex, and is usually estimated from simulations. This function
can be very sensitive to how the physics of the neutrino-nucleus interaction is modelled.
The e�ects can be somewhat mitigated by employing a twin detector design, where the �rst
detector is situated near the neutrino source, and used to produce data driven estimates of
� (E) and S(E; ER). However, the resulting uncertainties will not completely cancel out, as
the detector response will not be identical for the di�erent neutrino 
avours.

1.6 Summary of Chapter 1

Neutrinos were successfully introduced into our collection of fundamental particles to explain
the kinematics of the� decay of nuclei. Their existence has since been con�rmed by numerous
experiments, with measurements indicating there are three 
avours that participate in the
weak interaction. Several questions have arisen since the discovery of neutrino oscillations:
the precise extent of their ability to violate CP symmetry and whether this can explain the
matter-anti-matter asymmetry in the universe, where they acquire their masses from and
what their absolute masses are, and whether they are Dirac or Majorana particles. Multiple
unresolved anomalies exist in short baseline oscillation measurements, and while the existence
of sterile neutrinos has been proposed as a solution, this fails to explain all of the results.
Indeed, the parameter space preferred by some measurements [40] is excluded by others [47].

A good description of neutrino interactions with nuclei is an essential ingredient in any
oscillation analysis in order to connect the neutrino energy spectrum to quantities observable
in a detector. No single model is valid at all length/energy scales, and the presence of nuclear
e�ects further complicates the picture.
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1.7 Thesis Outline

In chapter 2, the extension of the Llewelyn-Smith model of CCQE to include hyperon
production, along with its implementation into the NuWro neutrino Monte Carlo generator
will be described. The free nucleon cross sections will be compared with data before moving
on to nuclear cross sections, including the e�ect of FSI and hyperon-nucleus potentials on
the predicted cross sections. Chapter 3 gives an overview of the MicroBooNE experiment,
including the neutrino 
uxes received by the detector, the detection principles of the time
projection chamber, and the way the experiment identi�es di�erent particles. Chapter 4
describes the event selection used by the � baryon production analysis in MicroBooNE,
followed by the calculation of the systematic and statistical uncertainties in Chapter 5.
Chapter 6 summarises the analysis, lists the main results and lessons, and describes areas
that could be improved in future analyses.
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Chapter 2

Direct Hyperon Production

Much of the work described in this chapter was previously published in Ref. [1].
The author of this thesis was also the lead author of this publication.

2.1 Hyperons

The term \Hyperon" was �rst introduced by Louis Leprince-Ringuet in 1953 [77] to describe
the V shaped particles observed in Bubble Chambers that we now call � baryons. In general,
the term hyperon means a baryon with some strangeness and the de�nition also includes
doubly and triply strange particles such as the � and 
 � baryons. In this thesis, the term
hyperon is used to mean the spin12 � 0 and � 0;� baryons. The superscript for the � baryon
will be dropped from this point onward. Hyperons are unstable but, with the exception of
the � 01, posses relatively long lifetimes of a few tenths of a nanosecond, giving proper decay
lengths of a few centimetres. Properties of the four hyperons are listed in Table 2.1.

1The short lifetime of the � 0 is the result of the decay mode �0 ! � 
 , which proceeds via the
electromagnetic interaction. The other hyperons all decay via the omission of an o�-shell W boson.
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Hyperon Mass (GeV/c2) Lifetime (s) PDL (cm) Decay Modes (BF)

� 0 1.115 2:6 � 10� 10 7.8
p + � � (64%)

n + � 0 (36%)

� + 1.189 8:0 � 10� 11 2.4
p + � 0 (52%)

n + � + (48%)

� 0 1.193 7:4 � 10� 20 2:2 � 10� 9 � 0 + 
 (100%)

� � 1.197 1:5 � 10� 10 4.5 n + � � (100%)

Table 2.1: Basic properties of hyperons [22]. The list of decay modes is incomplete but those
not listed are rare. The proper decay length (PDL) is the lifetime multiplied by the speed of
light.

2.2 Free Nucleon Cross Sections

2.2.1 Matrix Element

The anti-neutrino induced CCQE process described in Section 1.5.1, involves the W boson
interacting with an up quark, transforming it into a down quark, thereby converting a proton
into a neutron. A natural extension to this is to consider the case of W boson instead changing
the up quark into a strange quark, producing a hyperon. This de�nes the CCQE-like or
\Direct" hyperon production process. Three channels exist:

�� l + p ! l+ + � ; (2.1)

�� l + p ! l+ + � 0; (2.2)

�� l + n ! l+ + � � : (2.3)

Other mechanisms of hyperon production exist: the excitation of a resonance that decays to
a hyperon such as the spin32 � � particles, which can decay into the spin 1/2 hyperons such
as the �, and the promotion of an s�s pair from the quark sea inside a nucleon, which can
hadronise into a hyperon and a kaon, or hyperon and anti-hyperon. It should be reiterated
that the strangeness violating interaction isexclusivelyavailable to anti-neutrinos.

Figure 2.1 shows the Feynman diagram for direct hyperon production. The matrix element
for the interaction has the form:

M =
GF sin� cp

2
L � H � ; (2.4)
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Figure 2.1: Feynman diagram of hyperon production, whereN is the nucleon andY is the
hyperon. L � is the leptonic current,H � is the hadronic current, andq� is the four momentum
transfer. The quantities in brackets indicate the four momenta of the particles.
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whereGF = 1:66� 10� 5 GeV� 2 [22] is the Fermi coupling constant, �rst introduced in Fermi's
model of� decay �rst mentioned in Section 1.1.1, and� c = 13:02� is the Cabibbo angle. The
Einstein summation convention is used. The Fermi coupling constant is used in place of
the full W boson propagator, as the squared four momentum transfer,Q2 = � q2, satis�es
Q2 � M 2

W , and the following approximation is applied:

1
M 2

W � Q2
�

1
M 2

W
: (2.5)

L � is the leptonic current, which is derived directly from the V-A theory of the weak
interaction [78], resulting in the expression:

L � = �v(k0)
 � (1 + 
 5)v(k) (2.6)

where k and k0 are the four momenta of the neutrino and charged lepton respectively, and
v(k) is the anti-particle solution to the Dirac equation for a particle of four momentumk.

 � are the gamma matrices, with
 5 = i
 0
 1
 2
 3.

The form of the hadronic current must account for the composite structure of the nucleon
and hyperon. H � may be expanded in terms of the six Dirac bilinears, with the strength of
each controlled by a form factor:

H � = �u(p0)� � u(p); (2.7)

� � = V � � A � ; (2.8)

V � = f 1(Q2)
 � + if 2(Q2)� �� q�

M
+ f 3(Q2)

q�

M
; (2.9)

A � =
�
g1(Q2)
 � � ig2(Q2)� �� q�

M
+ g3(Q2)

q�

M

�

 5: (2.10)

The six functions f 1;2;3 and g1;2;3 are the form factors,M = MN + MY , u(p) is the particle
solution to the Dirac equation for a particle with four momentump, and � �� = i

2 [
 � ; 
 � ].
The terms paired with the form factorsf 1;2;3 describe vector, tensor, and a scalar currents
respectively, while those controlled byg1;2;3 describe axial vector, pseudo-tensor, and pseudo-
scalar currents. This expression also appears in the QE cross section calculation.

The cross section is proportional to the squared matrix element, averaged/summed over
the initial/�nal state spins. In terms of the hadronic and leptonic currents:

jMj 2 =
G2

F sin2 � c

2
H �� L �� ; (2.11)

H �� =
1
2

X

s

X

s0

H � H � y; (2.12)

L �� =
X

r

X

r 0

L � L � y: (2.13)
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H �� and L �� are the hadronic and leptonic tensors. The summations are over spin states
of the nucleon and hyperon (s and s0), and the anti-neutrino and charged lepton (r and r 0).
The factor of 1

2 only appears in Equation 2.12 as the anti-neutrino only possesses a single
spin state. The hadronic and lepton tensors can be expressed as the following traces:

H �� =
1
2

Tr
h
� � (=pN

+ MN )~� � (=pY
+ MY )

i
; (2.14)

L �� = Tr [ 
 � (1 + 
 5)=k
 � (1 + 
 5)( =kl � ml )] : (2.15)

=p = p� 
 � , ml is the mass of the charged lepton, and~� � = 
 0� � y
 0. The hadronic tensor
contains many terms and the resulting expression will not be given here2 the leptonic tensor
is:

L �� = 8k� k0� + 8k0� k� � 8g�� (kk0) � 8i� ���� k� k0
� ; (2.16)

(kk0) = k� k0
� , � ���� is the Levi-Civita symbol, and g�� is the Minkowski metric tensor. The

expression for the di�erential cross section in terms of the leptonic and hadronic tensors is
given in Ref. [79] as:

d�
dQ2

=
G2

F sin2 � c

8�E 2
� M 2

N
L �� H �� ; (2.17)

whereE � is the energy of the anti-neutrino in the rest frame of the nucleon.

2.2.2 Form Factors

The form factors cannot be determined from data due to the lack of measurements of
hyperon production. Instead, relations with other processes and conditions imposed by the
symmetries of the standard model are sought. The form factors in Equations 2.9 and 2.10
have counterparts in CCQE to which relations may be derived [79]. The CCQE interaction
is related to electron-nucleon scattering through the electroweak symmetry of the Standard
Model, and the expressions forf 1;2;3 are determined from measurements of this process. The
consequences of abandoning some of these assumptions will be explored in the rest of this
chapter.

The vector current is conserved in the standard model; imposing this condition on the
hadronic current in electron scattering yieldsf 3(Q2) = 0. All of the form factors must be
real for the process to be time reversal invariant. The form factors for protons and neutrons
in electron scattering are:

f p;n
1 (Q2) =

1
1 + �

�
Gp;n

E (Q2) �
1

1 + �
Gp;n

M (Q2)
�

; (2.18)

f p;n
2 (Q2) =

1
1 + �

�
Gp;n

M (Q2) � Gp;n
E (Q2)

�
; (2.19)

2The squared matrix element, expressed in terms of the Mandelstam variables, can be found in the
appendices of Ref. [79] by Fatima, Sajjad Athar, and Singh.
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where� = Q2=4M 2, and Gp;n
E and Gp;n

M are the Sachs electric and magnetic form factors. The
vector form factors for CCQE are given by [79]:

f pn
1;2(Q2) = f p

1;2(Q2) � f n
1;2(Q2) (2.20)

In all subsequent calculations in this thesis, the BBBA05 [80] parameterisation of the vector
form factors is used.

The axial form factors do not appear in the electron scattering cross section, and are
instead constrained through measurements of the� decay of nucleons and QE scattering.
The axial form factor, gA = gpn

1 , in the calculations in this chapter, is assumed to be a dipole:

gA (Q2) =
gA (0)

�
1 + Q2

M 2
A

� 2 (2.21)

though other parameterisations exist such as thez-expansion [81]. � decay measurements
give gA (0) = 1 :2673 [82]. The parameterMA is the \Axial Mass", can only be determined
through measurements of neutrino scattering, and is an important systematic parameter in
oscillation and cross section measurements. The model inside NuWro supports a separate
axial mass parameter for the hyperon production processes.

The form factors f 1, f 2 and g1 that appear in the hyperon production cross sections are
related to those in electron scattering and QE interaction through the SU(3) quark 
avour
model, with the expressions given in Table. 2.2. The pseudoscalar form factor,g3, is given by
the following expression derived by Nambu [83] from the partial conservation of axial current
(PCAC) in terms of the axial form factor:

gNY
3 =

(MN + MY )2

2(m2
K + Q2)

gNY
1 ; (2.22)

wheremK = 0:498 GeV is theK 0 mass andMY is the hyperon mass.

Second Class Currents

G parity reversal is a combination of charge conjugation and a 180� rotation in isospin space:
G = Cei�I y , where I y is the generator of rotations around they axis in isospin space. The
strong interaction is invariant under this transformation. The vector and axial vector currents
of the SM are G parity even and odd respectively:

V � ! GV � G� 1 = V � ; (2.23)

A � ! GA � G� 1 = � A � : (2.24)

Applying the same transformations to bilinears in Equations 2.9 and 2.10 reveals the scalar
and pseudo-tensor currents gain an additional minus sign. Currents that transform the wrong
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f 1(Q2) f 2(Q2) g1(Q2)

p ! � �
q

3
2 f p

1 �
q

3
2 f p

2 � 1p
6

(1 + 2x) gA

p ! � 0 � 1p
2

(f p
1 + 2f n

1 ) � 1p
2

(f p
2 + 2f n

2 ) 1p
2

(1 � 2x) gA

n ! � � � (f p
1 + 2f n

1 ) � (f p
2 + 2f n

2 ) (1 � 2x) gA

Table 2.2: List of form factors. The quasielastic axial form factorgA satis�es gA (0) = 1 :2673
described by a dipole of axial massMA and x = 0:365. Unless otherwise speci�ed we use
MA = 1 GeV.

way under G parity are named \Second Class Currents", and are forbidden in the SM. The
scalar form factor f 3 must vanish for the vector currents to be conserved. Imposing the
requirement that G parity symmetry is respected,g2(Q2) = 0. With this condition, four
form factors remain: f 1, f 2, g1, and g3, all of which have been determined.

The e�ect of reintroducing the pseudo-tensor current will be discussed later in this chapter.
In these discussions, the pseudo-tensor form factor is assumed to be of the same form as the
axial form factor:

gpn
2 (Q2) =

g2(0)
�

1 + Q2

M 2
A

� 2 ; (2.25)

whereMA is the axial mass introduced in Equation 2.21, andg2(0) is a new coupling, which
will be allowed to take complex values. The form factorsgNY

2 obey the same relations togpn
2

as g1 in Table 2.2.

SU(3) Symmetry Breaking

The form factors in Table 2.2 are obtained through relations derived from the SU(3) 
avour
model of baryons, which is only a true symmetry of the interaction Lagrangian if the baryon
masses are identical. Symmetry breaking corrections to the form factors calculated by
Schlumpf [84] were implemented into the NuWro hyperon production model, and involve
the following adjustments to the form factors:

f 1(Q2) ! af 1(Q2); (2.26)

g1(Q2) ! bg1(Q2): (2.27)

The values of the correctionsa and b are listed in Table. 2.3.
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Process a b

p ! � 0.976 1.072

p ! � 0 0.975 1.051

n ! � � 0.975 1.056

Table 2.3: Symmetry breaking corrections from Ref.[84].

2.2.3 Predictions

The free nucleon cross sections predicted by NuWro are compared with existing measurements
of � and � 0 production in Figures 2.2 and 2.3. Two sets of generator con�gurations are used:
separately setting real and imaginary components of the coupling in the pseudo-tensor form
factor to 1 and applying the symmetry breaking corrections in Figures 2.2a and 2.3a, and
experimenting with varying the axial mass in Figures 2.2b and 2.3b. The data shown form
the entire dataset on CCQE-like hyperon production, and are collected from bubble chamber
experiments: Gargamelle [85{87], the FNAL BC [88], BNL BC [89], and SKAT [90]. The
most recent of these measurements was performed by SKAT in 1990. The only attempt to
measure hyperon production in a modern neutrino experiment was performed with data from
the Argoneut experiment [91], though the methodology involved is very di�erent from that
presented in Chapters 4- 6 of this thesis, relying much more heavily on visual scanning.

These curves show the cross sections predicted by NuWro are consistent with the available
data, though these measurements come with large uncertainties. Predictions with axial
mass values between 0:8 and 1:2 GeV are shown, all of which �t comfortably within the
uncertainties on the data. In contrast, various �ts of the axial mass from CCQE interactions
obtain uncertainties of a few tens of MeV [92{94]. The change in the cross section resulting
from varying the axial mass is much larger than that of the second class current and symmetry
breaking corrections.
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(a) Including second class currents and
symmetry violations.

(b) Using several values of the nucleon axial
mass.

Figure 2.2: Total cross section for the direct production of � baryons compared with several
predictions from NuWro. Data is from Ammosov [88] (FNAL Bubble Chamber, pink star),
Brunner [90] (SKAT, triangle down), Erriquez [85, 86] (Gargamelle, red square and black
x respectively), Eichten [87] (Gargamelle, triange up) and Fanourakis [89] (BNL Bubble
Chamber, white cross). Figure originally published in Ref. [1].
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(a) Including second class currents and
symmetry violations.

(b) Using several values of the nucleon axial
mass.

Figure 2.3: Total cross section for the direct production of �0 baryons compared with several
predictions from NuWro. Data taken from the same references as in �gure 2.2. Figure
originally published in Ref. [1].

2.3 Nuclear E�ects

2.3.1 Struck Nucleon Kinematics

NuWro contains simulations of several nuclear models, including Global Fermi Gas (GFG),
Local Fermi Gas [95], the Bodek-Ritchie correlated Fermi Gas [96], and spectral functions [97].
The e�ect of nucleon momentum is simulated by randomly sampling a value of nucleon
momentum from the selected distribution, and Lorentz transforming into its rest frame before
applying Equation 2.17 to obtain the di�erential cross section for that interaction. Performing
this repeatedly allows one to obtain the di�erential cross section averaged over the nucleon
momenta.

The nucleon attraction between the struck nucleon and the other nucleons is handled
through a mean �eld approximation: the nucleon is assigned some binding energyEb

depending on its location within the nucleus and the nuclear model selected. The four
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momenta of the struck nucleon is then given by:

p� = ( E � Eb; p) ; (2.28)

whereE =
p

p2 + M 2
N , and p is the three momentum of the nucleon in the rest frame of the

nucleus. This adjustment is made prior Lorentz transforming to the centre of mass frame
for the remainder of the calculation. An option included in the NuWro hyperon production
model is to use the e�ective mass of the nucleon in the expression for the cross section, by
making the replacement:

MN ! MN � =
p

p2
� : (2.29)

in Equations 2.9, 2.10 and 2.17. No other in-medium e�ects such as RPA are implemented
and Pauli blocking is not applicable to this stage of the interaction, since hyperons occupy a
separate set of quantum states to nucleons.

2.3.2 Final State Interactions

As described in section 1.5.6, cross section calculations and neutrino event generators do
not attempt to model scattering with the entire nucleus for most interactions. Instead the
process is factorised into the scattering of a neutrino with a quasi-free nucleon and FSI. The
algorithm for the latter process employed by NuWro uses a semiclassical approximation, in
which the particles travel through the nucleus as particles instead of waves, but the location
and results of any interaction are determined in a probabilistic manner. The rough algorithm
for particle propagation through the NuWro intranuclear cascade is as follows:

1. If the particle is not a nucleon, pion or hyperon, it will exit the nucleus without
interacting.

2. Compute the mean free path� of the particle in the nucleus. The mean free path is
given by:

� =
1

� p(r )� p + � n (r )� n
; (2.30)

where � p;n(r ) are the densities of protons and neutrons in the nuclear remnant at a
distance r from the centre of the nucleus, and� p;n are total scattering cross sections
for the projectile with protons and neutrons.

3. Generate a step lengthL for the particle from this mean free path usingL = � � ln �
where� 2 [0; 1] is a uniformly distributed random number.

4. The particle is propagated by a distanced = min( L; 0:2 fm). This procedure accounts
for the fact that L depends on nuclear density and is calculated locally. IfL > 0:2 fm
the particle is moved by a distance 0:2 fm along its momentum vector and step 2. is
repeated.
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5. If d < 0:2 fm and particle is not outside nucleus an interaction is generated. A reaction is
selected by MC method, comparing the cross sections of di�erent reactions. A reaction
is only simulated if �nal states of any nucleons are not Pauli blocked.

This cascade requires in medium hyperon-nucleon cross sections. The �ts to free hyperon-
nucleon data from [98] are used for total cross sections. The di�erential cross sections have
been assigned the same distributions asNN scattering processes with corresponding electric
charges. For example:

d�
d


(p� ! p�) �
d�
d


(pn ! pn) (2.31)

In cases where no similar process in theNN sector exists (e.g. for �� rescatterings), the
outgoing particles are scattered isotropically in the CMS frame. The arguments justifying
this assumption are that the underlying physics responsible for the interactions, the strong
force, is the same and the energy is small enough that any di�erences in the internal structure
of the particles, i.e. the parton distributions, are negligible. The di�erential cross sections
are then obtained from [99] and have the form:

d�
d


= K
�
A cos4 � + B cos3 � + 1

�
; (2.32)

where K is a normalisation constant,A and B are �tted parameters dependant on the
hyperon kinetic energy, and� is the scattering angle in the CMS frame.

Meson Production and Proton Decay

No meson production channels of the typeN + Y ! N 0+ Y 0+ � or similar are simulated
due to a shortage of data to estimate the cross sections for such processes, though meson
production in nucleon-nucleon collisions is simulated. The production of kaons either in
associated hyperon production interactions or through a secondary interaction of a hyperon
are potential sources of background in proton decay experiments, in whichp ! K + + �� is a
process allowed by some Grand Uni�ed Theories [100].

In
uence on Cross Sections

Comparisons of the di�erential cross sections predicted by NuWro before and after the
inclusion of FSI are shown in �gure 2.4. The � channel is largely unmodi�ed, a result
of the rough cancellation of the reabsorption of the � baryons back into the nucleus and the
conversion of � baryons into � baryons, while the � 0 and � � channels are suppressed at
low Q2. The � + baryon cannot be produced through CCQE-like interactions (at tree level)
between neutrinos/anti-neutrinos and nuclei, but may be generated when one of the other
particles undergoes a secondary interaction with a nucleon. The resulting cross section for
� + production is predicted to be at least an order of magnitude smaller than that of the
other channels.
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(a) � production. (b) � 0 production.

(c) � � production. (d) � + production.

Figure 2.4: Di�erential cross sections for the production of the di�erent hyperons calculated
using NuWro, before and after �nal state interactions are included in the simulation. Figure
published in Ref. [1].

2.3.3 The Hyperon-Nucleus Potential

As with nucleons, hyperons will be a�ected by the strong nuclear and electromagnetic forces,
an e�ect that remains poorly understood. Some calculations suggest hypernuclear potentials
will impact the density at which hyperons begin to be produced within neutron stars.
Models attempting to describe the particle content of neutron stars predict the production of
hyperons as the density of the neutron star material increases [101]: the nucleons are forced
into higher and higher energy states to comply with the Pauli exclusion principle; eventually
it becomes energetically favourable for a nucleon to transform into a hyperon. However,
models that attempt to incorporate this process obtain a reduced upper limit on the mass
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Figure 2.5: Predicted masses of neutron stars as a function of their radii (R) and central
density. The model used combines two-nucleon interactions described by the Argonne v18
model (Av18) [103], three nucleon interactions (TNI) from Ref [104] and hyperon nucleon
interaction with the ESC08b model [105]. The dashed red line is the measured mass of the
pulsar PSR J0348+0432 [106], above the maximum mass predicted when hyperon-nucleon
interactions are included. Figure from Ref. [102].

of neutron stars, illustrated in �gure 2.5, in tension with astronomical data. This is known
as the \Hyperon Puzzle" [102]. NuWro attempts to simulate the hyperon-nucleus potential
through the inclusion of a potential proportional to the local density of the nucleus:

V(r ) = � �
� (r )
� (0)

; (2.33)

where � (r ) denotes the density of the nucleus at a distancer from its centre, and � the
strength of the potential at r = 0. There have been attempts to determine the hyperon
nucleus potential using pion-nucleus scattering events in which a kaon is observed in the �nal
state [107{109]. These work suggest separate strengths for the � and � potentials. When
NuWro simulates a primary interaction producing nucleons, the nuclear potential is used to
modify their kinematics during FSI:

1. The value of the nuclear potential,V0 at the point the primary interaction occurred is
evaluated.

2. This is added to the energy of the nucleon, and its momentum rescaled accordingly, to
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keep the particle on-shell3 The simulation stores the value ofV0 in the particle object
as its \binding energy".

3. The particle propagates with these new kinematics, until an interaction is simulated,
or the particle reaches the edge of the nucleus.

4. A pair of nucleons are always produced in the �nal state of anNN interaction in NuWro
(plus up to two pions), the more energetic of which is assignedV0 as its binding energy,
while the value of the nuclear potential at the site of the interaction is retrieved and
assigned to the other nucleon (without adjusting its momentum).

5. If after an interaction, or when a particle reaches the edge of the nucleus, the kinetic
energy of a particle is found to be less than its binding energy, the particle is reabsorbed
into the nucleus and ceases propagation.

The method applied to hyperon production is designed to be as consistent with this algorithm
as possible, but the model has to accommodate two additional scenarios: the hyperon being
produced inside a repulsive potential, and the hyperon being transformed from a � baryon
to a � baryon or vice versa, thereby switching potentials midway through the cascade.

The former situation is relatively straightforward to handle. The kinetic energy of the
hyperon produced in the primary interaction is compared with the value of the potential at
the point of the interaction: if the magnitude of the repulsive potential exceeds the kinetic
energy of the hyperon, the interaction is interpreted as being blocked, and the corresponding
cross section is set to zero. If the hyperon passes this check, it proceeds to the FSI simulation,
where the value of the repulsive potential is subtracted rather than added in step 2. The prior
check ensures this does not result in a particle with negative kinetic energy. If a secondary
interaction occurs in which the hyperon switches families, the hyperon is moved to the new
potential: First the kinetic energy of the new hyperon is compared with the di�erence in the
potentials and if Ek < Vold � Vnew this secondary interaction is ignored. Then the di�erence
between the two potentials is subtracted from the new hyperon's energy and its momentum
adjusted to continue propagating it on shell. This respects overall energy conservation.

The e�ects of varying the strengths of these potentials was examined in [1]. The authors
of [107] suggest the following range for the � nucleus potential for symmetric nuclei:

� � 2 [25 MeV; 29 MeV]: (2.34)

The � nucleus potential is less well constrained. [109] compares the range of strengths, in
combination with � � = 30 MeV, allowing this potential to be strongly repulsive:

� � 2 [10 MeV; � 150 MeV]: (2.35)

3The four momentum (E; p) of an on-shell particle satis�es the equationE 2 = m2 + p2, where m is free
rest mass of the particle.
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By default, NuWro uses the midpoints of these two ranges:� � = 27 MeV and � � = � 70 MeV.
Figure 2.6 shows some predictions of the �0 production di�erential cross section versus

kinetic energy. The di�erential cross section curve exhibits considerable sculpting by the
potential, though this shape can be understood when broken down into contributions from
di�erent sub-processes which posses di�erent shapes. The components of the overall cross
section resulting from � � ! � 0 and � ! � 0 conversions tend to contribute the low energy
portion of the distribution, however this peak shifts to higher energies as the � nucleus
potential becomes more repulsive.

2.4 Comparisons Betweem NuWro and GENIE

The main neutrino event generator employed by the MicroBooNE experiment and used
throughout the remainder of this thesis is GENIE4 [63]. GENIE does not simulate FSI,
nuclear potentials, or e�ective masses for hyperons. A set of comparisons for the � and
� 0 channels from argon nuclei, using these two neutrino event generators, are shown in
Figures 2.7 and 2.8. The default hyperon-nucleus potentials, with the large repulsive
� � nucleus potential, are used. A large suppression of the �0 baryon channel is predicted by
NuWro relative to GENIE, the result of the large repulsive potential raising the kinematic
threshold, and conversion of � baryons to � baryons during FSI. The � production channel
in contrast is enhanced by FSI.

2.5 Summary

Direct hyperon production is a process with few existing measurements, with none performed
in modern neutrino detectors. The cross section model is determined entirely through the
exploitation of symmetry relations to other processes. NuWro is the �rst of the major neutrino
event generators to incorporate nuclear e�ects into the description of this process, and reveals
that the cross sections can be strongly in
uenced by FSI and hyperon-nucleus potentials.
The latter is of particular interest as understanding the behaviour of hyperons in the nuclear
medium may be a necessary step towards solving the hyperon puzzle. Additional and more
subtle e�ects, such as the breaking of the SU(3) quark 
avour symmetry and second class
currents also come into play.

The remainder of this thesis describes a measurement of the � production cross section
with the MicroBooNE detector, and showcases techniques that can be exported to similar
detectors employing the same technology expected to obtain larger datasets, such as the
Short Baseline Near Detector [73], and the Deep Underground Neutrino Experiment [110,
111], the latter of which is a potential venue for proton decay measurements.

4GeneratesEvents for N eutrino I nteraction Experiments.
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Figure 2.6: Distribution of � kinetic energies after �nal state interactions for several values of
the � nucleus potential. The total di�erential cross sections are indicated by the solid black
line, equal to the sum of the other distributions. The contribution labelled � ! � 0 refers to
events in which the primary interaction was �� � + p ! � + + �, with the � then converting to
a � 0 through a secondary interaction. Figure published in Ref. [1].
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(a) Squared four momentum transfer. (b) Cosine of the muon scattering angle.

(c) Momentum of the � baryon.

Figure 2.7: Comparisons of the cross sections for the process �� � + Ar ! � + + � + X ,
with X denoting any additional particles, calculated using NuWro and GENIE. The default
parameters from NuWro are used:MA = 1:03 GeV, and � � = 27 MeV, and � � = � 70.
The same axial mass was used to generate the GENIE predictions. The axial mass used for
hyperon production in MicroBooNE's GENIE tune is 0:96 GeV.
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(a) Squared four momentum transfer. (b) Cosine of the muon scattering angle.

(c) Momentum of the � baryon.

Figure 2.8: Comparisons of the cross sections for the process �� � + Ar ! � + + � 0 + X , with
X denoting any additional particles, calculated using NuWro and GENIE.
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Chapter 3

The MicroBooNE Experiment

3.1 The Liquid Argon Time Projection Chamber

Whenever an energetic charged particle travels through matter, it will leave behind a trail
of ionised atoms and electrons. Ordinarily, these will quickly recombine, and the energy
deposited in the ionisation will be released in the form of photons. If a su�ciently strong
electric �eld is applied, the ions/electrons will instead begin to drift along/against the
�eld. Moving charges induce currents in nearby conductors according the Shockley-Ramo
theorem [112, 113]:

i = Ewqv (3.1)

where i is the induced current,Ew is the \weighting �eld", the electric �eld at the location
of the drifting particle if the conductor is placed at a potential of 1 V, andq and v are the
charge and velocity of the drifting particle respectively.

The Liquid Argon Time Projection Chamber (LArTPC) is class of particle detector that
exploits this phenomenon. The basic design comprises a volume of liquid argon with a
cathode on one side and an anode on the other. Placed in front of the anode are arrays of
wires, in planes perpendicular to the �eld direction, connected to sensors that record current.
The ionisation electrons left by a charged particle are pulled by the �eld towards the wire
planes, inducing currents in the wires detected by the sensors, illustrated in Figure 3.1. A
two dimensional image, displaying the trajectories of charged particles through the detector,
may be produced from the information describing when electrons arrived and at which
wires, for example Figure 3.2. Recording signals from multiple planes of wires with di�erent
orientations enables reconstruction in three dimensions.

In order to determine the absolute position of any activity in the detector, the time of
the ionisation is required. Then the delay between this time and the arrival of the electrons
at the wire planes may be used to calculate the distance between the wires and the particle
trajectories. In the LArTPC, scintillation light plays this role. Charged particles travelling
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through argon produce scintillation light1, the result of de-exciting argon-argon excimers.
This process produces two light signals, one with a peak intensity 6 ns after the passage of
the charged particle, and a second that peaks at 1500 ns. These signals arrive much faster
than the drifting charges and provide a zero time, to which the arrival times of the electrons
can be compared.

The LArTPC detector design furnishes physics analyses with several forms of information
that may be used to identify particles: the location of any activity in the detector (tracking)
may be used to identify neutrino vertices, the distances travelled by di�erent particles
which can serve as a proxy for their kinematics, and the existence of any secondary
interactions/decays. The entire target volume can be instrumented, avoiding the need for any
extrapolation of particle trajectories to determine the location of the interaction vertex. The
strength of the currents recorded is related to the quantity of charge liberated, which in turn
indicates how much energy a particle deposited in the argon along its path (calorimetry).
Thu information is often used to distinguish between di�erent kinds of particles, a subject
which will be further discussed in Section 3.2.5.

1A good resource describing the scintillation of liquid argon is Ref. [114].
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Figure 3.1: Operational principle of the Liquid Argon Time Projection Chamber. Charged
particles travelling through the argon create trails of ionisation, the liberated electrons pulled
towards an anode, in front of which are several planes of wires. As the electrons drift towards
the wires, the induce currents, illustrated on the right hand side of the �gure. These currents
are deconvolved to reveal two dimensional images of the original charged particles. The
wires in the U and V planes form the induction planes, while the wires labelled Y form the
collection plane. Figure from Ref. [71].

48



Chapter 3. MicroBooNE 3.2. The MicroBooNE LArTPC

Figure 3.2: Two dimensional event display. Thex bins along thex axis indicate the di�erent
wire channels, and they axis indicates time. The coloration indicates the number of electrons
arriving at the wires, with green/blue indicating fewer electrons, and red indicating a higher
quantity of electrons. This is used to estimate the energy losses per unit distance of particles
travelling through the detector.

3.2 The MicroBooNE LArTPC

The Micro Booster Neutrino Experiment (MicroBooNE), is a 170 ton LArTPC located in the
Booster Neutrino Beamline at the Fermilab, at a distance of approximately 470 m downstream
of the beam source. The primary physics goals of the experiment are to investigate the nature
of the anomaly observed by the MiniBooNE experiment, discussed in Section 1.4.3, study
the physics of neutrino interactions with argon nuclei, and develop the LArTPC technology.
The detector is positioned at a similar distance along the Booster Neutrino beamline at
Fermilab to the MiniBooNE experiment, in order to be sensitive to the same oscillation
phenomena. Unlike the Cherenkov design employed by MiniBooNE, the LArTPC is able
to distinguish between photons and electrons, as described in Section 3.2.5, enabling tests
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of both the electron-like and photon-like hypotheses. The detector receives neutrinos (and
anti-neutrinos) from two beams, the Booster Neutrino Beam[115, 116] (BNB), and Neutrinos
from the Main Injector [117] (NuMI) beam. The operation and characteristics of these beams
will be described in Section 3.3.

3.2.1 Cryostat and Charge Readout

The detector [118] consists of a 12.2 m long cylindrical stainless-steel cryostat, �lled with
high purity liquid argon. Inside the cryostat is a cuboidal 2:6 m � 2:3 m � 10:4 m �eld
cage, with the anode placed on side and the cathode on the other. The cryostat and �eld
cage are illustrated in Figure 3.3. In front of the anode are three planes of wires, with one
oriented vertically and the other pair at � 60� to the vertical. Information about the three
plane is listed in Table 3.1. In this thesis, the angled planes will be labelled as Plane 0 and
Plane 1, while the vertically oriented wires form Plane 2. The layout of the wire planes in
the MicroBooNE TPC is illustrated in Figure 3.4. It should be noted that in Figure 3.4,
the beam direction describes the direction of the BNB, and not the NuMI beam used in
the analysis described in this thesis. The two neutrino beams detected by MicroBooNE are
described in Section 3.3.

The wire responses in the induction and collection plane di�er, as illustrated in Figure 3.1.
A \peak and dip" shaped signal is generated in the induction planes as the electrons approach
and then depart from wires. The wires in the collection plane record a single peak. Noise
removal and deconvolution algorithms [119, 120] are applied to these signals, with the end
product being a record to the charge arriving at each wire as a function of time.

MicroBooNE is also equipped with a cosmic ray tagger (CRT), installed between the
summer of 2016 and early 2017. This system comprises 73 panels of plastic scintillator,
located above, below, and alongside the cryostat parallel to the beam direction, described
in Ref. [121]. No data from this system is used directly in this analysis: the cosmic ray
background is removed by cuts described in the next chapter.

3.2.2 Light Collection System

The scintillation light 2 produced by the argon is recorded by a rack of 32 photomultiplier
tubes (PMTs), manufactured by Hamamatsu. The wavelength of the scintillation light
produced by liquid argon is approximately 128 nm. The photomultiplier tube are only able
to detect photons in the 300-650 nm range, and achieve an optimal quantum e�ciency at
� 400 nm. A plate of tetraphenyl-butadiene (TPB) is placed in front of each PMT to shift
the wavelength of the light into a range the PMTs are able to detect, by absorbing the
scintillation light emitted by the argon and re-emitting it with a wavelength of 425� 20 nm.

2A small quantity of Cherenkov light is also produced.
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Alph. Label Num. Label Channels Potential Signal Type Orientation

U 0 2400 -110 V Induction +60� to vertical

V 1 2400 0 V Induction � 60� to vertical

Y 2 3256 230 V Collection Vertical

Table 3.1: Description of the three wire plane in MicroBooNE. The alphabetical labelling
scheme is shown in Figure 3.1. In this thesis, the numerical labelling scheme for the planes
will be used. The voltages are chosen to steer the electrons around the induction planes, and
onto the collection plane.

Figure 3.3: Schematic of the MicroBooNE cryostat. The rectangular structure inside the
cylinder is the TPC. Figure from Ref. [71].

51



Chapter 3. MicroBooNE 3.2. The MicroBooNE LArTPC

Figure 3.4: Diagram of the MicroBooNE TPC. Figure from Ref. [122]. The direction of the
BNB, which points along the z axis, is indicated. In this thesis the NuMI beam is used,
which produces its strongest 
ux at 8� to the z axis in the positivex direction.

Beyond its necessity in calculating the absolute positions of particles as previously
described in Section 3.1, the light detection system performs another important function:
rejecting cosmic rays. In a surface level time projection chamber such as MicroBooNE, a
large number of cosmic ray muons cross the active volume every second, each produces a

ash of scintillation light, which gives a very precise indication of when that particle crossed
the detector. This time is compared with the time neutrinos from the beam are expected to
arrive at the detector, and any activity producing a light 
ash out of sync with the beam is
assumed to be from a cosmic ray.

3.2.3 Triggers

The quantity of information recorded by the detector is far too large to process and store,
and triggers are employed to control when the detector records data and manage the 
ow of
information, to maximise the percentage of the recorded data that is useful. An electronic
signal is sent by the Fermilab Accelerator Division to the detector whenever a pulse of
neutrinos is being produced at the beam source. This is the hardware trigger. In the case of
NuMI the hardware trigger initiates a 23� s readout period, called the \beamgate window".
The actual pulse of neutrinos from the NuMI beam is much shorter than this, though its
position within the beamgate window varies. Only a few percent of NuMI spills result in a
neutrino interaction inside the MicroBooNE detector, and so to avoid wasting large amounts
of computational resources, a second, software based trigger is applied. This demands that
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Figure 3.5: The photomultiplier tubes installed inside the MicroBooNE detector.Figure from
Ref. [71].
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a minimum of 9.5 photoelectrons are recorded by the light collection system within the
beamgate window for the event to be recorded.

MicroBooNE receives a signi�cant quantity of cosmic ray muons, and the triggers and
reconstruction algorithm can mistake these for neutrino interactions if they arrive within the
beamgate window. Any physics analysis must include this as a source of background. This
is accomplished by collecting data when the beam is inactive: a con�gurable pulse generator
is used to mimic the signal from the hardware trigger, with the other triggers and data
acquisition systems setup as if the detector is expecting neutrinos from the beam. This is
called the external trigger, and data collected with this trigger will henceforth be labelled as
\EXT".

3.2.4 Detector E�ects

Several physical phenomena occur inside LArTPCs that must be simulated, some of which
have associated systematic uncertainties.

The Space Charge E�ect

The exposure to cosmic rays results in a buildup of argon ions inside the cryostat,
concentrated near the cathode, which modi�es the electric �eld. The is called the space charge
e�ect (SCE), and causes a shift in the locations of reconstructed objects in the detector, as
illustrated in Figure 3.6. The space charge e�ect in MicroBooNE was studied in Ref. [123],
and is corrected for in the analysis described in the subsequent chapters of this thesis.
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Figure 3.6: The entry/exit points of reconstructed cosmic ray muons in MicroBoonE, with
the dashed lines indicating the edges of the TPC. In the absence of the space charge e�ect,
the entry/exit points would be lie on the boundaries of the TPC, indicated by the dashed
black line. Figure from Ref. [123].

Di�usion and Recombination

As the electrons are pulled towards to anode, they will begin to spread out, an e�ect known
as di�usion, resulting in blurrier event displays. This e�ect can be reduced by increasing the
strength of the drift �eld. The electrons can also recombine with nearby argon ions, a�ecting
the number that reach the wire planes. These e�ects are important, both as noise �ltering is
applied that may remove very small charge depositions, and because the detected charge is
used as a proxy for the energy deposited by a particle in the detector, which some methods
of particle identi�cation and estimators of particle kinematics rely on.
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Unresponsive Channels

An unresponsive channel can be recognised in an event display as an empty slice extending
along the entire vertical axis of the event display, for example the highlighted gap in
Figure 3.7. Unresponsive channels are scattered throughout the detector on all three wire
planes. These are are included in the detector response simulation described in Section 3.4.4,
and the reconstruction algorithms employed by MicroBooNE are designed to cope with their
existence. There is a section of the TPC betweenz � 675 cm andz � 775 cm containing
a high concentration of unresponsive wires, this region will henceforth be referred to as the
\dead region". The event selection described in Chapter 4 will not attempt to identify �
baryon production events in this portion of the detector, and excludes data with reconstructed
neutrino vertices in this region.

Figure 3.7: Gaps in tracks due to dead channels. A vertical slice cutting through multiple
tracks along the same section of the horizontal axis of the event display usually signals the
presence of unresponsive wires. It can be deduced the gap in the right hand box is not due
to unresponsive wires as there is a track above it without a gap.

3.2.5 Particle Identi�cation Methods

Regarding the signatures they produce, the particles that result from neutrino-nucleus
interactions may be roughly sorted into three categories: track-like, shower-like, and invisible.
Protons, charged pions, muons, charged kaons, and the charged � baryons typically create
track like signatures. The shower-like category comprises electrons and photons. Invisible
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particles are those that do not ionise the argon, primarily neutrons, and are only detected
indirectly if they interact/decay to produce other particles that do ionise the argon. Neutral
pions, the � baryon, and the � 0 baryon are all detected through the presence of their decay
products. There is some overlap between these categories, for example, a pion that repeatedly
scatters may produce a somewhat shower-like signal, and electrons at low energies often
produce track-like signatures.

Particle Energy Loss

Three pieces of information are often used to identify a track-like particle: the intensity of
the energy deposition along the track, the presence of any sudden changes in direction, which
indicate interactions/decays, and the length of the track. The energy lost per unit distance
of a charged particle, in the energy regime applicable to MicroBooNE, is described by the
Bethe-Bloch formula:

�
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Z and A are the atomic number and atomic mass of the medium respectively,z the charge of
the incident particle (in units of the elementary charge),� the velocity of incident particle,

 = 1=

p
1 � � 2, Tmax the maximum kinetic energy that may be transferred to a free electron

in a single collision, andI the mean excitation energy of electrons in the medium.� (�
 ) is
a correction for high momentum particles. The predicted energy losses of a� + in copper at
di�erent energies are illustrated in �gure 3.8. The predicted values ofdE=dx for di�erent
particles are shown in Figure 3.9.
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Figure 3.8: The predicted energy loss of a� + in copper. The region of particle momentum
relevant to MicroBooNE runs from approximately 100 MeV to 5 GeV, which is described by
the Bethe-Bloch formula. Figure from Ref. [22].

Figure 3.9: The rates of energy loss predicted by the Bethe-Bloch formula for protons,
charged pions, kaons, and muons. The residual range is the distance from the end of a
particle's trajectory. The rapid increase indE=dx the �nal few cm of a particles track is
called the \Bragg Peak". Figure from Ref. [122].
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Muons

Figure 3.9 shows that muons and charged particles ionise argon less intensely that protons
and kaons, leading to the classi�cation as minimum ionising particles (MIPs). Particle
identi�cation algorithms targeting muons, such as the one described in Section 4.4, typically
compare thedE=dx along tracks to the expected values for muons. A muon can decay, with
the dominant mode being� � ! e� + �� e + � � , though in MicroBooNE a muon will often
exit active volume before doing this. The electron produced in this decay is called a \Michel
electron", and will typically create a short track of its own. A simulated muon, with Michel
electron, is shown in Figure 3.10.

Figure 3.10: Event display of a simulated� � with 1 GeV of momentum, travelling left to
right. The gap near the middle of the track is due to unresponsive TPC wires. The \hook"
at the end of the track is produced by the Michel electron.

Protons

The primary method for the identi�cation of protons is to measure the value ofdE=dx along
tracks, which will be larger than that of muons and charged pions. In the event displays in
this thesis, heavier ionisation is indicated by orange/red colouration. An event display of a
single simulated proton is shown in Figure 3.11.

Figure 3.11: Event display of simulated proton with 1 GeV of momentum, travelling left to
right. The red colour of the track indicates intense ionisation of the argon.
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Charged Pions

Charged pions are challenging to separate from muons owing to their similar masses, and
therefore similar dE=dx pro�les, as shown by Figure 3.9. The presence of a charged pion
in a neutrino interaction is often deduced through combinatoric arguments: in a CC� �

interaction, unless a very hard scatter occurs, the majority of the kinematic budget is
transferred to the muon, with the remainder shared between the hadrons and nuclear
remnant. As a result, the muon typically produces a much longer track than any charged
pions, and it is assumed the longest MIP-like track is the muon, and any additional MIP-
like tracks are charged pions. The presence of secondary interactions with other nuclei in
the detector can also distinguish pions from muons, as the other nuclei in the detector are
more transparent to muons owing to their lack of participation in the strong interaction. An
example of a charged pion track is shown in Figure 3.12.

Figure 3.12: Event display of simulated� + with 1 GeV of momentum, travelling left to right.
The � + underwent a scatter with a nucleus, producing a pair of protons, visible as the \split"
in the track.

Charged Kaons

Kaons produce a track like signature, with an expected rate of energy loss greater than that
of MIPs, but less than that of protons. Unlike the other particles, these will often decay
within the detector, with its two leading decay modes being:

K + ! � + + � � ; (3.3)

K + ! � + + � 0; (3.4)

resulting in a track with a \kink". If the kaon comes to rest before decaying, the� + or
� + are always produced with 236 MeV or 205 MeV of momentum respectively [22], and the
detection of a secondary track with momentum near one of these values can indicate the
parent track is a charged kaon. A charged kaon, decaying to a muon, which subsequently
decays to a Michel electron, is shown in Figure 3.13.
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Figure 3.13: Event display of simulatedK + with 1 GeV of momentum, travelling left to right.
The K + undergoes a decay on the right hand side of the display to a� + , which subsequently
decays to a Michel electron.

Electrons/Photons

Su�ciently energetic photons will undergo pair production, resulting in an electron-
positron pair, and energetic electrons can produce photons through bremsstrahlung. An
electromagnetic shower is produced when an electron/photon undergoes bremsstrahlung/pair
production, with the resulting photons/electrons/positrons undergoing undergoing pair
production/bremsstrahlung themselves, and so on, producing a signature like the one seen
in Figure 3.14. This process is illustrated in Figure 3.15.

Photons and electrons are distinguished through the intensity of energy loss near the start
of the shower: an electron shower will begin with a single electron, while the photon, after
converting, begins with a pair of electrons. Thus a photon shower will deposit energy in the
detector at approximately twice the rate of an electron induced shower, an e�ect that can be
seen in Figure 3.16.

Figure 3.14: Event display of simulated electron with 0.5 GeV of momentum, travelling left to
right. The electron produces a shower through repeated bremsstrahlung and pair production
by the photons produced in the bremsstrahlung.
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