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Abstract

The Short Baseline Neutrino (SBN) programme is an upcoming neutrino experiment situated
on the Booster Neutrino Beam (BNB) at the Fermilab National Laboratory. One of the
primary objectives of the SBN programme is to confirm or refute the low energy electron
neutrino excess observed in previous neutrino experiments: LSND and MiniBooNE. It was
postulated that this observed low energy electron neutrino excess was caused by the existence
of one or more sterile neutrinos. If this is confirmed, it will alter our current understanding
of physics as well as the standard model and the prescription of neutrino oscillations.

To achieve this primary objective, the SBN programme will perform studies which are
sensitive to electron neutrino appearances. These are carried out assuming several sterile
models, in particular the 3+1 model. To undertake the physics goals of the SBN programme,
three Liquid Argon Time Projection Chambers (LArTPCs) are positioned at various points
along the BNB beamline. These LArTPCs are known as The Short Baseline Near Detector
(SBND) (110 m), Micro Booster Neutrino Experiment (MicroBooNE) (470 m), and the
Imaging Cosmic And Rare Underground Signals (ICARUS) (600 m) detector. LArTPCs
provide sophisticated calorimetric and topological information to identify the energy and
flavour of charged particles in neutrino interactions. For an electron neutrino excess search,
it is important to reconstruct and identify the resultant electron from neutrino Charge Current
(CC) events. A new framework with new methods was developed to characterise electro-
magnetic showers to help identify electrons from background photon showers. The new
methods were then employed in an oscillated electron neutrino selection upon simulated
events in the SBN detectors. The resultant event distributions were then used to perform
an electron neutrino appearance sensitivity analysis using the 3 + 1 sterile model in the
VALencia-Oxford-Rutherford (VALOR) neutrino oscillation fitting framework.

The single-phase wire near detector of the SBN programme, SBND, is also viewed as a
prototype for the upcoming Deep Underground Neutrino Experiment (DUNE) far detector.
Due to the high rate of events at the location of the DUNE near detector, single-phase wire
LArTPCs are not feasible. Therefore, alternative readout methods are being considered,
such as a pixelated readout. To test these alternative readout methods, a research rig at the
University of Sheffield has been developed.





Table of contents

List of �gures xvii

List of tables xlix

Nomenclature li

1 Introduction 1

2 The Case for the Sterile Neutrino: An Overview of Neutrino Physics 3

2.1 Historical Overview of Neutrino Physics Theory . . . . . . . . . . . . . . . 4

2.2 Beyond the Standard Model in Neutrino Physics . . . . . . . . . . . . . . . 10

2.2.1 Neutrino Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.2 Experimental Search for Neutrino Mass . . . . . . . . . . . . . . . 19

2.2.3 The Seesaw Mechanism . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.4 Calculating the Number of Neutrinos . . . . . . . . . . . . . . . . 23

2.2.5 Sterile Neutrino Theory . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.6 Anomalies in Neutrino Experiments . . . . . . . . . . . . . . . . . 26

2.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Liquid Argon Time Projection Chamber Theory 33

3.1 LArTPC Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Ionisation, Recombination and Scintillation . . . . . . . . . . . . . . . . . 36

3.3 Transportation of Ionised Electrons, Diffusion and Impurities . . . . . . . . 38

3.4 Particle Calorimetry and Identi�cation . . . . . . . . . . . . . . . . . . . . 40

3.5 Other LArTPC Developments . . . . . . . . . . . . . . . . . . . . . . . . 42

3.6 Neutrino Interactions and Cross-Sections . . . . . . . . . . . . . . . . . . 42

3.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45



xiv Table of contents

4 Overview of The Short-Baseline Neutrino Programme (SBN) 47

4.1 The Booster Neutrino Beam (BNB) . . . . . . . . . . . . . . . . . . . . . 48

4.2 Neutrinos at the Main Injector (NuMI) Beam . . . . . . . . . . . . . . . . 50

4.3 The Short-Baseline Near Detector (SBND) . . . . . . . . . . . . . . . . . 51

4.3.1 Detector Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.2 Electronics Design . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.4 The MicroBooNE Detector . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5 The ICARUS Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.6 Physics Capabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.6.1 Sensitivity of Sterile Neutrino Searches . . . . . . . . . . . . . . . 62

4.6.2 Other Physics Searches . . . . . . . . . . . . . . . . . . . . . . . . 67

4.7 Software Used in the SBN Programme Simulation . . . . . . . . . . . . . . 67

5 Studies on the SBND Electronics Chain 69

5.1 VST Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 Signal to Noise Ratio Measurement in the VST . . . . . . . . . . . . . . . 75

5.2.1 Raw Hit Finding . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.2 Electron Lifetime Analysis . . . . . . . . . . . . . . . . . . . . . . 78

5.2.3 Signal to Noise Ratio Analysis . . . . . . . . . . . . . . . . . . . . 80

5.3 VST Signal to Noise Ratio Extrapolation to SBND . . . . . . . . . . . . . 85

5.4 Warm Icarus Electronics Alternative chain for SBND . . . . . . . . . . . . 88

5.4.1 Test Stand Electronic Design . . . . . . . . . . . . . . . . . . . . . 89

5.4.2 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.4.3 Noise Characterisation . . . . . . . . . . . . . . . . . . . . . . . . 91

5.4.4 Signal to Noise Ratio Measurement . . . . . . . . . . . . . . . . . 93

5.4.5 ENC Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.5 Electron Lifetime Studies in SBND . . . . . . . . . . . . . . . . . . . . . 97

5.5.1 Methods to Calculate the Lifetime . . . . . . . . . . . . . . . . . . 97

5.5.2 Ef�ciency and Accuracy of the Methods . . . . . . . . . . . . . . . 100

5.5.3 Comparison of the Methods . . . . . . . . . . . . . . . . . . . . . 101

5.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6 Reconstruction of Particle Interactions in the SBND Detector 103

6.1 Reconstruction Chain in SBND . . . . . . . . . . . . . . . . . . . . . . . . 104

6.1.1 Charge Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 104

6.1.2 Hit Finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.1.3 Pandora Pattern Recognition . . . . . . . . . . . . . . . . . . . . . 111



Table of contents xv

6.1.4 Alternative Shower Clustering . . . . . . . . . . . . . . . . . . . . 113

6.1.5 Comparison of Shower Clustering Methods . . . . . . . . . . . . . 114

6.1.6 Track Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.1.7 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.1.8 Particle Identi�cation . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2 Shower Characterisation in Liquid Argon TPCs . . . . . . . . . . . . . . . 124

6.2.1 Overview of Pre-Existing Shower Reconstruction Software in SBND 126

6.2.2 The TRACS Reconstruction Chain and Performance Evaluation . . 127

6.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7 Producing and Selecting Charge Currentne events in the SBN Programme 155

7.1 Sample Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.1.1 Producing the Modern Samples . . . . . . . . . . . . . . . . . . . 156

7.1.2 Producing the Proposal Samples . . . . . . . . . . . . . . . . . . . 158

7.2 Truth-Based Proposal Like Selection . . . . . . . . . . . . . . . . . . . . . 160

7.2.1 Beam Induced Active Volume Signal and Background Events . . . 160

7.2.2 Dirt Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7.2.3 Cosmic Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.3 Comparisons Between the Truth-Based Analyses . . . . . . . . . . . . . . 169

7.4 Evaluation of Reconstructed Selections in SBND . . . . . . . . . . . . . . 174

7.4.1 Reconstruction Samples Used . . . . . . . . . . . . . . . . . . . . 175

7.4.2 Pre-selection Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.4.3 Evaluating the Proposal Selection Cuts on Reconstructed Events . . 177

7.4.4 Including Additional Metrics in thene Selection . . . . . . . . . . 183

7.4.5 Performing a Multivariate Analysis to improve the selections . . . . 188

7.5 Comparing The Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

7.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

8 SBN Sensitivity to Sterilene Appearance 205

8.1 The VALOR Framework for the SBN Analysis . . . . . . . . . . . . . . . 206

8.2 Thene CC Selection Spectra . . . . . . . . . . . . . . . . . . . . . . . . . 208

8.3 Flux and Interaction Systematics . . . . . . . . . . . . . . . . . . . . . . . 210

8.4 Results of the Truth-Based Analyses . . . . . . . . . . . . . . . . . . . . . 213

8.5 Results of the TPC Cut Based Reconstruction Analyses . . . . . . . . . . . 214

8.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217



xvi Table of contents

9 R&D In New Liquid Argon Readouts 219

9.1 The Shef�eld Liquid Argon Rig Design . . . . . . . . . . . . . . . . . . . 220

9.2 TPC Design and Electronic Readout . . . . . . . . . . . . . . . . . . . . . 222

9.3 Sub-detector Setup and Electronic Readout . . . . . . . . . . . . . . . . . 225

9.4 Data Acquisition and Readout Monitoring Software . . . . . . . . . . . . . 227

9.5 Noise Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

9.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

10 Conclusion 233

References 237

Appendix A Full Hit Finding Ef�ciencies 259

Appendix B Details of the TRACS framework 265

Appendix C Differences Between GENIE version v2_12 and v2_8 269

Appendix D Including a SVM for PFO Characterisation 275

Appendix E Further Analysis on the Pre-selection Cuts 277

Appendix F Neutrino Energy Reconstruction and Correctness 281

Appendix G Discussion of a Truth-BaseddE=dx study 285

Appendix H ne CC Selection as a Function of Interaction Variables 287

Appendix I More Detail on the Additional Selection Metrics 295

Appendix J ne Selection Spectra 307

Appendix K Systematical Covarience Matrices for thene Analysis 311



List of �gures

2.1 Feynman diagram for the Fermi transition for beta decay. . . . . . . . . . . 4

2.2 The asymmetry in the electron count rate for the change in spin orientation

of Co(60) in the Wu et al. experiment. From Reference [1] . . . . . . . . . 6

2.3 A Muon track (a) and an electron shower (b) in the Brookhaven spark

chamber detector. From Reference [2] . . . . . . . . . . . . . . . . . . . . 8

2.4 Feynman diagrams of the elastic scattering interactions betweenne ande� . 14

2.5 The solar de�cit observed in Kamiokande as a function of the angle from the

sun. The solid line indicates the Monte Carlo prediction. From Reference [3]. 14

2.6 Electron and muon rates in Super-K as a function of the zenith angle. The

hatched squares correspond the Monte Carlo assuming no neutrino oscil-

lations while the black line corresponds to the best �t of the data. From

Reference [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.7 The �ux, f mt, of thenm andnt neutrinos from B8 interactions in the sun

against the �ux,f e, of ne for the three types of interactions in SNO. The

contours indicate the best �t and the dashed lines indicated the predicated

�ux from the SSM. From Reference [5]. . . . . . . . . . . . . . . . . . . . 16

2.8 Pictorial explanation of the normal and inverted mass hierarchy, from Refer-

ence [6]. The contributions of the �avour eigenstates to the mass eigenstates

are shown in the coloured bars. For the �rst mass eigenstate, the main con-

tribution is thene. For the third mass eigenstate, thenm andnt contribute

more. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9 The oscillation probability in reactor experiments with a baseline of 60 km,

from Reference [7]. The �gure shows the difference in the probability for

the normal ordering (black line) and the inverse ordering (dashed line). . . . 20



xviii List of �gures

2.11 The CMB power spectrum and the effect of increasingNeff. The black

line corresponds to the best �t of WMAP7 (black points) (The Wilkinson

Microwave Anisotropy Probe 7-year result) and SPT K11 (blue points)

(South Pole Telescope,Keisler et al, 2011) data. The top graph �xes the

matter-radiation equality redshift (zeq), and the angular size of the sound

horizonqS as well as baryon density. The bottom graph also keeps the

fraction of baryonic mass in helium,YP, constant in order to �x the angular

size of the photon diffusion,qD. As the difference in the differentNeff is

small, whenqD is �xed, it shows that the impact is related to the diffusion of

photons, i.e. Silk damping. From Reference [8] . . . . . . . . . . . . . . . 24

2.12 The LSND excess results in terms of distance travelled in meters divided

by the neutrino energy in MeV. The neutrino energy is determined from the

measured positron energy and angle with respect to the neutrino beam, from

Reference [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.13 The MiniBooNE excess from both neutrino and anti-neutrino mode data in

terms of neutrino energy assuming quasi-elastic scattering, from Reference

[10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.14 a) 3s sensitivity contours fornm disappearance from experiments. b) Global

�t of appearance and disappearance data. The Dis line exclude regions by

3s whilst App corresponds to 3s allowed regions. From Reference [11]. . 30

2.15 3s sensitivity contours forne appearance from experiments. a) is with all

MiniBooNE data and b) is without low energy MiniBooNE data. From

Reference [11] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.16 a) Allowed regions from reactor experiments. The shaded areas correspond

to the allowed regions prior to reactor experiment results from Daya Bay,

DANSS and NEOS. The green area corresponds to setting �ux spectra to

the predicated values, whilst orange allows the �ux to be a free parameter.

The blue area corresponds to all reactor data with the �ux being free and

the magenta contours indicate the global �xed analysis. The star represents

the best �t. b) Is the reactor global �ts overlapped with the gallium allowed

region and the exclusion (to the left) from solar neutrino data and atmospheric

data from Super-K, DeepCore and IceCube at 95% and 99% CL. Figures are

from Reference [12]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1 The LArTPC design. The energy deposits travel toward the readout which is

made up of wire planes for 2D reconstruction. Figure from Reference [13]. 35



List of �gures xix

3.2 A Landau distribution. The long asymmetric tail predicts higher energy

electrons, known as delta rays, to exist within the TPC. These have been

observed. The variablex depends on the energy deposited within a small

segment and properties of the detector. From Reference [14]. . . . . . . . . 41

3.3 Simulation of a 2 GeV electron (a) and muon (b) in a LArTPC. The image is

the raw digitised output from a wire plane with wire number on the x-axis

and time in digitised ticks on the y-axis. . . . . . . . . . . . . . . . . . . . 42

3.4 The neutrino (a) and anti-neutrino (b) cross-section measurements as a

function of neutrino energy. The prediction for the Quasi-Elastic (QE),

Resonance (RES) and Deep Inelastic Scattering (DIS) are given by the

Nuance [15] generator. Figure from Reference [16] . . . . . . . . . . . . . 43

3.5 Feynman diagrams of charge current (a) and neutral current (b) quasi-elastic

events upon a proton (p) or a neutron (n). W = W+ =W� depending on the

interaction. The result is a charged lepton,l , which is identi�ed within the

detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6 Feynman diagrams of charge current (a) and neutral current (b) resonant

events upon a neutron (n). Other permutations upon neutrons and protons

are possible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 The positions of the detectors along the BNB beamline. The near detector

SBND is positioned at 110 m from the beam, MicroBooNE is at 470 m and

ICARUS is at 600 m. From Reference [17]. . . . . . . . . . . . . . . . . . 47

4.2 A schematic of the BNB beam indicating the focusing horn and the decay

region. From Reference [18]. . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 The simulated �ux of the BNB beam at MiniBooNE split into the components

of the beam. From Reference [18]. . . . . . . . . . . . . . . . . . . . . . . 49

4.4 The predated �ux from the BNB (a) (from Reference [19] and the NuMI

beam (b) (from Reference [20]) to MicroBooNE as a function of neutrino

energy. Both beams are in a mode which selects neutrinos over anti-neutrinos.51

4.5 A schematic of SBND. The CPA lies between the two TPCs providing an

electric �eld. The anode (APA) readout consists of 3 wire planes. From

Reference [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.6 SBND wire readout setup. From Reference [17]. . . . . . . . . . . . . . . 52

4.7 A PDS module in SBND. The module is made up of 5 PMTs and 8 ARAPU-

CAs which are positioned interchangeably. Mounting brackets on all four

sides of the detectors hold the detectors to the frame. Credit: J. Boissevain. 53



xx List of �gures

4.8 a) Position of the CRT system in SBND. Note that the bottom of the detector

is not fully covered due to struts holding the cryostat in position. From

Reference [17]. b) Images of the scintillating strips before and after the

Mylar has been glued on. From Reference [21]. . . . . . . . . . . . . . . . 55

4.9 The ef�ciency of the prototype CRT panel as the distance from the readout

increases. This is a result of a laboratory tests at the University of Bern.

From Reference [21]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.10 Full path of the electronics chain in SBND. From Reference [17]. . . . . . 56

4.11 The MicroBooNE sensitivity using Monte Carlo to an excess of electron

neutrino events given the sterile oscillation parameters in the x and y axes.

The MiniBooNE sensitivity 90% con�dence limit is also shown and the

LSND 90% con�dence limit. Area to the right of the contour has a higher

con�dence value than the contour value. See Chapter 8 for further detail.

From Reference [22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.12 Schematic of the MicroBooNE cryostat and TPC. From Reference [13]. . . 59

4.13 The ICARUS sensitivity to an excess ofne events given the sterile oscillation

parameters in the x and y axes. Area to the right of the ICARUS contour has

a higher con�dence value than the contour value. See Chapter 8 for further

detail. From Reference [23]. . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.14 Diagram showing the geometry of the ICARUS TPCs. From Reference [17]. 62

4.15 Oscillation probability as a function of length travel for a 0.7 GeV neutrino.

Global best-�t parameters for sterilene appearance excess andnm disappear-

ance are used to calculate the probability. SBND (110 m), MicroBooNE

(470 m ) and ICARUS (600 m) are indicated on the plot by their distance

from the beam target. Note that the hadrons decay between the beam target

and up to 50 m in the decay pipe, therefore the neutrino length of �ight need

not be the full distance to the detectors from the beam target. . . . . . . . . 63

4.16 SBN muon neutrino spectra after thenm CC inclusive truth-based selection.

Note that no cosmic background was considered in the analysis. From

Reference [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.17 The SBN sensitivity to muon neutrino disappearance for the proposal truth-

based analysis as well as the sensitivity contour for a joint MiniBooNE and

SciBooNE analysis. Area to the right of the contour has a higher con�dence

value than the contour value. From Reference [17]. . . . . . . . . . . . . . 65

4.18 SBN electron neutrino spectra after thene CC inclusive truth-based selection.

From Reference [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



List of �gures xxi

4.19 The sensitivity of the SBN programme to electron neutrino appearance signal

for the proposal truth-based analysis. The Figure shows the allowed regions

for LSND and some global best �ts at the time. Area to the right of the

contour has a higher con�dence value than the contour value. See Chapter 8

for further detail. From Reference [17]. . . . . . . . . . . . . . . . . . . . 67

5.1 The LArIAT tertiary beamline with the sub-detector and TPC elements. From

Reference [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 The LArIAT cosmic muon tagging system. From an internal presentation,

credit: J Asaadi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3 The azimuthal (a) and zenith (b) angle distributions arising from events

triggered from the cosmic muon tagging system. . . . . . . . . . . . . . . . 72

5.4 Online monitor cubisms [25] for the noise RMS for the �rst 8 channels. The

current RMS value is shown on the right hand side of the cube in units of

ADC. The rest of the cube shows how the noise RMS has changed with time. 73

5.5 A triggered event whilst the liquid argon was �lling during the second run of

the VST. The top two images show the charge deposition in wire-time space.

The bottom is the waveform on a particular wire. . . . . . . . . . . . . . . 74

5.6 Example of the reconstruction process. Hits (black and coloured dots) are

identi�ed, and presented in the wire-tick (wire-time) space. Hits are then

clustered together based on their topology (coloured dots). An event such as

this would be removed during the signal to noise ratio analysis. . . . . . . . 76

5.7 Event display of raw data from the VST showing a through-going cosmic

muon. Hits on the waveforms are visible and the 2D cluster in each of the

views can be easily performed. There is an offset of 2560 ticks in the readout. 77

5.8 The output of the raw hit �nder for the collection (a) and induction (b) planes

with initial linear �ts performed. Credit: Tom Brooks . . . . . . . . . . . . 78

5.9 Tracks on the collection (a) and induction (b) planes after selection cuts.

The cuts were chosen by evaluating the results on a sub-sample of the data.

Credit: Tom Brooks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.10 Cuts performed on the charge vs time to select hits for the minimization.

Credit: Tom Brooks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.11 All lifetime measurements (a) and the hour average with the changes to the

drift �eld (b). Credit: Tom Brooks . . . . . . . . . . . . . . . . . . . . . . 80



xxii List of �gures

5.12 RMS of each wire for sub-run 322 for the induction (a) and collection (b)

planes. The error bars are the standard error on the mean. Dead wires, which

can be noticed by a sudden drop in RMS in the distribution, were removed

from the analysis. Only the longest wires, where the RMS is the largest,

were used in the run RMS analysis. Errors iny correspond to the error on

the mean value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.13 The noise RMS in ADC for several sub-runs in the second run of the VST.

The error bars are the standard error on the mean. The drop in the RMS

in the induction plane is the result of the remaining FEMB readout wires

existing at the end of the induction plane where they are smaller in length.

Errors iny correspond to the error on the mean value. . . . . . . . . . . . . 82

5.14 The normalised peak heights distributions of tracks that pass the cuts for

sub-run 322. The �t to the induction (a) and collection (b) distributions is a

Landau-Gaussian �t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.15 The signal to noise ratio for several sub-runs in the second run of the VST.

The error bars are the propagation of the statistical error on the Landau-

Gaussian �t and the error on the noise RMS. Note that sub-runs 310-315

were held at the nominal cathode voltage of 23.5 kV, sub-runs 309,317-327

and 332 were held at 20 kV and sub-runs 308 and 329-331 were held at 15

kV. The errors iny are calculated by propagating the statistical errors on the

noise RMS and signal value. . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.16 The extrapolated noise RMS as a function of wire length in the collection

plane (a) and induction plane (b). . . . . . . . . . . . . . . . . . . . . . . . 87

5.17 The signal to noise ratio as a function of drift distance in the SBND detector.

The value at a drift of 0 cm is the extrapolated value discussed above. The

errors are calculated by propagating the error of the original SNR to the

extrapolated value and thus equal to the original error scaled by lifetime and

diffusion effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.18 The regression �t in the collection-tick plane (a) and the induction-tick plane

(b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.19 The noise distribution for the collection plane (a) and induction plane (b).

This corresponds to all ADC counts 2000 ticks away from the linear signal �t.92

5.20 The noise RMS for each wire the collection plane (a) and induction plane

(b). Note: the two higher capacitance wires on the induction plane are not

used in the analysis. The errors iny are the standard error on the mean values.92

5.21 The FFT for a wire on the collection plane. . . . . . . . . . . . . . . . . . 93



List of �gures xxiii

5.22 The zenith (a) and azimuthal (b) angular distribution for all events in the run 94

5.23 The exponential plotQ = Q0et=t . The errors are the errors on the most prob-

ably value that arises during the �tting procedure. The errors are calculated

extracted using the MINOS technique [26]. . . . . . . . . . . . . . . . . . 94

5.24 The normalised charge deposition of track like particles in the TPC on the

collection plane (a) and induction plane (b). Bins corresponding to less than

42 ADC for the collection plane and 8 ADC for the induction plane are not

considered in the �tting to remove noise effects. Errors are Poissonian. . . . 95

5.25 The normalised charge deposition of track-like particles in the TPC multi-

plied by the Gaussian coef�cient on the collection plane. Bins corresponding

to less than 26 ADC are not considered in the �tting to remove noise effects.

Errors are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.26 A example of an anode to cathode crossing muons in the SBND detector.

Credit: Tom Brooks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.27 a) The �tted Landau-Gaussian convolution to the charge deposited on the

wire plane for a speci�c time slice. The exponential �t of the average time

of each time slice against the most probable charge. The error bars are

extracted using the MINOS technique [26]. The technique �nds the error on

the lifetime by taking the difference of the lifetime values for which thec 2

is +1 from the minimised value. Credit: Tom Brooks . . . . . . . . . . . . 99

5.28 An example of a muon crossing parallel to the wire plane. Credit: Tom Brooks100

5.29 a) A plot of the calculated lifetime against the simulated lifetime for each

module. The error bars are calculated using the MINOS technique [26].

The technique �nds the error on the lifetime by taking the difference of the

lifetime values for which thec 2 is +1 from the minimised value. Credit:

Tom Brooks. b) A plot of the calculated percentage of charge lost across the

full drift distance of the TPC. . . . . . . . . . . . . . . . . . . . . . . . . 100

6.1 The raw (black) and deconvolved (blue) waveforms. A Gaussian (red) has

been �tted to peaks usingGausHitFinder_module. The x-axis corresponds

to the time in ticks (0.5ms), and the y-axis corresponds to amplitude in ADC.106

6.2 A Monte Carlo waveform with corresponding Gaussian �t attempts. The �t

with the lowestc 2=Ndof is chosen to model the wavepacket. . . . . . . . . 108



xxiv List of �gures

6.3 The 1st ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.4 The 2nd ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.5 The 3rd ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.6 Example of a waveform pulse train where the energy is deposited along

several time ticks. In this case a multi-dimensional Gaussian �t becomes

unsuitable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.7 The fraction of energy reconstructed in the hits in the muon sample and

electron sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.8 The reconstruction chain for the Pandora pattern recognition. From Refer-

ence [27]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.9 The process of theBlurredClustering_module. The 2D hits are blurred using

a Gaussian kernel then a nearest neighbour algorithm is run to merge 2D hits

together. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.10 Event display of a reconstructed electron shower (mostly red) and charged

pion and its daughters (green and yellow) originating from the same vertex.

The shower is slightly segmented, and therefore small shower clusters skew

the distributions of completeness metric. . . . . . . . . . . . . . . . . . . . 115

6.11 The shower hit completeness. The errors on the histograms are Poissonian.

The histograms are normalised to the number of reconstructed events for each

method individually. The errors iny on the energy mean are the standard

error on the mean value for events with true energy within thex error width.

The red line corresponds to the ideal value. . . . . . . . . . . . . . . . . . 117



List of �gures xxv

6.12 The shower hit purity. The errors on the histograms are Poissonian. The

histograms are normalised to the number of reconstructed events for each

method individually. The errors iny on the energy mean are the standard

error on the mean value for events with true energy within thex error width.

The red line corresponds to the ideal value. . . . . . . . . . . . . . . . . . 118

6.13 The space-point geometry projection matching score for the collection plane.

The induction plane results are similar. The errors on the histograms are

Poissonian. The histograms are normalised to the number of reconstructed

events for each method individually. The red line corresponds to the ideal

value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.14 The shower segmentation in the events. If shower reconstruction was perfect,

the value should always be one. The induction plane results are similar. The

errors on the histograms are Poissonian. The histograms are normalised to

the number of reconstructed events for each method individually. The errors

in y on the energy mean are the standard error on the mean value for events

with true energy within thex error width. The red line corresponds to the

ideal value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.15 Particle identi�cation using thedE=dxvs residual range. From Reference [28].123

6.16 Particle Identi�cation using the PIDA method. From Reference [29]. . . . . 123

6.17 Pathway for TRACS reconstructions . . . . . . . . . . . . . . . . . . . . . 128

6.18 The shower reconstructed metrics for the tuned TRACS tools used in the

Analyses in Chapters 7 and 8. The errors on the histograms are Poissonian

and the errors iny on the energy mean magnitude are the standard error on

the mean value for events withx error width. The histograms are the number

of entries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.19 The full TRACS reconstruction pathway. The green boxes correspond to

calculated shower variables. The blue and red tools have been separately

tuned using the Bayesian Optimisation. . . . . . . . . . . . . . . . . . . . 134

6.20 The magnitude of the difference between the reconstructed and true start

position of the shower 0-5 cm (a,b). The mean magnitude is also plotted as a

function of the true shower energy (c,d). The histograms are normalised in

order to consider only the number of events within the range. The errors on

the histograms are Poissonian. The error iny on the graphs is the standard

error on the beam for the entries with thex error. . . . . . . . . . . . . . . 135



xxvi List of �gures

6.21 The TRACSSmart Trajectorytool algorithm. The algorithm iteratively

checks the angles (between the black lines) between the trajectory points

(in red) and the base point (in green) until both angles are below the set

threshold. The resultant direction is shown as the blue line. The dynamic

sliding of the base point can be turned off and the shower start position or the

initial track stub start position (pink) can be used instead. If the directional

information is used, the last trajectory point is not required. . . . . . . . . . 137

6.22 A comparison of the direction calculations of all the existing shower modules.

The errors on the histograms are Poissonian. The histograms are normalised

in order to only consider the number of events within the range. The errors

in y on the energy mean are the standard error on the mean value for events

with true energy within thex error width. . . . . . . . . . . . . . . . . . . . 138

6.23 TRACS track hit �nder algorithms. For theShower Residual(a) Blue lines

indicate successful PCA �ts and red lines indicate failures. Red dots with a

blue outline indicate hits removed to force the initial seed to �t. Blue hits

indicate points which failed the residual cuts, orange hits are removed due to

pruning and cyan stars indicate new seed positions. Red points are identi�ed

as the initial track stub hits. For the2D regression(b) the blue line is the

resultant �t of the red and blue hits. The blue points are removed by either

the perpendicular tolerance (cyan lines) or the max number of hits cut (after

the pink line). The red line is the next �t in the iteration. For the3D cylinder

tool (c) a cylinder (red rectangle) is created from the start along the shower

direction (blue line). All hits within the cylinder are used. . . . . . . . . . . 139

6.24 TRACS reconstructed event display for the various track hit �nder and track

maker tools. The 3D spacepoints of the reconstructed shower are in black.

The red 3D points correspond to the spacepoints which have been identi�ed

as being part of the initial track stub. The light blue triangles are the 3D

trajectory points made by the track making tools. The dark blue triangle

is the start position of the 3D initial track stub. The green square is the

reconstructed shower start position and the pink line corresponds to the

reconstructed shower direction. Other spacepoints in blue correspond to

other reconstructed particles. . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.25 ROC Curves for the three track hit �nder algorithms for identifying vertex

electrons and rejecting vertex photons using adE=dx cut. The shower start

position must be reconstructed within 1 cm of true start position. . . . . . . 141



List of �gures xxvii

6.26 The cos(q) between the true and reconstructed directions for the various

track makers in TRACS using theSmart Trajectorytool. The errors on the

histograms are Poissonian. The histograms are normalised by the number of

events within the range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.27 Diagram of photon decaying intoe+ e� pair. One of the pair stops (red hits)

within the initial track stub and therefore a subset of the hits in the initial

track have adE=dx corresponding to an electron landau (outside the blue box).143

6.28 The electron and photon priors used in theBayesian Truncatingtool. . . . . 144

6.29 The dE/dx reconstruction for the various TRACS algorithms and existing

shower characterisation algorithms. The errors on the histograms are Poisso-

nian. The histograms are normalised by the number of events reconstructed.

The ROC curve corresponds to the ef�ciency of keeping vertex electrons (a)

and removing vertex photons (b). . . . . . . . . . . . . . . . . . . . . . . . 145

6.30 Linear charge energy calibration from an isotropic sample of simulated muon.146

6.31 The shower reconstructed energy for the module currently running in SBND.

The errors on the histograms are Poissonian and the errors iny on the energy

are the standard error on the mean value for events with true energy within

in thex error width. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.32 The shower reconstructed opening angle for the TRACS tools and thePan-

doraShower_module. The errors on the histograms are Poissonian and the

errors iny are the standard error on the mean value for events with energy

within x error width. The histograms are normalised using the number of

reconstructed events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.33 The shower reconstructed shower length for the TRACS tools and thePan-

doraShower_module. The errors on the histograms are Poissonian and the

errors iny are the standard error on the mean value for events with energy

within x error width. The histograms are normalised using the number of

reconstructed events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.34 The Bayesian Optimisation process. Where the points are added depends

on the maximum of the acquisition function. Once the points are added

the posterior probability changes with the new information. Figure from

Reference [30]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151



xxviii List of �gures

6.35 The Bayesian Optimisation process over 200 iterations. The3DCylinder

tool, see Section 6.2.2, is being tuned to maximise the dE/dx electron photon

separation. The red markers represent the Bayesian Optimisations result at

that iteration. The black line corresponds to the best result at the iteration.

The green line represents the experts best guess based on the track hit length

and width discussed in Section 6.2.2. . . . . . . . . . . . . . . . . . . . . 153

7.1 The interaction rates of CC0Pi events in GENIE v2_8 and v2_12. The errors

on the plot are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.2 The interaction rates of NC resonant interactions on protons producing a

�nal state neutral pion for GENIE v2_8 and v2_12. The errors on the plot

are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.3 Ef�ciency of removing events where there are two showers greater than 100

MeV for thenm background events in the active volume (red) and the beam

dirt background events (orange). This ef�ciency is in terms of true incoming

neutrino energy (a) and the true outgoing charged lepton/neutrino energy

(b). The initial distributions are shown for the proposal (solid line) and the

modern (dashed line) samples. The ef�ciency is presented for both samples

and the errors are calculated using the normal approximation to 1s . . . . . 161

7.4 Diagram of an interaction. The vertex is visible due to hadronic activity (red

dots). The black dots refer to a photon shower. Due to the hadronic activity,

the conversion gap (red line) is visible. The initial track stub (blue line) is

used to calculate thedE=dx of the shower. . . . . . . . . . . . . . . . . . . 162

7.5 The background rejection from removing events with a visible vertex and

conversion gap greater than 3 cm for thenm CC (black) and thenm NC (red)

background events in the active volume. This is displayed as a function

of the true incoming neutrino energy (a) and the true outgoing charged

lepton/neutrino energy (b). The distributions correspond to the events which

pass the multiple shower cut in the proposal (solid line) sample and the

modern (dashed line) sample. The errors are calculated using the normal

approximation to 1s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162



List of �gures xxix

7.6 The resultant background rejection due to removing events with a muon with

a track length greater than 1 m for thenm CC background events in the active

volume (black). This is shown in terms of the true incoming neutrino energy

(a) and the true outgoing charged lepton energy (b). The distributions of the

events after the conversion gap cut and the two shower cut are shown for the

proposal (solid line) and the modern (dashed line) samples. The errors are

calculated using the normal approximation to 1s . . . . . . . . . . . . . . . 163

7.7 The background rejection due to removing events where the primary shower

has less than 200 MeV of energy for thene intrinsic CC background events

(a,b) (pink),nm CC background events (c,d) (black) andnm NC background

events (e,f) (red) in the active volume. The oscillatedne ef�ciency (blue) is

drawn on each graph for reference. The background rejection is presented

in terms of the true neutrino energy (left-hand side) and the true outgoing

neutrino/charged lepton energy (right-hand side). The distributions of events

after the conversion gap cut, the muon length cut and the two shower cut are

shown for the proposal (solid line) and the modern (dashed line) samples.

The background rejection is presented for both distributions and the errors

are calculated using the normal approximation to 1s . . . . . . . . . . . . . 164

7.8 a) The distribution of photons of energy> 100 MeV from dirt events within

the active volume in terms of the drift direction (x) and the beam direction

(z). b) The distance to the closest wall of the active volume bounding box

for photons of energy> 100 MeV that enter the active volume from dirt events.166

7.9 The total background rejection in the truth-based analysis for removing

dirt events with respect to the neutrino energy (a) and outgoing charged

lepton/neutrino energy (b). The distributions of events after the two shower

cut are shown for the proposal (solid line) and the modern (dashed line)

samples. The oscillatedne ef�ciency (blue) is drawn for reference. The

background rejection is presented for both distributions and the errors are

calculated using the normal approximation to 1s . . . . . . . . . . . . . . . 167

7.10 a) The distribution of photons, with energy greater than 100 MeV, from

cosmic events within the active volume in terms of the vertical direction (y)

and the beam direction (z). b) The distance to the closest wall of the active

volume bounding box for photons that enter the active volume from cosmic

events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168



xxx List of �gures

7.11 The background rejection when removing cosmic events with an energy

greater than 200 MeV. The errors are calculated using the normal approxima-

tion to 1s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.12 A diagram of the cylinder cut from Reference [17]. . . . . . . . . . . . . . 169

7.13 The total background rejection of the analysis for the intrinsicne CC (a,b)

(pink),The ef�ciencies are presented in terms of the true neutrino energy (left-

hand side) and the true outgoing neutrino/charged lepton energy (right-hand

side). The oscillatedne ef�ciency (blue) is drawn on each graph for reference.

The background rejection is presented for both the proposal and modern

distributions and the errors are calculated using the normal approximation to

1s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.14 The resultant spectra from the truth-based analysis in SBND using the "mod-

ern sample". The ratio between the "modern" sample and "proposal" sample

for the total event distribution and the different interaction types of the analy-

sis is shown. Errors are derived from the Poissonian errors of the histogram.

A weighting ofsin
�
qme

�
= 0:013andDm2

41 = 0:43eV2 has been used on the

oscillation sample [31]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.15 The resultant spectra from the truth-based analysis in MicroBooNE using the

"modern" sample. The ratio between the "modern" sample and "proposal"

sample for the total event distribution and the different interaction types of

the analysis is shown. Errors are derived from the Poissonian errors of the

histogram. A weighting ofsin
�
qme

�
= 0:013andDm2

41 = 0:43eV2 has been

used on the oscillation sample [31]. . . . . . . . . . . . . . . . . . . . . . 171

7.16 The resultant spectra from the truth-based analysis in ICARUS using the

"modern" sample. The ratio between the "modern" sample and "proposal"

sample for the total event distribution and the different interaction types of

the analysis is shown. Errors are derived from the Poissonian errors of the

histogram. A weighting ofsin
�
qme

�
= 0:013andDm2

41 = 0:43eV2 has been

used on the oscillation sample [31]. . . . . . . . . . . . . . . . . . . . . . 172

7.17 The resultant spectra from the truth-based analysis in SBND using the "pro-

posal" sample. The ratio between the total event distribution and the different

interaction types of the analysis against the spectra from 2012 is shown.

Errors are derived from the Poissonian errors of the histogram. A weighting

of sin
�
qme

�
= 0:013andDm2

41 = 0:43eV2 has been used on the oscillation

sample [31]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172



List of �gures xxxi

7.18 The resultant spectra from the truth-based analysis in MicroBoone using the

"proposal sample". The ratio between the total event distribution and the

different interaction types of the analysis against the spectra from 2012 is

shown. Errors are derived from the Poissonian errors of the histogram. A

weighting ofsin
�
qme

�
= 0:013andDm2

41 = 0:43 eV2 has been used on the

oscillation sample [31]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.19 The resultant spectra from the truth-based analysis in ICARUS using the

"proposal" sample. The ratio between the total event distribution and the

different interaction types of the analysis against the spectra from 2012 is

shown. Errors are derived from the Poissonian errors of the histogram. A

weighting ofsin
�
qme

�
= 0:013andDm2

41 = 0:43 eV2 has been used on the

oscillation sample [31]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.20 SBN electron neutrino spectra after thene CC inclusive truth-based selection. 174

7.21 The selection ef�ciency of CCne interactions and the background rejection

of nm interactions in the active volume for removing events where a PFP

reconstructed neutrino does not exist in the event drift window. The underly-

ing neutrino distribution is also plotted. The errors on the �gures are the1s

Clopper-Pearson intervals [32]. . . . . . . . . . . . . . . . . . . . . . . . . 176

7.22 The selection ef�ciency of CCne interactions and the background rejection

of nm interactions in the active volume for removing events where a recon-

structed shower does not exist in the event drift window. The underlying

neutrino distribution is also plotted. The errors on the �gures are the1s

Clopper-Pearson intervals [32]. The results correspond to the sample created

after performing the PFP cut. . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.23 The ef�ciency (blue), background rejection (red), ef�ciency� background

rejection (black), purity (red) and ef�ciency� purity (black) for selecting

events requiring a) one shower above the energy threshold and b) no more

than one shower above threshold. The error on the curves are the cumulative

statistical error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

7.24 The ef�ciency for reconstructing the neutrino vertex within 5 cm of the true

vertex as a function of the true hadronic energy deposited in the TPC. The

analysis is performed on thenm events after the PFP neutrino and no shower

cuts are applied. The underlying true vertex distribution is also plotted, along

with the correctly reconstructed distribution. The errors on the �gures are

the 1s Clopper-Pearson intervals [32]. . . . . . . . . . . . . . . . . . . . . 179



xxxii List of �gures

7.25 The conversion gap distance for signal (blue hatched) and background (red

hatched) events. The ef�ciency (blue), background rejection (red), ef�ciency

� background rejection (black), purity (red) and ef�ciency� purity curves

are also plotted. The error on the curves are the cumulative statistical error. 179

7.26 dE=dx for signal (blue hatched) and background (red hatched) for all events

(a) and for events where the reconstructed shower energy is greater than 225

MeV (b). The ef�ciency (blue), background rejection (red), ef�ciency�

background rejection (black), purity (red) and ef�ciency� purity (black)

curves are also plotted. The error on the curves are the cumulative statistical

error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

7.27 Length of the longest track for signal (blue hatched) and background (red

hatched) events. The ef�ciency (blue), background rejection (red), ef�ciency

� background rejection (black), purity (red) and ef�ciency� purity (black)

curves are also plotted. The error of the curves is the cumulative statistical

error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.28 The energy of the largest shower for signal (blue hatched) and background

(red hatched) events. The ef�ciency (blue), background rejection (red),

ef�ciency � background rejection (black), purity (red) and ef�ciency�

purity (black) curves are also plotted. The errors on the curves are the

cumulative statistical error. . . . . . . . . . . . . . . . . . . . . . . . . . . 182

7.29 The ef�ciency of selecting CCne events (blue), the background rejection for

removingnm events (red) and the purity (black) of the proposal-like selection

as a function the true neutrino energy. The underlying distributions before

selection for the signal (red) and background (blue) are also plotted, along

with the ef�ciency (dashed orange) and background rejection (dashed light

blue) for the POT and oscillation normalised events. The ef�ciencies are

calculated from the remaining events after the pre-selection cuts and the

full selection. For the unnormalised events the errors are the1s Clopper-

Pearson intervals [32], whilst for the normalised distributions the normal

approximation is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

7.30 The steps in the residual analysis. The distance from the start position of

the secondary showers (blue, pink and red dots) is evaluated with respect to

the primary shower (black dots). The residual of the secondary shower is

calculated using the primary shower direction (pink line). Showers outside

the black line (made from the 2 cm line (blue) and the cone outline (red)) are

removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184



List of �gures xxxiii

7.31 The distribution of residual values of secondary showers. . . . . . . . . . . 185

7.32 The PIDA score for the largest shower for signal (blue hatched) and back-

ground (red hatched) events. The ef�ciency (blue), background rejection

(red), ef�ciency� background rejection (black), purity (red) and ef�ciency

� purity (black) curves are also plotted. The errors on the curves are the

cumulative statistical error. . . . . . . . . . . . . . . . . . . . . . . . . . . 186

7.33 The 2D signal (a) and background (b) distributions of the length and the

PIDA score of the longest track. . . . . . . . . . . . . . . . . . . . . . . . 186

7.34 The selection ef�ciency of CCne events (blue), the background rejection for

removingnm events (red) and the purity (black) of the updated selection as

a function of the true neutrino energy. The underlying distributions before

selection for the signal (red) and background (blue) are also plotted, along

with the ef�ciency (dashed orange) and background rejection (dashed light

blue) for the POT and oscillation normalised events. The ef�ciencies are

calculated from the remaining events after the pre-selection cuts and the

full selection. For the unnormalised events, the errors are the1s Clopper-

Pearson intervals [32] whilst for the normalised distributions the normal

approximation is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

7.35 An example of the �rst decision tree from the BDTG algorithm from theroot

TMVA package. The hyperparameters of the BDT are shown in Table 7.5

and the input parameters are shown in Table 7.6. The signal and background,

Figure 7.38, are scaled to 1:1 before the BDT analyses the data. . . . . . . . 191

7.36 The BDT response for the standard BDT for the validation (points) and the

training (bars) data for the signal (blue) and background (red). The errors

are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

7.37 The BDT response for the scaled BDT for the validation (points) and the

training (bars) data for the signal (blue) and background (red). The errors

are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

7.38 The input parameter distribution for the BDTs. The inputs are the remaining

events after the PFP neutrino and at least one shower pre-selection cuts.

The blue histograms correspond to thene CC signal and the red to thenm

background. The distributions go in descending order of the Table 7.6 from

the top left Figure to the bottom right Figure. . . . . . . . . . . . . . . . . 195

7.39 Correlation matrix between the input parameters of the BDTs, listed in Table

7.6, for thene CC signal data. The correlation is represented as a percentage. 196



xxxiv List of �gures

7.40 Correlation matrix between the input parameters of the BDTs, listed in Table

7.6, for thenm background data. The correlation is represented as a percentage.196

7.41 The ef�ciency (blue), background rejection (red), purity (red), ef�ciency�

background rejection (black) and ef�ciency� purity (black) for selecting

events above the BDT score cut off from the standard trained BDT. The

errors on the curves are the cumulative statistical error. . . . . . . . . . . . 197

7.42 The ef�ciency (blue), background rejection (red), purity (red), ef�ciency�

background rejection (black) and ef�ciency� purity (black) for selecting

events above the BDT score cut off from the scaled trained BDT. The BDT

inputs have been normalised using the POT and oscillation weighting. The

errors on the curves are the cumulative statistical error. . . . . . . . . . . . 198

7.43 The ef�ciency of selecting CCne events (blue), the background rejection for

removingnmevents (red) and the purity (black) of the standard BDT selection

with a BDT cut off score at 0, a �ducial volume cut and a minimum shower

energy cut of 100 MeV, as a function of true neutrino energy. The underlying

distributions before selection for the signal (red) and background (blue)

are also plotted, along with the ef�ciency (dashed orange) and background

rejection (dashed light blue) for the POT and oscillation normalised events.

For the unnormalised events, the errors are the1s Clopper-Pearson [32]

intervals whilst for the normalised distributions the normal approximation is

used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

7.44 The different selections in ef�ciency background rejection space for active

volume events only. The cut-based selections are optimised by maximising

either the ef�ciency� background rejection for each cut or the ef�ciency�

purity. The BDT curves are calculated by varying the BDT score threshold

within the selection. The sub�gure is the whole curve. The 80% reconstruc-

tion ef�ciency weighting is applied to the truth-based analyses. . . . . . . . 200

7.45 The total selection ef�ciency as a function of the true neutrino energy. The

underlying signal distribution (blue dashed) and background distribution

(red dashed) are shown for convenience. The 80% reconstruction ef�ciency

weighting is not applied. The errors on the reconstruction analyses are the

1s Clopper-Pearson intervals [32] whereas, for the truth-based analyses the

normal approximation is used. . . . . . . . . . . . . . . . . . . . . . . . . 201



List of �gures xxxv

7.46 The total background rejection as a function of the true neutrino energy. The

underlying signal distribution (blue dashed) and background distribution

(red dashed) are shown for convenience. The 80% reconstruction ef�ciency

weighting is not applied. The errors are calculated using the normal approxi-

mation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

8.1 The spectra from the three detectors for the truth-based selection. The

selection is performed on the modern-like sample described in Chapter 7,

Section 7.1.1. The errors are statistical. . . . . . . . . . . . . . . . . . . . . 208

8.2 The neutrino energy resolution for Charged Current (CC)ne events after the

pre-selection cuts in Chapter 7, Section 7.4.3. The analysis is performed on

the Short-Baseline Near Detector (SBND) Booster Neutrino Beam (BNB)

events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

8.3 The spectra from the three detectors for the proposal-like selection with

the parameters discussed in Chapter 7, Section 7.4.3 set to maximise the

ef�ciency � background rejection. The spectra are created using the re-

construction information of the Time Projection Chamber (TPC) signal and

backgrounds and the truth-based dirt and cosmic background. The errors are

statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

8.4 The fractional covariance matrices for the �ux (a) and interaction (b) for

the truth-based modern selection discussed in Chapter 7, Section 7.1.1. The

matrices are created from spectra, Figure 8.1. . . . . . . . . . . . . . . . . 212

8.5 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.3. The matrices

are created from spectra, Figure 8.3, which uses the proposal selection,

maximising the ef�ciency� background rejection. The new binning scheme

has been used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

8.6 The ne appearance sensitivity for the truth-based analyses. The modern

(red) and proposal-like (blue) samples are shown as well as the modern

sample with the new binning scheme (purple). The sensitivities without

the systematic penalty are shown via the dashed lines. The 2012 proposal

sensitivity (black dashed) is shown for comparison. . . . . . . . . . . . . . 214

8.7 The 90% CLne appearance sensitivity for the reconstruction analyses. The

sensitivity without the systematic penalty is shown via the dashed lines and

the systematic errors with the solid line. The 2012 proposal sensitivity (black

dashed) and the modern truth-based analysis with the new binning scheme

(purple line) is shown for comparison. . . . . . . . . . . . . . . . . . . . . 215



xxxvi List of �gures

8.8 The area covered by the 90%ne appearance sensitivity for the reconstruction

analyses as a function of the BDT score used. The cut-based methods are

shown as a horizontal line as they do not depend on the BDT score. Thex

errors for each BDT area are the distance to the next point and they errors

are calculated by propagating the size of the steps used to form the sensitivity

region around the contour. The modern truth-based analysis (purple line)

with the new binning scheme is shown for comparison. . . . . . . . . . . . 216

8.9 Thene appearance sensitivity for the truth-based analyses with the proposal

binning (red) and the BDT reconstruction selection with a score of 0.2 (black).

The 90%, 3s and 5s are presented for each analysis. The LSND allowed

regions and the MiniBooNE sensitivity is also plotted to show the SBN

coverage of the low energy excess. . . . . . . . . . . . . . . . . . . . . . . 217

9.1 The Shef�eld liquid argon rig. A) The PMT, B) the protector mesh, C) mesh

cathode, D) TPC �eld cage, E) pixel plane, F) LArASIC chip, G) adapter

board, H) argon capacitor level gauge, I) PT-100 RTD resistive temperature

sensor, J) threaded struts, K) puri�er output, L) puri�er input, and M) argon

input. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

9.2 The Shef�eld liquid argon rig. A) The PMT, B) the protector mesh, C) mesh

cathode, D) TPC �eld cage, E) pixel plane, F) LArASIC chip, and G) adapter

board. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

9.3 The face of the Bern pixel readout. From Reference [33]. . . . . . . . . . . 223

9.4 The response to a test pulse being supplied to the ASIC chip via the Arduino

nano. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

9.5 The response to a test pulse being supplied to the ASIC chip via a charged wire.224

9.6 A �ow diagram of the electronics chain in the Shef�eld rig. . . . . . . . . . 224

9.7 The response of the Hamamatsu R11065 PMT to a Cs-137 source when

coupled to sodium iodide crystal. A tick is 1 ns in the DAQ. Credit: Ed

Tyley for redoing the analysis as the initial data was lost during PC hardware

upgrades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

9.8 The time distribution of the peak heights from one of the larger cosmic

paddles when triggering with the other. . . . . . . . . . . . . . . . . . . . . 226

9.9 Online monitoring diagram showing the average noise RMS on the CAEN

DAQ channels every hour. . . . . . . . . . . . . . . . . . . . . . . . . . . 228



List of �gures xxxvii

9.10 The sub-detector event display for an event which triggered the PMT and two

large CRTs. The top waveform (in ticks = 1 ns) corresponds to the internal

PMT. The next two waveforms are the side CRTs and the bottom two are

the small vertical CRTs. Underneath each waveform is the distribution of

the waveform in ADC. A Gaussian is �tted to the distribution in the �rst

(left-hand side) and second (right-hand side) iteration of the analysis. The

integral of the waveform is taken within the two vertical red lines, whereas

the baseline is calculated using the information outside the lines. The green

vertical line represents the peak height point and the black horizontal line

represents the baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

9.11 The mean noise RMS on the pixel channels (a) and the ROI channels (b).

The errors are the standard deviation on the RMS calculated for each event. 231

9.12 FFT from software triggered data. The sub-�gure is the entire frequency

range available. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

9.13 a) A test pulse on a pixel (left) and an ROI (right) from the Ardunio. Since

the image, alterations to the grounding scheme were undertaken and the

oscillatory noise has been removed. b) The same waveforms but with an FFT

noise �lter applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

A.1 The 1st ef�ciency de�nition in Equation 6.1.2 for various MCdt thresholds

as a function of the azimuthal (XZ) and zenith (YZ) angles. The MC ADC

threshold is set to 5 ADC. Errors are the standard deviation of the ef�ciency

for the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . 260

A.2 The 2nd ef�ciency de�nition in Equation 6.1.2 for various MCdt thresholds

as a function of the azimuthal (XZ) and zenith (YZ) angles. The MC ADC

threshold is set to 5 ADC. Errors are the standard deviation of the ef�ciency

for the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . 260

A.3 The 3rd ef�ciency de�nition in Equation 6.1.2 for various MCdt thresholds

as a function of the azimuthal (XZ) and zenith (YZ) angles. The MC ADC

threshold is set to 5 ADC. Errors are the standard deviation of the ef�ciency

for the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . 261

A.4 The 1st ef�ciency de�nition in Equation 6.1.2 for various MC ADC thresh-

olds as a function of the azimuthal (XZ) and zenith (YZ) angles. Thedt

merging threshold is set to 2 ticks. Errors are the standard deviation of the

ef�ciency for the corresponding angle. . . . . . . . . . . . . . . . . . . . . 261



xxxviii List of �gures

A.5 The 2nd ef�ciency de�nition in Equation 6.1.2 for various MC ADC thresh-

olds as a function of the azimuthal (XZ) and zenith (YZ) angles. Thedt

merging threshold is set to 2 ticks. Errors are the standard deviation of the

ef�ciency for the corresponding angle. . . . . . . . . . . . . . . . . . . . . 262

A.6 The 3rd ef�ciency de�nition in Equation 6.1.2 for various MC ADC thresh-

olds as a function of the azimuthal (XZ) and zenith (YZ) angles. Thedt

merging threshold is set to 2 ticks. Errors are the standard deviation of the

ef�ciency for the corresponding angle. . . . . . . . . . . . . . . . . . . . . 262

A.7 The 1st ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

A.8 The 2nd ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

A.9 The 3rd ef�ciency de�nition in Equation 6.1.2 for various ADC thresholds

set in theGausHit_Moduleas a function of the azimuthal (XZ) and zenith

(YZ) angles. The MC ADC threshold is set to 5 ADC and thedt merging

threshold is set to 2. Errors are the standard deviation of the ef�ciency for

the corresponding angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

B.1 Structure of theShowerElementHolderwhich the user directly interacts with.266

B.2 Structure of theShowerElementBasewhich is held in theShowerElementHolder

and holds a speci�c data product the user has created. . . . . . . . . . . . . 267

B.3 The structure of theShowerProducedPtrHolder which handles the objects

to be stored in theart::Event . . . . . . . . . . . . . . . . . . . . . . . . 268

C.1 The interaction rates of CC0Pi events in GENIE v2_8 and v2_12. The errors

on the plot are Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . 270

C.2 Figures showing the differences in rates of CC resonant interaction types

from GENIE version v2_12 and v2_8. The errors arise from the Poissonian

errors on the bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270



List of �gures xxxix

C.3 Figures showing the differences in rates of NC interactions between GENIE

versions v2_12 and v2_8. Note that a neutral pion is not always created in

DIS and coherent scattering events. The errors arise from the Poissonian

errors on the bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

C.4 Figures showing the differences in the hadronic energy of NC interactions be-

tween GENIE versions v2_12 and v2_8. The errors arise from the Poissonian

errors on the bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

C.5 Figures showing the differences in the conversion distance of the most

energetic photon arising from vertex interactions of NC interactions between

GENIE versions v2_12 and v2_8. The errors arise from the Poissonian errors

on the bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

C.6 Figures showing the differences in the energy of a �nal state neutral pion in

NC interactions between GENIE versions v2_12 and v2_8. The errors arise

from the Poissonian errors on the bin. . . . . . . . . . . . . . . . . . . . . 273

C.7 Figures showing the differences in the energy of the most energetic photon

arising from the vertex in NC interactions between GENIE versions. The

errors the Poissonian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

C.8 Figures showing the differences in the energy of the second most energetic

photon arising from the vertex of NC interactions between GENIE versions

v2_12 and v2_8. The errors arise from the Poissonian errors on the bin. . . 274

D.1 The proton reconstruction ef�ciency for the different Pandora pattern recog-

nition reconstruction pathways, discussed in Chapter 6, Section 6.1.3, as a

function of true energy deposited by the proton. The true deposited energy

distribution is plotted (shaded black). The errors on the �gures are the1s

Clopper-Pearson intervals [32]. . . . . . . . . . . . . . . . . . . . . . . . . 276

D.2 The mean shower hit completeness for the different Pandora pattern recog-

nition reconstruction pathways, discussed in Chapter 6, Section 6.1.3, as a

function of true shower energy. The errors iny are the standard error on the

mean for values within the true energy rangex� xerr ! x+ xerr wherexerr

corresponds to the error bar bar on thex axis. The pink line corresponds to

the ideal value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276



xl List of �gures

E.1 Thene ef�ciency andnm background rejection for the CC interactions (a)

and NC interactions (c) when removing events with no reconstructed PFP

neutrino. b) The CC interactions ef�ciency and background rejection as a

function of the outgoing charged lepton energy. The underlying neutrino

distribution is also plotted. The errors on the �gures are the1s Clopper-

Pearson intervals [32]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277

E.2 The total oscillatedne ef�ciency andnmbackground rejection when removing

events with no PFP reconstructed neutrino. The ef�ciency is split between

the different interaction modes, a) Elastic , b) Resonant and c) DIS, with the

underlying initial neutrino energy distribution also plotted. The errors on the

Figures are the 1s Clopper-Pearson intervals [32]. . . . . . . . . . . . . . 278

E.3 a) The total oscillatedne ef�ciency and nm background rejection when

removing events with no reconstructed shower after the PFP neutrino cut.

The ef�ciency is split between the different interaction modes a) QE, b)

Resonant and c) DIS, with the underlying initial neutrino energy distribution

also plotted. The errors on the �gures are the1s Clopper-Pearson intervals

[32]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

E.4 Thene ef�ciency andnm background rejection for the CC interactions and

NC interactions for removing events with no reconstructed shower as a

function of the true incoming neutrino energy (a) and as a function of the

outgoing charged lepton energy (b). The underlying neutrino distribution is

also plotted. The errors on the �gures are the1s Clopper-Pearson intervals

[32]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

F.1 The energy reconstruction correctness for tracks (a), showers (b) and neu-

trinos (c). The neutrino reconstructed energy is calculated after corrections

have been applied to the track and shower for only events above the recon-

structed energy of 225 MeV. Thenm sample is used for the tracks and thene

sample for the showers. All samples used underwent the no PFP neutrino

and no reconstructed shower cuts. Errors on the graphs are statistical. . . . 282



List of �gures xli

F.2 Neutrino energy correctness of CCne signal (blue) events and thenm (red)

background events as a function of the neutrino interaction variables: a) the

true neutrino energy, b) the outgoing charged lepton/neutrino energy, c) the

reconstructed neutrino energy, d) the Bjorken parameterx, e) the inelasticity

y, f) the momentum transferQ2, g) the angle between the outgoing charged

lepton/neutrino and the incoming neutrino, h) the incoming transverse mo-

mentum, and i) the hadronic invariant mass. The errors on the y-axis are the

errors on the mean from the distribution of values betweenx� dx ! x+ dx.

All samples used underwent the no PFP neutrino and no reconstructed shower

cuts and only the track and shower energies have been corrected for. A 225

MeV reconstructed energy cut has been applied to the Figures to remove

poor reconstruction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

G.1 The truth-baseddE=dxdistributions from electrons (a) and photons (b) from

the vertex simulated sample as well as electrons (c) and photons (d) from the

BNB sample. The photon samples are stacked and split into the different end

processes of the photon, Compton scattering (blue) and pair production (red).

Credit: Ed Tyley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

H.1 The ef�ciency of selecting CCne events (blue), the background rejection

for removingnm events (red) and the purity (black) of the proposal-like

selection as a function of the neutrino interaction variables: a) the outgoing

charged lepton/neutrino energy, b) the reconstructed neutrino energy, c) the

Bjorken parameterx, d) the inelasticityy, e) the momentum transferq2, f)

the angle between the outgoing charged lepton/neutrino and the incoming

neutrino, g) the incoming transverse momentum, and h) the hadronic invariant

mass. The underlying distributions before selection for the signal (red) and

background (blue) are also plotted, along with the ef�ciency (dashed orange)

and background rejection (dashed light blue) for the POT and oscillation

normalised events. The ef�ciencies are calculated from the remaining events

after the pre-selection cuts and the full selection. For the unnormalised

events the errors are the1s Clopper-Pearson intervals [32], whilst for the

normalised distributions the normal approximation is used. . . . . . . . . . 289



xlii List of �gures

H.2 The selection ef�ciency of CCne events (blue), the background rejection

for removingnm events (red) and the purity (black) of the updated selection

as a function of the neutrino interaction variables: a) the outgoing charged

lepton/neutrino energy, b) the reconstructed neutrino energy, c) the Bjorken

parameterx, d) the inelasticityy, e) the momentum transferq2, f) the angle

between the outgoing charged lepton/neutrino and the incoming neutrino, g)

the incoming transverse momentum, and h) the hadronic invariant mass. The

underlying distributions before selection for the signal (red) and background

(blue) are also plotted, along with the ef�ciency (dashed orange) and back-

ground rejection (dashed light blue) for the POT and oscillation normalised

events. The ef�ciencies are calculated from the remaining events after the

pre-selection cuts and the full selection. For the unnormalised events, the

errors are the1s Clopper-Pearson intervals [32] whilst for the normalised

distributions the normal approximation is used. . . . . . . . . . . . . . . . 291

H.3 The ef�ciency of selecting CCne events (blue), the background rejection for

removingnmevents (red) and the purity (black) of the standard BDT selection

with a BDT cut off score at 0, a �ducial volume cut and a minimum shower

energy cut of 100 MeV, as a function of the neutrino interaction variables: a)

the outgoing charged lepton/neutrino energy, b) the reconstructed neutrino

energy, c) the Bjorken parameterx, d) the inelasticityy, e) the momentum

transferq2, f) the angle between the outgoing charged lepton/neutrino and

the incoming neutrino, g) the incoming transverse momentum, and h) the

hadronic invariant mass. The underlying distributions before selection for the

signal (red) and background (blue) are also plotted, along with the ef�ciency

(dashed orange) and background rejection (dashed light blue) for the POT

and oscillation normalised events. For the unnormalised events, the errors are

the1s Clopper-Pearson intervals [32] whilst for the normalised distributions

the normal approximation is used. . . . . . . . . . . . . . . . . . . . . . . 293

I.1 The 2D distributions of the ef�ciency (a), background rejection (b), purity

(c), ef�ciency � background rejection (d) and ef�ciency� purity (e) for the

normalised signal and background events when removing the events with a

secondary shower, de�ned by residual analysis. The secondary shower is

only considered for the analysis if the shower has a greater energy than the

energy cut and the residual of the shower obeys the equality, Equation I.1,

for the residual fraction in the plot. . . . . . . . . . . . . . . . . . . . . . . 297



List of �gures xliii

I.2 The 2D signal (a) and background (b) distributions of the length and the

PIDA score of the longest track. Also shown are the 2D ef�ciency (b),

background rejection (c), purity (d), ef�ciency� background rejection, (e)

and ef�ciency� purity (f) for the normalised signal and background events

when removing events where the length is greater than the length cut and the

PIDA score is less than the PIDA cut off. . . . . . . . . . . . . . . . . . . . 298

I.3 The largest shower length for electrons (blue) and photons (red) for all events

where the reconstructed shower energy is greater than 200 MeV for the vertex

sample. This is shown as a total distribution (a) and as a function of the true

energy (b). The errors on the distribution are the standard deviation of the

events between energiesx� dx ! x+ dx. . . . . . . . . . . . . . . . . . . 299

I.4 Largest shower length for signal (blue hatched) and background (red hatched)

events. The ef�ciency (blue), background rejection (red), ef�ciency� back-

ground rejection (black), purity (red) and ef�ciency� purity (black) curves

are also plotted. The errors on the curves are the cumulative statistical error. 300

I.5 The largest shower opening angle for electrons (blue) and photons (red) for

all events where the reconstructed shower energy is greater than 200 MeV

for the vertex sample. This is shown as a total distribution (a) and as a

function of the true energy (b). The errors on the distribution are the standard

deviation of the events between energiesx� dx ! x+ dx. . . . . . . . . . 301

I.6 The largest shower opening angle for signal (blue hatched) and background

(red hatched) events. The ef�ciency (blue), background rejection (red),

ef�ciency � background rejection (black), purity (red) and ef�ciency�

purity (black) curves are also plotted. The errors on the curves are the

cumulative statistical error. . . . . . . . . . . . . . . . . . . . . . . . . . . 301

I.7 The average relative energy density of the shower segments as a function of

the distance from the start position of the largest shower in the vertex sample

events. The points represent the average value for one of the ten segments

analysed. The errors correspond to the error on the mean for the values

within the segment. The blue points are from the electron sample and the

blue line is the best �t for the electrons. The red points are from the photon

sample and the red line is the best �t. Ac 2 minimisation is performed to do

the �t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303



xliv List of �gures

I.8 The relative �t energy density gradient �t parameter (a) and the power

�t parameter (b) for the largest shower for the signal (blue hatched) and

background (red hatched) events. The ef�ciency (blue), background rejection

(red), ef�ciency� background rejection (black), purity (red) and ef�ciency

� purity (black) curves are also plotted. The errors of the curves are the

cumulative statistical error. . . . . . . . . . . . . . . . . . . . . . . . . . . 303

I.9 The track stub length of the largest shower for electrons (blue) and photons

(red) for the vertex sample events where the reconstructed shower energy is

greater than 200 MeV. The total distribution is shown in (a) and as a function

of the true energy in (b). The errors on the distribution are the standard

deviation of the events between energiesx� dx ! x+ dx. . . . . . . . . . 304

I.10 The track stub width of the largest shower for electrons (blue) and photons

(red) for events where the reconstructed shower energy is greater than 200

MeV. a) Shows the total distribution and b) shows the events as a function of

the true energy for the vertex sample. The errors on the distribution are the

standard deviation of the events between energiesx� dx ! x+ dx. . . . . 305

I.11 The track stub length (a) and width (b) for largest shower in the events for

BNB oscillated CCne signal (blue hatched) and BNBnm background (red

hatched). The ef�ciency (blue), background rejection (red), ef�ciency�

background rejection (black), purity (red) and ef�ciency� purity (black)

curves are also plotted. The errors on the curves are the cumulative statistical

error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

I.12 The number of neutrinos in the event for BNB oscillated CCne signal (blue

hatched) and BNBnmbackground (red hatched) events. The ef�ciency (blue),

background rejection (red), ef�ciency� background rejection (black), purity

(red) and ef�ciency� purity (black) curves are also plotted. The errors on

the curves are the cumulative statistical error. . . . . . . . . . . . . . . . . 306

J.1 The spectra from the three detectors for the truth based selection. The

selection is performed on the proposal-like sample described in Chapter 7,

Section 7.1.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

J.2 The spectra from the three detectors for the truth-based selection. The

selection is performed on the modern-like sample described in Chapter 7,

Section 7.1.1. The errors are statistical. . . . . . . . . . . . . . . . . . . . . 307

J.3 The spectra from the three detectors for the truth-based selection with the new

binning. The selection is performed on the modern-like sample described in

Chapter 7, Section 7.1.1. The errors are statistical. . . . . . . . . . . . . . . 308



List of �gures xlv

J.4 The spectra from the three detectors for the proposal-like selection with

the parameters discussed in Chapter 7, Section 7.4.3 set to maximise the

ef�ciency � background rejection. The spectra are created using the re-

construction information of the Time Projection Chamber (TPC) signal and

backgrounds and the truth-based dirt and cosmic background. The errors are

statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308

J.5 The spectra from the three detectors for the proposal-like selection with

the parameters discussed in Chapter 7, Section 7.4.3 set to maximise the

ef�ciency � purity. The spectra are created using the reconstruction informa-

tion of the TPC signal and backgrounds and the truth-based dirt and cosmic

background. The errors are statistical. . . . . . . . . . . . . . . . . . . . . 308

J.6 The spectra from the three detectors for the proposal-like selection with

the parameters discussed in Chapter 7, Section 7.4.3 set to the proposal cut

values. The spectra are created using the reconstruction information of the

TPC signal and backgrounds and the truth-based dirt and cosmic background.

The errors are statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

J.7 The spectra from the three detectors for the new selection with the parameters

discussed in Chapter 7, Section 7.4.4 set to maximise the ef�ciency�

background rejection. The spectra are created using the reconstruction

information of the TPC signal and backgrounds and the truth-based dirt and

cosmic background. The errors are statistical. . . . . . . . . . . . . . . . . 309

J.8 The spectra from the three detectors for the new selection with the parameters

discussed in Chapter 7, Section 7.4.4 set to maximise the ef�ciency� purity.

The spectra are created using the reconstruction information of the TPC

signal and backgrounds and the truth-based dirt and cosmic background. The

errors are statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

J.9 The spectra from the three detectors for the Boosted Decision Tree (BDT)

selection with the parameters discussed in Chapter 7, Section 7.4.5 for a

BDT score of 0.2. The BDT where the signal and background have been

normalised to 1:1 is used. The spectra are created using the reconstruction

information of the TPC signal and backgrounds and the truth-based dirt and

cosmic background. The errors are statistical. . . . . . . . . . . . . . . . . 310



xlvi List of �gures

J.10 The spectra from the three detectors for the BDT selection with the parame-

ters discussed in Chapter 7, Section 7.4.5 for a BDT score of -0.99. This is

the BDT where the signal and background have been normalised with the

Protons On Target (POT) and oscillation parameters described in Chapter

7. The spectra are created using the reconstruction information of the TPC

signal and backgrounds and the truth-based dirt and cosmic background. The

errors are statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

K.1 The fractional covariance matrices for the �ux (a) and interaction (b) for the

truth-based proposal selection, described in Chapter 7, Section 7.1.2. The

matrices are created from spectra, Figure J.1. . . . . . . . . . . . . . . . . 312

K.2 The fractional covariance matrices for the �ux (a) and interaction (b) for

the truth-based modern selection discussed in Chapter 7, Section 7.1.1. The

matrices are created from spectra, Figure J.2. . . . . . . . . . . . . . . . . 312

K.3 The fractional covariance matrices for the �ux (a) and interaction (b) for

the truth-based modern selection discussed in Chapter 7, Section 7.1.1. The

matrices are created from spectra, Figure J.3. The new binning scheme has

been used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313

K.4 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.3. The matrices

are created from spectra, Figure J.4, which uses the proposal selection,

maximising the ef�ciency� background rejection. The new binning scheme

has been used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313

K.5 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.3. The matrices

are created from spectra, Figure J.5, which uses the proposal selection,

maximising the ef�ciency� purity. The new binning scheme has been used. 314

K.6 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.3. The matrices

are created from spectra, Figure J.6, which uses the proposal selection using

the proposal cut values. The new binning scheme has been used. . . . . . . 314

K.7 The fractional covariance matrices for the �ux (a) and interaction (b) for

the reconstruction selection discussed in Chapter 7, Section 7.4.4. The

matrices are created from spectra, Figure J.7, which uses the new selection,

maximising the ef�ciency� background rejection. The new binning scheme

has been used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315



List of �gures xlvii

K.8 The fractional covariance matrices for the �ux (a) and interaction (b) for

the reconstruction selection discussed in Chapter 7, Section 7.4.4. The

matrices are created from spectra, Figure J.8, which uses the new selection,

maximising the ef�ciency� purity. The new binning scheme has been used. 315

K.9 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.5. The matrices

are created from spectra, Figure J.9, which uses the BDT selection. The BDT

where the signal and background have been normalised to 1:1 is used with a

BDT score threshold of 0.2. The new binning scheme has been used. . . . . 316

K.10 The fractional covariance matrices for the �ux (a) and interaction (b) for the

reconstruction selection discussed in Chapter 7, Section 7.4.5. The matrices

are created from spectra, Figure J.10 which uses the BDT selection. The

BDT where the signal and background have been normalised with the POT

and oscillation parameters described in Chapter 7 is used. A BDT score

threshold of -0.99 was used. The new binning scheme has been used. . . . . 316





List of tables

2.1 Best �t oscillation parameters of the PMNS matrix, assuming the normal and

inverted hierarchy. Errors are the1s con�dence intervals. From Reference

[34] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1 Hadrons created from the BNB by impacting protons on the target and their

branching ratios to neutrinos. From Reference [18]. . . . . . . . . . . . . . 48

4.2 The composition of the BNB. From Reference [18]. . . . . . . . . . . . . . 49

4.3 Variations in the total �ux for each neutrino species. From Reference [18]. . 50

5.1 Cut values used to select straight through-going cosmic muon tracks. Credit:

Tom Brooks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2 Selection cuts used in the lifetime selections. . . . . . . . . . . . . . . . . 98

6.1 The quality cuts applied to the simulated data before analysis the success of

the reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2 The list of tools available in the TRACS software. The property that the

tool calculates is given ( SP="Start Position", SD="Shower Direction",

ITH="Initial Track Hits", IT="Initial Track", SE="Shower Energy", SL="Shower

Length" and SOA="Shower Opening Angle"). A description of the tool is

also given along with a reference to a �gure of merit for the tool. In addition,

the origin of the tool methods within shower reconstruction is given. . . . . 132

7.1 The number of protons on target for each sample generated. . . . . . . . . . 158

7.2 Fiducial volume cut values showing the distance from the active volume

faces to the �ducial volume. The cut is applied to all three detectors in the

SBN programme. A 1.5 cm cut is applied either side of cathode so that

interactions in the cathode are not considered. . . . . . . . . . . . . . . . . 165



l List of tables

7.3 Selection cuts in the truth-based analysis and the percentage of events which

pass the cuts for the main beam background modes and the oscillatedne

signal in SBND. The proposal sample (Prop) and the modern sample (Mod)

ef�ciencies are presented. The cuts are placed sequentially with the top cut

of the Table being applied �rst. The ef�ciency of the next cut is then based

on the remaining events which passed the previous cut. Events where there

is no shower above 100 MeV do not pass the initial cut. Errors are calculated

using the normal approximation to 1s . . . . . . . . . . . . . . . . . . . . . 165

7.4 The cosmic background rejection for each of the cosmic cuts in SBND. The

errors on the �gures are the 1s Clopper-Pearson intervals [32]. . . . . . . . 169

7.5 The BDT hyperparameters for the tuned BDTs. . . . . . . . . . . . . . . . 193

7.6 Selection parameters used in the analyses. The fraction of times the parameter

is used in the standard BDT is shown (similar for the scaled BDT). The

ef�ciency, background rejection and purity for the best cut with respect to

maximising the ef�ciency� background rejection and ef�ciency� purity

for each variable independently is shown. The Figures associated to the cuts

are presented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

8.1 The interaction systemic errors used in the analysis and the1s fractional

uncertainties used when creating the "Universes". Below the line, the event

reweighting GENIE package is not used. . . . . . . . . . . . . . . . . . . . 211

8.2 The �ux systemic errors used in the analysis and the1s fractional uncertain-

ties used when creating the "Universes". . . . . . . . . . . . . . . . . . . . 212



Nomenclature

The next list describes several symbols that will be later used within the body of the document

Acronyms

ADC Analog Digital Converter

APA Anode Plane Assembly

API Application Programming Interface

ARAPUCA Argon R&D Advanced Program at UniCAmp (light trap detector)

ArgonNeuT Argon Neutrino Test Stand

Art analysis reconstruction framework

ASIC Application-Speci�c Integrated Circuit

BAO Baryon Acoustic Oscillation

BDT Boosted Decision Tree

BDT Support Vector Machine

BNB Booster Neutrino Beam

BNL Brookhaven National Laboratory Experiment

Borexino Italian diminutive of BOREX (BORon solar neutrino EXperiment)

CC Charge Current interaction

CMB Cosmic Microwave Background

CMOS Complementary Metal-Oxide-Semiconductor



lii List of tables

CNN Convolutional Neural Network

CORSIKA COsmic Ray SImulations for KAscade

COTS Commercial-Off-The-Shelf

CP Charge Parity

CPA Cathode Plane Assembly

CPT Charge Parity Time

CPU Central Processing Unit

CRT Cosmic Ray Tagging system

CV Central Value

DAQ Data AcQuisition systems

DIS Deep Inelastic Scattering interaction

DUNE Deep Underground Neutrino Experiment

EPICS Experiment Physical and Industrial Control System

FEB Front end Electronics Board

FEMB Front End Mother Board

FFT Fast Fourier Transform

FPGA Field-Programmable Gate Array

FSI Final State Interaction

FTS File Transfer System

GALLEX Gallium Experiment

GENIE Generates Events for Neutrino Interaction Experiments

Hyper-K Hyper-Kamiokande

ICARUS Imaging Cosmic And Rare Underground Signals experiment

J-PARC Japan Proton Accelerator Research Complex



List of tables liii

JSNS2 J-PARC Spallation Neutron Source (JSNS2) experiment

JUNO Jiangmen Underground Neutrino Observatory

K2K KEK to Kamioka experiment

KamLAND Kamioka Liquid Scintillator Antineutrino Detector

KARMEN KArlsruhe Rutherford Medium Energy Neutrino experiment

KATRIN KArlcruhe TRItium Neutrino experiment

KS Kolmogorov–Smirnov score. A test to compare the similaries between data

LANSCE Los Alamos Neutron Science Center

LArIAT Liquid Argon In A Testbeam

LArSoft Liquid Argon Software

LArTPC Liquid Argon Time Projection Chamber

LBL Long Base-Line

LNGS Laboratori Nazionali del Gran Sasso

LSND Liquid Scintillator Neutrino Detector

MC Monte Carlo

MEC Meson Exchange Curent interaction

MicroBooNE Micro Booster Neutrino Experiment

MiniBooNE Mini Booster Neutrino Experiment

MINOS Main Injector Neutrino Oscillation Search (a + is added for the MINOS upgraded

detector)

MIP Minimum Ionizing Particle

MSW Mikheyev–Smirnov–Wolfenstein effect

MVA Multivariate Analysis

NC Neutral Current interaction



liv List of tables

ndof Number of Degrees of Freedom

NIST National Institute of Standards and Technology

Nona NuMI Off-axisne Appearance experiment

NOMAD Neutrino Oscillation MAgnetic Detector

NU National Instruments

NuMI Neutrinos at the Main Injector beam

OPERA Oscillation Project with Emulsion-tRacking Apparatus

ORCA Oscillation Research with Cosmics in the Abyss experiment

PCA Principle Component Analysis

PDS Photon Detection System

PFParticle Particle Flow Particle

PID Particle Identi�cation

PIDA Particle Identi�cation value A

PINGU Precision IceCube Next Generation Upgrade

PMA Projection Matching Algorithm

PMNS Pontecorvo-Maki-Nakagawa-Sakata

PMT Photo-Multipler Tube

POT Protons On Target

QE Quasi-Elastic interaction

RBF Radial Basis Function

RENO Reactor Experiment for Neutrino Oscillation

ROI Region of Interest

SAGE Soviet American Gallium Experiment

SAM Sequential Access via Metadata



List of tables lv

SBN Short Baseline Neutrino programme

SBND The Short Baseline Near Detector

SerDes Serializer/Deserializer

SiPM Silicon PhotonMultipler

SM Standard Model

SNO Sudbury Neutrino Observatory

SNR Signal to Noise Ratio

SPT K11 South Pole Telescope,Keisler et al, 2011

SQL Structured Query Language

Super-K Super-Kamiokande

T2K Tokai to Kamioka experiment

TMVA Toolkit for Multivariate Data Analysis

TPB Tetra-Phenyl-Butadiene

TPC Time Projection Chamber

TRACS Tool-based Reconstruction Algorithm for Characterising Showers

UCB Upper Con�dence Bounds

V-A Vector-Axial Theory

VALOR VALencia-Oxford-Rutherford neutrino ocillation �tting framework

VST Vertical Slice Test

WIB Warm-Interface Board

WMAP7 The Wilkinson Microwave Anisotropy Probe 7-year result

Reconstruction Nomenclature

cluster A 2D reconstructed collection of hits in wire tick space.

hit Reconstructed charge deposition identi�ed on the waveform.



lvi List of tables

Pandora Pattern RecognitionSoftware which takeshitsand clusters them into 2Dclusters

and 3D clustersPFParticle.

shower A collection of particles which arises from a cascade in the argon. These are

commonly electromagnetic showerse+ � =g In reconstruction is aPFParticlewith the

topological characteristics of a track.

track Particle which ionises the argon in straight line. In reconstruction is aPFParticlewith

the topological characteristics of a track.

Units

ADC The voltage step size in a Analog Digital Converter

ENC Electron Noise Count, i.e.e�

tick The unit of time measurement corresponding to frequency of the DAQ system



Chapter 1

Introduction

Over the past century, neutrino physics has been developed and incorporated into the Standard

Model (SM) of particle physics. The SM de�nes neutrinos as massless and left-handed;

however, several experiments have found evidence for neutrino oscillation. This evidence

has con�rmed neutrino oscillation theory which also requires neutrinos to have mass. More

recently, there have been measurements of neutrino rates which contradict this neutrino

oscillation theory. To account for these discrepancies, one or more extra neutrinos which do

not interact with matter have been proposed: sterile neutrinos. Additionally, if a right-handed

sterile neutrino does exist, this could explain why neutrino masses are lower than expected.

Chapter 2 will introduce the theory of neutrinos within the standard model as well as neutrino

oscillations and the experimental evidence for them. The Chapter will then discuss the current

status of the neutrino masses, sterile neutrino theory and the observations of anomalies which

could be accounted for by sterile neutrinos.

Concerning experimental evidence for the existence of sterile neutrinos, anomalous re-

sults in two experiments, the Liquid Scintillator Neutrino Detector (LSND) and the Mini

Booster Neutrino Experiment (MiniBooNE) are of particular interest. The Short Baseline

Neutrino (SBN) programme has been designed to con�rm or refute these anomalies. The

SBN programme employs the use of three Liquid Argon Time Projection Chambers (LArT-

PCs): The Short Baseline Near Detector (SBND), Micro Booster Neutrino Experiment

(MicroBooNE), and the Imaging Cosmic And Rare Underground Signals (ICARUS) detector.

The LArTPC design and physics response will be discussed generally in Chapter 3 and a

particular focus on the SBN programme design will be discussed in Chapter 4. Initial testing

of the electronic chain in SBND is discussed in Chapter 5. A signal to noise measurements

of the electronics, which is key to understanding the capabilities of the programme, are

discussed in detail within this Chapter.



2 Introduction

The SBN detectors are placed in the Booster Neutrino Beam (BNB) beamline at 110 m

(SBND), 470 m (MicroBooNE) and 600 m (ICARUS) such that high precision measurements

of the muon neutrino �ux in the near detector can constrain the �ux in the far detectors.

Due to the proximity to the BNB target, the expected number of neutrino events for the

programme is in the millions. Therefore, robust automated software is required to reconstruct,

simulate and select neutrinos. The software exists in the LArSoft framework, which is shared

across other LArTPC experiments. The particular reconstruction used in SBND is discussed

in Chapter 6. The reconstruction is similar to the other detectors in the programme. The SBN

programme will be particularly effective due to the powerful calorimetric and topological

reconstruction of LArTPCs.

One of the primary goals of the SBN programme is to perform an electron neutrino

appearances sensitivity analysis in the muon BNB beam. In order to measure the number of

Charge Current (CC) electron neutrinos in the detectors, it is essential to identify the electron

leptons arising from the neutrino interactions. Electrons form electromagnetic showers

in LArTPCs and can be identi�ed from the shower-like topology and their calorimetric

information. Therefore, a new framework to characterise the properties of the electromagnetic

showers was developed that allows for various methods to be easily combined. This, in turn,

maximises the ef�ciency of shower reconstruction. The new framework and methods are

discussed in Chapter 6.

The main background for electron neutrino CC events are events where a photon is

misidenti�ed as an electron shower. Hence, a CC electron neutrino selection was developed

on SBND simulated data with a particular focus on removing the photon background. Several

selections were performed and compared in Chapter 7. The selections were then performed

on simulated data in the SBN detectors and the resultant event distributions were used

to perform an electron neutrino appearance sensitivity analysis in the VALencia-Oxford-

Rutherford (VALOR) �tting framework. Details of the sensitivity analysis can be found in

Chapter 8.

An additional aim of the SBND detector was to provide a single-phase wire TPC prototype

for the Deep Underground Neutrino Experiment (DUNE) far detector. However, due to a

high pile-up rate at the DUNE near detector, the wire plane readout employed in SBND is

not feasible. It is not feasible because, at a high pile-up rate, ambiguities will be produced in

the readout, which cannot be deconvolved. Hence, new readout methods are being developed.

Of particular interest is a type of 3D pixel readout method. At the University of Shef�eld, a

liquid argon rig has been developed in order to test new electronics and readouts for future

liquid argon experiments. The design, electronics and software will be discussed in Chapter

9.



Chapter 2

The Case for the Sterile Neutrino: An

Overview of Neutrino Physics

The Standard Model (SM) describes neutrinos as weakly interacting, neutral particles with

no mass. However, it was postulated that neutrinos oscillate between different �avours

during propagation [35] [36]. The theory of neutrino oscillations requires that at least two

neutrinos have an absolute mass. This contradicts the SM. Several experimental investigations

of neutrino oscillation have been carried [37, 3, 4, 4, 38] out in order to pin-point the

parameters which describe oscillation theory which are described in below. A subset of these

experiments [39, 10, 40–42] have observed anomalous results which may indicate one or

more non-interacting neutrinos [12], known as sterile neutrinos [35].

To better understand why there are currently ongoing searches for eV sterile neutrinos,

this Chapter will brie�y explain, with historical context, the changes in neutrino theory from

postulation up to the SM in Section 2.1. Going beyond the SM, theory and observations of

neutrino oscillations are then discussed in Section 2.2.1. In order for the neutrino �avour

eigenstates to oscillate neutrinos require mass. Therefore, searches for neutrino mass and a

theoretical mechanism for the eV neutrino masses, known as the seesaw mechanism, will

then be discussed in Sections 2.2.2 and 2.2.3 respectively. The seesaw mechanism is of

particular interest as it gives a theoretical case for the sterile neutrino. One requirement

of this seesaw mechanism is that neutrinos are Majorana particles [43]. Traditionally the

added right-handed neutrino in the seesaw mechanism has a mass of� 106 as to explain

the smallness of the neutrino mass with regards to their lepton partners; however, seesaw

theories do exist to allow for eV scale sterile neutrinos [44].

This Chapter also discusses experimental and cosmological limits on neutrino masses,

in Section 2.2.2 and the number of neutrinos in Section 2.2.4. The sections discuss how

the mass can be used as a probe the Majorana nature of neutrinos whilst the number of
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neutrinos is important for understanding the degrees of freedom in oscillation theory. A

theoretical review of sterile neutrinos is presented in Section 2.2.5 to explain how modern

beam experiments identify sterile signals. Finally, the experiments that observed the neutrino

oscillation anomalies are outlined, and the current experimental searches for sterile neutrinos

are discussed in Section 2.2.6.

2.1 Historical Overview of Neutrino Physics Theory

The existence of the neutrino was �rst proposed by Pauli in the 1930s [45] to account for

discrepancies in the energy spectrum of the electrons in beta decay experiments which started

with Meitner and Hahn in 1911. Pauli suggested that a light, neutral particle was also emitted

during beta decay which would account for the missing energy and allow the spectrum of the

e� to be continuous rather than discrete. In 1934, Fermi developed the theory of the weak

interaction [46]. Fermi's theory described a point-like transition interaction called the Fermi

Transition, see Figure 2.1. The theory was parity conserving and introduced a constantGF to

describe the strength of the interaction. The Fermi interaction is described by the following

interaction Hamiltonian [47]

H I = GF

4

å
i= 1

(y �
pgiy n)(y �

egiy n) + h:c; (2.1)

wherey e=n=p=n are the Dirac wave functions.

Fig. 2.1 Feynman diagram for the Fermi transition for beta decay.

In 1936, the Hamiltonian in Equation 2.1 was generalised by Gamow and Teller to

account for terms including the products of scalars (S), vector (V), tensor (T), psudovector

(A) and psudosclar (P) terms,

H I = å
i= S;V;T;A;P

Giy �
pOiy n)(y �

eOiy n) + h:c; (2.2)
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whereOi are the unitary Pauli and gamma matrices.Gi are the corresponding coupling

constants [47].

Cowan and Reines �rst detected neutrinos in 1953 [48] [49]. The experiment used to

achieve this detected anti-neutrinos arising from nuclear reactors. Electorn anti-neutrinos

were detected as they underwent inverse beta decay on hydrogen nuclei, producing a positron

and a neutron. The positron would then annihilate producing two� 0.51 MeV, detectable,

gamma-ray photons in opposite directions. The experiments used 200 L of water doped with

cadmium chloride to capture the neutron. This capture occurred several microseconds after

the neutrino interaction. Upon capture, gamma-rays with a combined energy totalling 9 MeV

were released. The unique signal caused by the instant gamma rays from the position decay

and the delayed gamma rays from the neutron capture was used to identify interactions and

could, therefore, be used to detect the neutrinos. To detect the gamma rays, three tanks of the

doped water were sandwiched between two liquid scintillator tanks, which were coupled to

PhotoMultiplier Tubes (PMTs). The result of thisn̄e experiment was that they were able to

detect and con�rm the existence of neutrinos.

It was also in 1956 that Yang and Lee [50] reviewed the experimental evidence for parity

conservation in the weak interaction. After �nding no evidence they suggested a general

interaction Hamiltonian of

H I = å
i

y �
pOiy ny �

eOi(Gi � G0
ig5)y �

n + h:c; (2.3)

where the difference betweenGi andG0
i denotes the strength of the parity violation. In 1957,

Wu et al. [1] considered changes in the directional rate ofe� from beta decay of oriented
60Co to show that the weak interaction does not conserve parity. It was known that the spin

vector would stay constant under a parity �ip, while the momentum of the electron would

switch by 180 degrees. Therefore parity is only conserved if the count rate of the electrons is

constant when the60Co spin is �ipped. Figure 2.2 shows the change in rate when �ipping

the60Co, which proves parity is not conserved.

As a result of the Wu et al. parity observation, Salam [51], Landau [52], and Lee and Yang

[53] proposed that neutrinos are described by a two-component wavefunctiony = y L + y R

in the standard Hamiltonian, Equation 2.2 [54]. The theory also stipulated that the neutrino

�eld only appears in interactions as(1� g5)y = y L = nL. It also stipulated that the neutrino

mass is zero.
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Fig. 2.2 The asymmetry in the electron count rate for the change in spin orientation of Co(60)
in the Wu et al. experiment. From Reference [1]

.

The fact that neutrinos are left-handed was observed by Goldhaber et al. [55]. They

calculated the helicity of the neutrino by considering the polarisation of light emitted from

resonance �uorescence in152Sm. The experiment considered an initial152Eu which would

undergo electron capture of an orbiting electron, releasing a neutrino. The resultant excited
152Sm nucleus would then decay releasing a photon. The photon would only have suf�cient

energy to interact with another Sm nuclei if the photon direction was roughly opposite to the

neutrino direction. This caused the photon to be Doppler shifted to higher energies due to the

nuclear recoil. In this case, the photon would have the same helicity as the neutrino. The

photon helicity was measured by applying a magnetic �eld to the de-excitation photon. If

the photon was oppositely aligned to the magnet it could undergo Compton scattering whilst

photons with an aligned spin state could not. The photons which were not effected would go

on to produce �uorescent light on contact with a Sm2O3 source. Therefore, the difference in

the number of photons detected when the magnetic �eld was aligned and when it was not

aligned indicated the polarisation of the light and the helicity of the neutrino.

After other experiments also indicated that the weak interaction occurs with only left-

handed particles, in 1957 Feynman and Gell-Mann [56] and Sudarshan and Marshak [57]

generalised the theory proposed by Yang and Lee to account for all particles in the weak

interactions. Forcing interactions to occur via the left-handed �eld,y L, reduced the interac-

tion Hamiltonian to vector and axial-vector terms only and hence the theory is known as the

V� A theory. A charged weak current [47],

ja = 2( p̂Lga nL + n̄mLga eL + n̄eLga mL); (2.4)
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was also added to V� A theory to account for them� e weak interaction resulting in the

following interaction Hamiltonian [47]

H I =
GFp

2
ja j+a : (2.5)

V� A theory was able to explain the various observed Beta decay transition as well as

the ratio of pion decays to muons with respect to electrons [58]. However, at the time the

theory had two problems. The �rst was that only one �avour of neutrino was assumed

to exist. In this situation some reactions which were allowed by the theory had not been

observed, such as the decay of a muon to an electron and a gamma ray [59]. Secondly,

is that cross sections increases as function of incoming particles momentum [59]. This

means the theory eventually breaks down at higher energies. The solution to �rst problem

is to introduce an additional neutrino, the muon neutrino. The solution to the second

is to introduce a mediator Boson. However introducing a boson implies the branching

ratio of (m! e+ g)=m! e+ n + n̄u) � 10� 4 [2] where in fact, as eluded to above, the

m! e+ g reaction had not been detected and limits on the branching ratio were less than

10� 8 [2, 60, 47].

In 1962, an experiment at Brookhaven performed by Lederman, Schwartz and Steinberger

et al. [2] discovered the muon neutrino. In order to produce the neutrino beam required

by the experiment, protons were �red at a beryllium target producing pions. The pions

then decayed resulting in the neutrino beam. The outgoing charged particles created from

pion decays were stopped by a 13.5 m thick iron shield wall. This wall only allowed the

neutrinos (mainly muon neutrinos) to pass through to a spark chamber in suf�cient quantities

for detection [2]. A spark chamber is made up of several parallel plates of which alternating

plates are connected to a fast high voltage pulse. Between the plates is a gas, e.g. neon,

which is ionised as charged particles pass through [59]. If a high voltage pulse is applied

when the charged particle passes through, the ionised electrons are accelerated. This causes

an avalanche effect resulting in a spark. The sparks are then captured in a photograph. From

the photograph, the direction and an estimate of the particle momentum can be obtained by

considering how many plates the particle passes through and the location of the sparks. The

Brookhaven experiment used 4 foot squared plates with 9 plates in a single module (on a

single layer).

Neutrinos that interacted within the detector were identi�ed by the topology of the decay

products. If there were only one �avour of neutrino, then the neutrinos from the beam would

equally produce muons and electrons from the interactions in the detector. However, if muon

neutrinos exist and the beam neutrinos were speci�cally muon neutrinos, then only muon
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events would be detected. The experiment observed 34 muon events and only 6 electron

events [2]. The electron events can be explained via background cosmic events and there are

not suf�cient events to con�rm the null hypothesis, therefore this experiment successfully

proved the existence of muon neutrinos [2]. This also in turn showed that the decay of

m! e+ g was forbidden, easing the pressure on a mediator boson theory. The result of the

experiment also prompted Pontecorvo to consider oscillations between the two �avours [35].

(a) (b)

Fig. 2.3 A Muon track (a) and an electron shower (b) in the Brookhaven spark chamber
detector. From Reference [2]

The current theory that describes the weak force in the SM is the electroweak theory,

pioneered by Weinberg [61], Salam [62] and Glashow [63] in the 1960s. The theory is based

on theSU(2) � U(1) symmetry breaking where theU(1) symmetry is known as hypercharge.

The theory consists of four mediator bosons,Bm, Wa
m (a = 1 ! 3). The Lagrangian that

describes the boson interactions is [64]

L int = �
1
4

(Wa
mn)

2 �
1
4

B2
mn+ ( DmH)†(DmH)+ m2H†H � l (HH†)2; (2.6)

whereH is the Higgs �eld,DmH = ¶mH � igWa
m t a H � 1

2ig0BmH, Wa
mn is the �eld strength

andt are matrix generators. One can extract the mass terms of the gauge bosons in the theory

by settingt = s a

2 , then expanding the Higgs �elds around the vacuum expectation value,

and �nally setting to the unitary gauge. From this, the linear combinations that describe the

photon and the weak bosons can be deduced [64]:

Am = sin(qw)W3
m+ cos(qw)Bm

Zm = cos(qw)W3
m � sin(qw)Bm

W+
m =

1
p

2
(W1

m � iW2
m)

W�
m =

1
p

2
(W1

m+ iW2
m):

(2.7)
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Combinations of theW3 andB �elds and the rotation angleqw can be used to extract the

photon (A) and the Z boson (Z).

The left-handed fermion �elds form lepton doublets,Li =

 
niL

eLi

!

, and quark doublets,

Qi =

 
uiL

dLi

!

, that couple to the weak interaction as a SU(2) doublet. The right-handed

particles form singlets,ei
R, ui

r anddi
R.

The tau neutrino was not discovered until the year 2000 by the DONUT (Direct observa-

tion of the nu tau, E872) experiment [65] and was the last lepton predicted by the SM to be

detected. DONUT was situated on the Fermilab Tevatron particle accelerator and detected

tau neutrino interactions arising from protons interacting in a 1 m tungsten "beam dump"

(or target) [65]. The majority of the tau neutrinos were speci�cally created during the decay

of DS mesons, DS ! t + nt , which were created during the proton interactions. Thentau

then interacted in an nuclear emulsion detector, 36 m downstream of the beam dump [65].

A variety of magnets were used to remove charged particles from the beam and additional

detectors were used to help identify the �avour and momentum of charged particles arising

from neutrino interaction in the emulsion detector. Once the plates of interest were identi�ed,

the plates underwent an automated optical scanning procedure. Typically, at the energy of

the experiment the resultant tau fromnt interactions decays within 2 mm to a single charged

daughter [65]. Therefore plates of interest containing a vertex and a track with a kink were

considered tau neutrino candidates and analysed. Four tau neutrino interactions with an

estimated background of 0.34� 0.05 events were identi�ed [65].

In summary, neutrinos were postulated by Pauli and proven to exist by Cowan and Reines.

The work of Wu et al. and Goldhaber et al. showed neutrinos to only interact and exist

in the left-handed neutrino �eld, as proposed by Yang and Lee. The existence of muon

neutrinos was proven by the Brookhaven experiment. This led to the theoretical work of

Salam, Landau, Lee and Yang, Feynman and Gell-Man, Sudarshan and Marshak, Weinberg

and Glashow, which incorporated the left-handed helicity of the neutrino into theory. This

work resulted in the SM, which de�nes the neutrino to be left-handed, massless and only

interact via the weak force. The tau neutrino was discovered by the DONUT experiment,

which was the �nal piece of the SM.

However, strong evidence, see Section 2.2.1, now proves neutrino oscillations which

require neutrinos to have mass. Therefore, one must go beyond the original formulation of

the SM to explain these phenomena. This is discussed in the next Section.
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2.2 Beyond the Standard Model in Neutrino Physics

Experimental observations have provided evidence that contradicts the SM. In particular,

evidence for neutrino oscillations where one type of neutrino changes to another during

propagation has been observed which would require neutrinos to have mass. The theory

of neutrino oscillations is discussed in the next Section, and the evidence for neutrino

oscillations follows in Section 2.2.1. However, the neutrino mass has not been directly

measured because it is too small: smaller than its other lepton partner. Experimental searches

for neutrino mass are discussed in Section 2.2.2 and have found a current upper limit of 1.1

eV (90% con�dence level) (from the KArlsruhe TRItium Neutrino experiment (KATRIN)

[66]) for the absolute mass scale of neutrinos. One explanation of why the neutrino mass is

smaller than its other lepton partner is the seesaw mechanism, which is discussed in Sections

2.2.3. This mechanism requires the particles to be Majorana and requires the existence of a

right-handed neutrino �eld, i.e. a sterile neutrino. As well as this, the seesaw mechanism

links back to neutrino oscillations and provides a theoretical justi�cation for them. The

addition of another neutrino �eld in the seesaw mechanism can be probed by considering the

number of neutrinos. The experiments that consider the number of neutrinos are discussed in

Section 2.2.4. The theory behind sterile neutrinos is then discussed in Section 2.2.5. Finally,

the neutrino oscillation anomalies which have led to the search for sterile neutrinos, as well

as the current experimental searches for sterile neutrinos, are discussed in Section 2.2.6.

2.2.1 Neutrino Oscillations

Neutrino oscillations were �rst postulated by Pontecorvo in 1957 [67]. Originally Pontecorvo

proposed [67] the oscillation of neutrinos to anti-neutrinos and visa-versa. Oscillation theory

continued to developed with Maki, Nakagawa and Sakata [36] who considering oscillations

betweenne andnm �avour eigenstates. Later work by Pontecorvo also considered �avour

oscillations [35] and also introduced oscillations betweenN neutrinos [68]. Pontecorvo,

Bilenky [69] and others [70][71] then utilised an analogy of quark mixing to form the

current neutrino vacuum oscillation formalism. The theory now describes the mixing of

the mass eigenstates (ni i=1,3) and the �avour eigenstates (na (a = e=m=t )) by a mixing

matrix called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [36]. This Section

will describe the theory behind neutrino oscillations [72, 73] and the experimental evidence

for the phenomena.
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Neutrino Oscillation Theory

The evolution of a neutrino,n, is described by the time dependent Schrödinger equation

d
dt

n = ( H0 + HI )n; (2.8)

whereH0 is the Hamiltonian operator which describes the neutrino propagation in space and

HI (= 0 in a vacuum) is the interaction Hamiltonian. The mass eigenstates of the neutrinos,

which describe how the neutrinos propagate, and the �avour eigenstates, which describe the

way the particles interact, are different. The mixing of the mass eigenstatesjni i and �avour

eigenstatesjna i is described by the PMNS matrix, i.e.

jna i = UPMNSjni i : (2.9)

The PMNS matrix,UPMNS, is a3� 3 unitary matrix, which, in a vacuum, can be parame-

terised as three rotation matrices [36]

2

6
4

Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut 1 Ut 2 Ut 3

3

7
5 =

2

6
4

1 0 0

0 c23 s23

0 � s23 c23

3

7
5

2

6
4

c13 0 s13e� idCP

0 1 0

� s13eidCP 0 c13

3

7
5

2

6
4

c12 s12 0

� s12 c12 0

0 0 1

3

7
5

(2.10)

Uli describes the amplitude of the mass eigenstate,i, in �avour eigenstate,l : ci j = cosqi j ,

si j = sinqi j andqi j are the mixing angles between mass eigenstatesi and j: dCP is the parity

violating phase. Note: a fourth additional matrix with two phases is added if neutrinos are

Majorana. This however does not affect the oscillation probability. When considering the

passage through matter, further corrections are also required to the PMNS matrix to account

for the Mikheyev–Smirnov–Wolfenstein (MSW) effect [74]. The MSW effect describes the

change in the neutrinos' mass eigenstates due to coherent forward scattering of electrons

within matter. This is equivalent to introducing an interaction term to the Hamiltonian

(HI 6= 0).

The probability of neutrinoa oscillating to neutrinob is then given by

Pab =
�
�
�


nb

�
�na (t)

� �
�
�
2

=
�
�
�

n

å
i= 1

n

å
j= 1

U �
a iUb j



n j

�
�ni(t)

� �
�
�
2
: (2.11)

Usually the wavefunction of a neutrino is described as a plane waveformjni(x;t)i =

e� ipmxm
jvi(0)i , wherepm = � E; px; py; pz andxm = t; � xx; � xy; � xz and thereforepmxm =

Et � p � x. It should be noted that the neutrino can also be considered as a wave-packet,
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which provides an alternative approach to calculating the oscillation probability [75]. In most

cases, due to experimental design, oscillation theory can be approximated to the two neutrino

form to facilitate comprehension and is used below. However, in modern experiments

the three �avour formalism is used in analyses due to the sensitivity of the experiments.

Assuming neutrinos are described by the plane wave solution and are relativistic, then

pi � Ei +( m2
i =2Ei) p̂ andt = x = Lp̂. Therefore, the two �avour probability can be written as

Pa ! b = sin2(2q) sin2
� Dm2L

4E

�
; (2.12)

whereEa = Eb = E andDm2 = m2
a � m2

b . The three �avour neutrino probability is given by:

Pa ! b = dab � 4å
i> j

Re(U �
a iUbiUa jU �

b j ) sin
�

Dm2
i j

L
4E

�

+ 2å
i> j

Im(U �
a iUbiUa jU �

b j ) sin
�

Dm2
i j

L
4E

� (2.13)

Table 2.1, from Reference [34], shows the current measured values of the oscillation

parameters. The Table shows the case for the ordered hierarchy, where thene is the lightest of

the three neutrinos, and the inverted hierarchy, where thent is the lightest. The next Section

will discuss the experimental observations corresponding to the elements in Table 2.1.

Normal Ordering Inverted Ordering

sin2q12 0:310+ 0:013
� 0:012 0:310+ 0:013

� 0:012

q12=° 33:82+ 0:78
� 0:76 33:82+ 0:78

� 0:76

sin2q23 0:582+ 0:015
� 0:019 0:582+ 0:015

� 0:018

q23=° 49:7+ 0:9
� 1:1 49:7+ 0:9

� 1:0

sin2q13 0:02240+ 0:00065
� 0:00066 0:02236+ 0:00065

� 0:00066

q13=° 8:61+ 0:12
� 0:13 8:65+ 0:12

� 0:13

dCP=° 217+ 40
� 28 280+ 25

� 28

Dm2
21=10� 5 eV2 7:39+ 0:21

� 0:20 7:39+ 0:21
� 0:20

Dm2
3l =10� 3 eV2 2:525+ 0:033

� 0:031 � 2:512+ 0:034
� 0:031

Table 2.1 Best �t oscillation parameters of the PMNS matrix, assuming the normal and
inverted hierarchy. Errors are the 1s con�dence intervals. From Reference [34]
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Experimental Observations of Neutrino Oscillations

The Homestake experiment [37], performed by Ray Davis from 1965 to 1994, was the �rst

neutrino experiment which provided some evidence for neutrino oscillations. The experiment

detected solar neutrinos via capture upon37Cl atoms in 380 m3 of C2Cl4 in the Homestake

Gold Mine in South Dakota (1478 m below sea level). The capture of electron neutrinos upon

a 37Cl atom, which has a threshold of 0.814 MeV, results in the creation of an37Ar atom

[76]. The argon atoms were then counted every few months using a proportional counter to

calculate the neutrino rate.

0.478� 0.0337Ar were detected per day which is equivalent to a37Ar production rate of

argon via solar neutrinos of2:56� 10� 36sec� 1(37Clatom)� 1[76]. This result is signi�cantly

less than the emission rate of solar neutrinos calculated by Bahcall of

9:3� 10� 36sec� 1(36Clatom)� 1 [77, 76].

Further experiments followed which also showed the de�cit of solar neutrinos to be

approximately 1/3. Kamiokande [3] and then Super-Kamiokande (Super-K) [4, 78, 79],

which are both water-based Cherenkov detectors of the same style, discovered a de�cit in the

solar neutrino �ux in the elastic scattering channel, see Figure 2.4 for the Feynman diagram.

Super-K, situated in Japan 1000 m underground, contains 50 ktons of pure water surrounded

by 50 cm Photo-Multiplier Tubes (PMTs). When neutrinos interact with the either a nucleus

within the water molecules or the electrons, �nal state charged particles, with suf�cient

kinematic energy, produce Cherenkov radiation which is detected as rings by the PMTs. The

Cherenkov radiation occurs from the charged particles, travelling faster than speed of light

in the medium. The charged particles electromagnetically interact with the medium which

results in a wave front analogous to a sonic boom and creates a cone of light. Therefore

for charge current events where there is an outgoing charged lepton partner, the radius and

location of the ring indicate the position of the interaction and the direction of travel of the

lepton partner. Particle identi�cation is performed by considering the fuzziness of the rings.

Electron events are more blurred than muons at high energies due to electromagnetic showers,

and at low energies due to the multiple scattering.

Kamiokande showed a de�cit of neutrinos coming from the sun, see Figure 2.5, with the

rate being 46% of the expected value [78]. This is shown in Figure 2.5 as a de�cit against the

solar prediction when considering events with an angle corresponding to the direction of the

sun. A modern solar analysis in Super-K, selecting events below� 60 MeV, found the solar

�ux to be 2:34� 106 cm2/s which was� 40% of the �ux predicted by the solar models.
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Fig. 2.4 Feynman diagrams of the elastic scattering interactions betweenne ande� .

Fig. 2.5 The solar de�cit observed in Kamiokande as a function of the angle from the sun.
The solid line indicates the Monte Carlo prediction. From Reference [3].

The proof that the solar de�cit was due to neutrino oscillations came from measurements

of atmospheric neutrinos [4]. Decays ofp+ andm+ cosmic rays in the atmosphere are

expected to give anm=ne ratio of 2. An analysis was performed on atmospheric neutrinos

to identify and reconstruct the direction of atmospheric neutrinos in Super-K [4, 80–82].

Events with energy below 100 MeV were cut from the analysis to remove solar neutrinos and

the outgoing lepton partner direction was used as the neutrino direction. The ratio between

the prediction from Monte Carlo and the experimental data was found to be� 0:61 [80]. A

zenith angle asymmetry was observed in the muon neutrino data and no asymmetry in the

electron neutrino data, see Figure 2.6, indicating that the ratio changed as a function of the

zenith angle. Figure 2.6 shows the de�cit in the predicted muon rate within different energy

ranges. This de�cit showed that neutrinos created on the opposite side of the world oscillate

from muon neutrinos to tau neutrinos [83]. The data from atmospheric neutrinos experiments

provide measurements ofDm2
32 = m2

3 � m2
2 andq23 which describe the survival probability in
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the two neutrino approximation,

P(nm ! nm) = 1� sin2(q23) sin2
� 1:267Dm2 (eV2) L (km)

E (GeV)

�
: (2.14)

The IceCube [84, 85] experiment is also sensitive to atmospheric neutrinos and provides

measurements ofDm2
32 andq23. The experiment employs an array of 4800 Digital Optical

Modules (DOMs) installed on 80 strings between 1450 m and 2450 m below the surface of

south pole [84]. The detector is enclosed in a 1 km2 area and uses PMTs to detect Cherenkov

light emitted by charged particles in the ice. Thus a neutrino interaction is detected using

the �nal state charged particles in the interaction. The data from the DOMS is the converted

into light patterns which are used to reconstruct the direction and energy of the interactions.

Similar to the water Cerenkov detectors the type of neutrino can be identi�ed from �nal

state charged lepton partner in a charge current interaction. Muon neutrino events can be

identi�ed from track-like topology of the muon whereas electron neutrino events are more

spherical due to the electron cascade. The results of IceCube [85] contribute to the global �t

parameters ofDm2
32 andq23 in Table 2.1.

Fig. 2.6 Electron and muon rates in Super-K as a function of the zenith angle. The hatched
squares correspond the Monte Carlo assuming no neutrino oscillations while the black line
corresponds to the best �t of the data. From Reference [4].

Further proof of neutrino oscillations was presented by the Sudbury Neutrino Observatory

(SNO) [38] collaboration after the results from Super-K [5, 86]. The SNO detector was a

7 ktonne, water-based Cherenkov detector placed 2 km underground near Sudbury Canada.
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The detector consists of 1 ktonne of heavy water, D2O, and 6 ktonne of pure water surrounded

by PMTs [38]. Using heavy water, the SNO detector was able to identify solar neutrinos

through three interaction channels [5]

ne+ d ! p+ p+ e� (Charge Current (CC));

nx + d ! p+ n+ nx (Neutral Current (NC);

nx + e� ! nx + e� (Elastic Scattering (ES):

Only thenes interacted via the CC channel as the energies of neutrinos from the sun are

lower than the mass of the muon and tau leptons. For the NC events, the freed neutrons

capture upon deuteron nuclei, releasing gamma photons. The gamma photons, in turn, cause

Cherenkov radiation which is detected.

Fitting the data, the �ux of each interaction was found and used to calculate the �ux of

solar neutrinos [5]. Figure 2.7 shows how the �ux of the three neutrino interaction types

combine in the SNO experiment to identify the �ux of the neutrino �avours from the sun.

From the �rst data report, the �ux was found to be [5]

FCC = 1:76+ 0:06
� 0:05(stat.)+ 0:09

� 0:09(syst.) � 106 cm� 2s� 1;

F NC = 2:39+ 0:24
� 0:23(stat.)+ 0:12

� 0:12(syst.) � 106 cm� 2s� 1;

F ES= 5:09+ 0:44
� 0:43(stat.)+ 0:46

� 0:43(syst.) � 106 cm� 2s� 1:

This implies a totalnm andnt �ux of 3:41� 106 cm� 2s� 1 from solar neutrinos, where the

Standard Solar Model (SSM) expect no �ux [5].

Fig. 2.7 The �ux,f mt, of thenm andnt neutrinos from B8 interactions in the sun against the
�ux, f e, of ne for the three types of interactions in SNO. The contours indicate the best �t
and the dashed lines indicated the predicated �ux from the SSM. From Reference [5].
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The results from the solar experiments (HomeStake) [76], the Gallium Experiment

(GALLEX/GNO) [87, 88], Soviet American Gallium Experiment (SAGE) [89], Super-K

[79], SNO [5] and Borexino [90] (Italian diminutive of BOREX (BORon solar neutrino

EXperiment)) can be used with results from KamLAND [91] (Kamioka Liquid Scintillator

Antineutrino Detector), a long baseline (� 180 k) reactor experiment, to provide measure-

ments ofDm2
21 andq21 [34]. A global combined �t of these measurements result in the values

shown in Table 2.1. Note that the MSW effect allows for the sign ofDm2
21 to be determined

[92].

Once neutrino oscillations were proven, many experiments were then designed to cal-

culate the mixing parameters of the PMNS matrix, Equation 2.10, such as Long BaseLine

neutrino (LBL) experiments. LBL experiments usually consist of two detectors: a near detec-

tor, which is normally situated� 1 km away from the production of the neutrino beams, and

a far detector, normally situated several hundred kilometres away from the production of the

neutrino beam. The positioning of far detector is usually �xed due to location requirements

i.e. � 1 km underground in a mine. In order to get a maximum oscillation signal, the mean

energy of the neutrino beam has to be tuned. It is the ratio ofL=E (distance travelled divided

by the neutrino beam energy) which is important when de�ning an effective oscillation

experiment.

In LBL experiments, the neutrino rates in near detectors provide well constrained �ux

systematics allowing for precise neutrino oscillation measurements. The beams are either

muon neutrinos or muon anti-neutrinos. This is because neutrino beams are made from

impacting protons onto targets resulting in high energy mesons, such as pions. The pion

decay to an electron and electron neutrino is suppressed due V-A nature of the weak force

(the right-handed helicity of the lighter electron (hence more relativistic) is suppressed).

Therefore, the experiments are sensitive to either muon disappearance or electron appearance.

For example the Main Injector Neutrino Oscillation Search (+) (MINOS(+)) [93] and NuMI

Off-axis ne Appearance (NonA)[94] experiments are situated on thenm NuMI [95, 96]

(Neutrinos at Main Injector) beamline at Fermilab which peaks at approximately 5 GeV.

Other LBL experiments, such as T2K [97] (Tokai to Kamioka, Japan) and K2K [98] (KEK to

Kamioka), also search fornm disappearance with beam energiesO1 GeV. At such energies,

Dm2
32L=(2E) � 1 andDm2

21L=(2E) << 1 asDm2
32=Dm2

21 � 33. Therefore,sin
�
Dm2

21L=(2E)
�

can be approximated to 0 and the oscillation probability, Equation 2.13, can be approximated

as [97]

P(nm! nm) � 1� 4cos2(q13) sin2(q23)[1� cos2(q13) sin2(q23)] sin2

 
1:267Dm2

32 (eV2) L (km)
E (GeV)

!

:

(2.15)
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Therefore, these LBL experiments searching for disappearance signals in muon neutrino

beams have sensitivity toDm2
32 andq23. This approximation is similar to the two neutrino

approximation that approximately describes in the atmospheric case, Equation 2.14, asq13 is

small. The Oscillation Project with Emulsion-tRacking Apparatus (OPERA) [99] experiment

has also detectednt appearance from a muon neutrino beam providing further proof of

neutrino oscillations.

T2K [100], MINOS(+) [101] and NonA [102] are also sensitive tone appearance and

therefore can provide a measurement ofq13. This is seen by approximatingDm2
21 � 0 and

simplifying Equation 2.13 to [103]

P(nm ! ne) = sin2(2q13) sin2(q23) sin2

 

1:267Dm2
32 (eV2)

L (km)
E (GeV)

!

: (2.16)

The reactor neutrino detectors such as Daya Bay [104, 105], Double Chooz [106] (Chooz

[107]) and Reactor Experiment for Neutrino Oscillation (RENO) [108] are also sensitive to

q13. This is because reactor experiments measure the disappearance of electron anti-neutrinos

over distances of� O 1 km. The probability for electron neutrino disappearance is described

as

Pdis = cos4(q13) sin2(q12) sin2(D21)

+ cos2(q12) sin2(2q13) sin2(D31)

+ sin2(q12) sin2(2q13) sin2(D32);

(2.17)

whereDi j = 1:267Dm2
i j (eV 2) � 103 L (km)

E (MeV) andDmi j = m2
i � m2

j . Asq13 < 10°, cos4(q)13 � 1

[104]. Also asm2
i j << 1� 10� 2 (eV2) thenDi j < 1 for distances of 1 km and neutrino ener-

gies of 1-10 MeV. In addition,Dm2
12 <<

�
�Dm2

13

�
� �

�
�Dm2

32

�
� and hence theD13 term dominates.

Therefore, for reactor experiments, the electron anti-neutrino disappearance probability can

be approximately described by the two �avour oscillation probability [106]:

Pdis � P13 = 1� sin2(2q13) sin2

 

1:267Dm2
13 (eV2)

L (km)
E (GeV)

!

: (2.18)

Due to the energy of reactor neutrinos, the reactor experiments employ a gadolinium

doped liquid scintillator detector. Inverse beta decay interactions are then identi�ed via

PMTs that detect gamma rays from both positron annihilation and neutron capture upon
1H or the gadolinium. Using near and far detectors, uncertainties on the models of reactor

cores are constrained, resulting in a preciseq13 measurement [109]. In reactor experiments,
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a difference between the observed event rate and predicted event rate has been observed with

a ratio of R =0.940� 0:011(stat.)� 0:004 (syst.) [110] [42, 111]. This is known as the

reactor anti-neutrino anomaly and is yet to be explained.

The CP phase (dCP) can be detected in oscillation experiments (T2K [112], NOnA

[102]) which have sensitivity to neutrino and anti-neutrino appearance. Differences in the

observed neutrino and anti-neutrino oscillations are theoretically due to the CP phase, and

analyses require other oscillation parameters in order to calculate the CP phase. IceCube

[113] has also placed constraints on the CP phase by considering ultra high energy neutrinos

created in cosmic events. Future experiments HyperK [114] and Deep Underground Neutrino

Experiment (DUNE) [115] are being constructed in order to pin down the value of the CP

phase.

All the experiments discussed in this Section provide evidence for neutrino oscillations

and contribute to the calculations of the parameters in the PMNS matrix, which describes

neutrino oscillation probability. The oscillation parameters are calculated from the global �ts

of these experiments, as well as others. A detailed description can be found in Reference

[34].

2.2.2 Experimental Search for Neutrino Mass

The absolute mass of each neutrino eigenstate is currently not known, and also the ordering

is not known. From the oscillation experiments described above, it is known thatjDm2
32j �

jDm2
31j >> Dm2

12. It is also known thatDm2
12 is positive. The sign ofjDm2

32j (jDm2
13j)

determines the ordering. As can be seen in Figure 2.8, ifDm2
23 is positive the order is known

as "normal", if negative it is known as "inverted". Accelerator experiments, such as NOnA

[102], DUNE [115] and HyperK [114], have sensitivity to the mass hierarchy through matter

effects [116]. Jiangmen Underground Neutrino Observatory (JUNO) [6, 117], a reactor-based

experiment, aims to determine the mass hierarchy by considering searches for "ripples" in

the electron anti-neutrino survival rates [6, 7]. The ripples can be seen in Figure 2.9 and

are due to the atmospheric mass squared difference (DMa = jm3 � m1j). The phase of the

ripple is linked to the ordering of the mass hierarchy. Super-K [82] can also take advantage

of matter effects to determine the mass hierarchy using atmospheric neutrinos. Precision

IceCube Next Generation Upgrade (PINGU) [118] and Oscillation Research with Cosmics in

the Abyss (ORCA) [119] are two further experiments which also use atmospheric neutrinos

to determine the mass hierarchy.
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Fig. 2.8 Pictorial explanation of the normal and inverted mass hierarchy, from Reference
[6]. The contributions of the �avour eigenstates to the mass eigenstates are shown in the
coloured bars. For the �rst mass eigenstate, the main contribution is thene. For the third
mass eigenstate, thenm andnt contribute more.

Fig. 2.9 The oscillation probability in reactor experiments with a baseline of 60 km, from
Reference [7]. The �gure shows the difference in the probability for the normal ordering
(black line) and the inverse ordering (dashed line).

Another potential way to measure the mass hierarchy is through neutrinoless double

beta decay [120]. As can be seen in Figure 2.10a, neutrinoless double beta decay is where

two nucleons undergo beta decay and a neutrino mediates the interaction between the two

nucleons [121]. Neutrinoless double beta decay can only occur if the neutrino is a Majorana

particle. The decay rate of this transition,(T0n
1=2)� 1, is proportional to the effective Majorana

masshmbb i = j å i U
2
eimni j2 = jUe1m2

1 + Ue2m2 + Ue3m3j2 [92, 122]. This mass is the sum

of the PMNS matrix elements of the ith mass eigenstate and the electron �avour state,

Uei, multiplied by the mass of the mass eigenstate. For the normal ordering hierarchy,

m3 >> m2 > m1 and, therefore, there is a larger contribution from theUe3 term than for the

inverse ordering hierarchy wherem3 << m1 < m2 [122]. Therefore, if neutrinoless double

beta decay is observed and if the PMNS variables are well known, the decay rate can give an
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(a) Neutrinoless double beta day of two neutrons. The interac-
tion is mediated by a neutrinonm. From Reference [120].

(b) The effective Majorana mass as a function of the smallest
neutrino mass within the 90% con�dence bounds of the oscil-
lation parameters, from Reference [123]. The blue hatched
area corresponds to the normal ordering and the red corre-
sponds to the inverted.

indication of the mass hierarchy as well as mass of the smallest neutrino, as shown in Figure

2.10b. Currently there is no experimental evidence for neutrinoless double beta decay [120].

The neutrinoless double beta decay experiments [121] also have sensitivity to the sum of the

neutrino masses and the smallest neutrino mass when the PMNS matrix elements are known.

neutrino masses, speci�cally the effective electron neutrino mass is being probed by

considering the kinematics of electrons in single beta decay interactions [66]. The maximum

energy the electron can receive from a beta decay interaction is limited to the energy of

the emission minus the neutrino mass. By looking at the spectral distortion of the emitted

electron energy, experiments have the possibility of being sensitive to the neutrino mass [124].

The current best sensitivity limits for the effective electron neutrino mass neutrino mass

is mi < 1:1 eV (90% con�dence level) from the KArlsruhe TRItium Neutrino experiment

(KATRIN) [66].

Finally, cosmology can also provides further limits on the sum of the neutrino masses.

The Cosmic Microwave Background (CMB) [125] and the Matter Power Spectrum [126],

which describes the relative mass density �uctuations of the Universe, are sensitive to the

neutrino masses. At early times of the Universe decouple from baryonic matter and free

stream, damping small-scale density �uctuations. The lack of �uctuations at small scale

reduces the matter power spectrum at small scale as the �uctuations of baryonic and dark

matter are reduced. The amount of relativistic matter (also called radiation) can affect the

epoch of matter-radiation equality. This change affects the growth rate of the Universe and

therefore the size of �uctuations of the CMB in the sky. Assuming three neutrino species
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and combining data from the Plank CMB data, along with the affects of Baryon Acoustic

Oscillation (BAO) data and gravitational lensing (both not discussed here) results in a limit

of å mn < 0:12 eV [125].

2.2.3 The Seesaw Mechanism

This Section describes the "type 1" seesaw mechanism [127] and follows arguments from

References [128, 73]. Although the "type 1" seesaw mechanism provides theoretical motiva-

tion for an additional right-handed (sterile) �eld, to explain the mass differences between

neutrinos and their lepton partners the mass of the right-handed �eld has to be of order� 106

eV. This is much larger than the eV scale sterile neutrinos that have been suggested to resolve

the anomalies in oscillation experiments. However, alternative seesaw models have been

suggested to account for the eV scale anomalies, see Reference [44] for a review. It should

also be noted that the seesaw mechanism is not the only theoretical mechanism to describe

the neutrino mass. The neutrino �eld could be describe by the Dirac mass term only with a

smaller Yukawa couple compared to the charged lepton partners. Or one can introduce a new

Higgs isospin triplet which couples to the neutrino to form a mass term [129].

[129]

As discussed in Section 2.1, neutrinos in the SM are left-handed with no mass. The

masses of the other Fermi �elds (y ) are given by the Yukawa couplings (ȳfy ) to the Higgs

�eld ( f ). A left-handed only Yukawa coupling is prohibited in the SM. Therefore, to provide

a Dirac mass to the neutrino, a new �eldn̄ is required so that the new �eld couples to the

neutrino �eld n in a new Yukawa coupling. In the unitary gauge, such a coupling can be

described by

L n Yuk= �
1
y

p
2(v+ H)(nn̄ + n̄†n†); (2.19)

wherey is the coupling constant,H is the real scalar Higgs �eld, andv is the vacuum

expectation [128]. The mass of the neutrino, in this case, is given bymn = yv=
p

2. The mass

term,

L n̄ mass= �
1
2

M(n̄n̄ + n̄†n̄†) (2.20)

whereM is constant, is also allowed. In this case,n̄ can be thought of as the right-handed

component of the neutrino �eld and is Majorana (n̄ = nR = Cn̄T
L ). In this case the neutrino is

its own anti-particle. Equations 2.19 and 2.20 can be combined to form the the following

mass term [128]

L n n̄ mass=
�

n n̄
�

 
0 m

m M

! 
n

n̄

!

+ h:c: (2.21)
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This equation can be used to provide a reason as to why the neutrino mass is smaller

than the corresponding partner lepton mass. When assumingM >> m, one can diagonalise

the matrix which results in eigenvalues ofM for n̄ and� m2=M for n. If M is assumed

to be� 1 MeV and the Yukawa coupling is of the same magnitude as the charged leptons,

then the equation requires the mass of the neutrino to be� 1ZeV, which is in the region of

experimental limits but greater than cosmological constraints.

As described in Reference [128], the new neutrino �eld can be integrated out and, keeping

the leading order term, and the effective Lagrangian can be shown as

L n Yuk mass= �
1
2

mn(nn + n†n†)(1+ H=v)2: (2.22)

This formulation results in the same neutrino mass terms as before. Extending to three

generations results in the charge interaction currents gaining a new matrix. This new matrix

describes the switch from �avour eigenstates to mass eigenstates, otherwise known as the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [36], which is described in Section

2.2.1. The new neutrino �elds added to the theory can be thought of as sterile as they do not

interact via the weak force.

In summary, by introducing a new neutrino �eld for which Yukawa coupling is still of

the same magnitude and where the coupling constant of the new �eld is much larger than

the coupling constant of the neutrino �eld, one can explain why the mass of the neutrino is

comparatively smaller than the corresponding charged lepton partner mass. By applying the

above to all three neutrinos, the theory requires the PMNS matrix which describes neutrino

oscillations. In addition, the new neutrino �eld, or �elds, can be thought of as sterile as they

do not interact via the weak force. Therefore, the theory described in this Section, which is

known as the "type 1" seesaw mechanism, justi�es the neutrino mass, neutrino oscillations

and the potential existence of sterile neutrinos at MeV scales.

2.2.4 Calculating the Number of Neutrinos

Cosmology also provides constraints on the effective number of neutrinos,Neff [125]. Neff

describes the degrees of freedom arising from the number of neutrino �elds at the time of

decoupling. Decoupling is a era in time where mean free path of the particle becomes higher

than the horizon of the Universe. Hence the particle able to free stream. It should be noted

that due to neutrino decoupling not being instantaneous,Neff is not the exact number of

neutrinos, but rather the effective number. The CMB and the Matter Power spectrum are

sensitive to the number of neutrinos. This is because the total radiation energy density of the
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Universe,

r total,rad= r g + r n = r g +
7
8

� 4
11

� 4=3
Neffr g; (2.23)

depends on contributions from the neutrino energy density,r n, and photon energy density,

r g. Therefore, at higher values ofNeff, for a constantr total, more of the fraction of the

radiation density and gravitational force is a result of more evenly distributed free streaming

neutrinos. Therefore relative �uctuations are weaker at smaller scales. This can be seen in

Figure 2.11, where changes in the effective number of neutrinos visibly affected the CMB

power spectrum. Also, the density of neutrinos affects the expansion of the Universe and

hence the temperature of the Universe. Therefore the ratio of the photon diffusion length and

the sound length is affected. The effect of changing this ratio is that an increaseNeff causes

a loss of �uctuations as photons diffuse across a larger space [8, 130, 131]. A combined

�t using CMB data, lensing and BAO data results inNeff = 2:96+ 0:34
� 0:33 [125] which means

the theoretical value ofNeff = 3:046[125] is within the error bounds of the analysis. This

result is in agreement with the SM and places cosmology constraints on additional neutrinos

outside of the SM.

Fig. 2.11 The CMB power spectrum and the effect of increasingNeff. The black line
corresponds to the best �t of WMAP7 (black points) (The Wilkinson Microwave Anisotropy
Probe 7-year result) and SPT K11 (blue points) (South Pole Telescope,Keisler et al, 2011)
data. The top graph �xes the matter-radiation equality redshift (zeq), and the angular size of
the sound horizonqS as well as baryon density. The bottom graph also keeps the fraction of
baryonic mass in helium,YP, constant in order to �x the angular size of the photon diffusion,
qD. As the difference in the differentNeff is small, whenqD is �xed, it shows that the impact
is related to the diffusion of photons, i.e. Silk damping. From Reference [8]

.
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Accelerator experiments have also determined the number of light neutrinos. Collisions

of e+ e� at a centre of mass energies around the mass of the Z boson (91 GeV) allows for the

production of Z bosons [132, 133]. Approximately 20% of the interactions produce ann̄

pair which results in the interaction being invisible [133] to the detector. The contribution to

the Z-width,G, from the invisible interactions can be calculated indirectly from

Ginv = Gtot � Gvis. The measured cross-section of the Z decays depends on both the partial

width of the interaction type and the total width. Because of this, both widths can be extracted

from the measured data of the Z decays [132]. The invisible width can also be measured

directly when a photon is also present, e.ge+ e� ! gZ ! gnn̄. The number of neutrinos can

then be extracted by considering the ratio of the invisible width and the lepton width

Ginv

Gll
= Nn

 
Gnn

Gll

!

SM

; (2.24)

where(Ginv=Gll )SM = 1:9912� 0:0012[133] is the SM prediction of the ratio. The results

for the number of neutrino species was found to be2:9840� 0:0082 [133], which is in

agreement with the three neutrinos in the SM. It should be noted that a sterile neutrino does

not contribute to the effective number of neutrinos in this analysis as sterile neutrinos do not

interact via the weak force.

2.2.5 Sterile Neutrino Theory

The theoretical justi�cation for a sterile neutrino was discussed in Section 2.2.3. Coupled

with the experimental evidence for neutrino oscillations, which require neutrinos to have

mass, the addition of a sterile neutrino to current theory is plausible. However, the sterile

neutrino typically has a mass much greater than an eV in theoretical models. This Section

describes the eV sterile oscillation models used to explain anomalies in recent neutrino

results.

Although sterile neutrinos do not interact via the weak force, it is thought that sterile

neutrinos could interact with the SM neutrinos via neutrino oscillations. In this case, the

PMNS matrix is converted from a 3� 3 matrix to a 6� 6,
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This increase is to account for the three �avours of the standard model and the sterile neutrinos,

si. Oscillation probabilities are then calculated using the standard procedure. Commonly,

only one sterile neutrino (3+1) framework [134] is considered due to its simplicity, and

U5 andU6 terms are removed. In addition, for a short-baseline analysis the short-baseline

approximation is used,Dm2
solar = Dm2

atmospheric= 0 [134]. Therefore, in the case of a muon

beam where the detector is� 1 km away from the start of the beam, oscillations to the sterile

neutrino can be described by the following probabilities [134]:

Pnm! nm = 1� 4(1� j Um4j2)jUm4j2sin2(1:26Dm2
41 (eV2) L (km)=E (GeV)) ;

Pnm! ne = 4jUe4j2jUm4j2sin2(1:26Dm2
41 (eV2) L (km)=E (GeV)) :

(2.26)

In this case no CP violation is detected and it is also usually assumed that the oscillations are

CPT invariant which requires thatP(ni ! n j ) = P(n̄ j ! n̄i).

When the analysis is operating in a 2D framework, the matrix elements are usually

replaced with the following:

sin22qmm= ( 1� j Um4j2)jUm4j2;

sin22qem = 4jUe4j2jUm4j2;

which are used as �t parameters in data analysis. A similar procedure is performed for the

3+ 2 and the3+ 3 sterile cases resulting in more complex de�nitions for the oscillation

probabilities as well as more oscillation parameters.

2.2.6 Anomalies in Neutrino Experiments

Several neutrino experiments have attempted to identify sterile signatures within data. Some

experiments have seen indications of sterile physics. However, tensions in global �ts and null

results from other experiments have placed doubt on the results [135]. This Section describes

the short-baseline neutrino beam experiments, the Liquid Scintillator Neutrino Detector

(LSND) [9] and MiniBooNE [136] (Mini-Booster Neutrino Experiment), and discusses
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the low energy excess observed in these experiments. In addition, other searches will be

discussed, such as the reactor limits discussed in Section 2.2.1, and the "Gallium Anomaly".

LSND [9] and MiniBooNE [136] were both neutrino experiments in low energy neutrino

beams, positioned a short distance from the start of the beam. Both are �lled with mineral

oil [136, 137] and surrounded by PMTs to detect scintillation and Cherenkov light. Using

the Cherenkov rings and the timing information from the prompt scintillation allows for

directional and calorimetric reconstruction.

From 1993 to 1998 LSND was situated 30 m downstream of the LANSCE (Los Alamos

Neutron Science Center) accelerator beam at Los Alamos [137]. The beam provided a

source ofnm andn̄m in the36< En < 58:2 MeV range. Neutrinos in the beam were created

mostly from the decay at rest ofp+ ! nmm+ where them+ decayed at rest viam+ ! n̄mnee+

[138]. However, there also existed decay in-�ight modes such asp+ ! e+ ne which, were

backgrounds for thenm ! ne analysis. A contamination of̄ne also existed in the beam

and was the primary background for then̄e oscillation search. An additional background

for thene andn̄e searches was the misidenti�cation ofnm. This background was reduced

as events were taken within an energy range of 20 MeV to 60 MeV, which is below the

muon production threshold [138]. Additional backgrounds also include cosmic events, but, a

veto existed around the inner detector to reduce this background [138, 137]. For ne andn̄e

appearance analysis, the electron neutrinos and anti-neutrinos interacted via beta decay and

inverse beta decay. The detector was also doped with a liquid scintillator to allow neutron

capture on the scintillator and hence produce a 2.2 MeV photon [39]. This allowed beta

decayne interactions to be separated from then̄e interactions.

An appearance search showed an excess ofn̄e from the n̄m, indicating oscillations.

Assuming a two neutrino oscillation �t, the expected number ofn̄e from m� decay at rest

was19:5� 3:9 and the number of events from misidenti�cation ofp � decay in-�ight events

was10:5� 4:6. The LSND experiment measured a total of117:9� 22:4 n̄e events resulting

in an excess of87:9� 22:4� 6:0 [9], corresponding to a3:8s excess. This excess is shown

in Figure 2.12 where the number of events with the beam on minus the beam off is shown.

The Figure shows that the data agrees well with predicted results for the inclusion of a sterile

neutrino. The events due to the presence of a sterile neutrino are shown in blue in the Figure.

If the excess is interpreted as oscillations and is not statistical, the result can be accounted for

by one or more sterile neutrinos [139]. An excess was also seen in anm ! ne analysis within

the energy range 60< Ee < 200 MeV with an excess of 18:1� 6:6� 4:6 events [140].

MiniBooNE then investigated the LSND anomaly at the Booster Neutrino Beam [141].

The beam has a neutrino mode and an anti-neutrino mode, allowing for analysis of oscillations

from bothn̄m andnm. More information about the BNB can be found in Chapter 4, Section
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Fig. 2.12 The LSND excess results in terms of distance travelled in meters divided by the
neutrino energy in MeV. The neutrino energy is determined from the measured positron
energy and angle with respect to the neutrino beam, from Reference [9].

4.1. The signal events werene that predominately underwent charge current quasi-elastic

interactions, see Section 3.6. Intrinsicne and resonantnm events where a photon is released

are the predominant backgrounds in the oscillation searches for MiniBooNE. Photons can be

released via the decay ofD! Ng [142] and from the decay ofp0 ! gg. If photons travel

in the same direction inp0 decay this mimics a single photon which is mistaken for an

e+ � . Additional backgrounds occur from external sources; however, a cosmic veto region

surrounded the detector to minimise the background.

The energy of the signal events was approximated assuming the quasi-elastic kinematics

which required the energy of the electron and the angle of the electron to be reconstructed.

The measured number of events is currently 2437 for both neutrino and anti-neutrino mode.

This corresponds to an excess of460:5� 99:0 events, resulting in a4:7s effect, see Figure

2.13 [142]. The discrepancy between the excesses of the neutrino and anti-neutrino mode

places tension on the 3+1 model; however, the data can be explained using a two sterile

neutrino model [138, 143].

Excesses in neutrino �ux rates have also been detected elsewhere. The anomalies in

reactor experiments [42] have already been mentioned in Section 2.2.1 and are discussed in

further detail in Reference [12].
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Fig. 2.13 The MiniBooNE excess from both neutrino and anti-neutrino mode data in terms
of neutrino energy assuming quasi-elastic scattering, from Reference [10].

Furthermore, the gallium experiments SAGE [40] and GALLEX [41] have measured

rates less than predicted from radioactive neutrino sources. The gallium (Ga) detectors

identify inverse beta decay interactions upon Ga atoms by counting the resultant71Ge atoms.

The number of71Ge atoms is counted by allowing the71Ge to radioactively decay within a

proportional counter which detects the corresponding X-rays.51Cr and37Ar neutrino sources

were introduced to the SAGE detector and51Cr to the GALLEX detector for calibration. A

weighted average of the ratio between the expected and measured neutrino rates from the

sources was found to be0:86� 0:05 [41] corresponding to a discrepancy greater than two

sigma. In both the reactor and gallium experiments, it is thought that a likely cause of this

discrepancy is overestimation of the production rates of neutrinos from the neutrino source

[41, 144]. However, the lower rate could correspond to electron neutrino disappearance,

which could be due to the existence of sterile neutrinos.

Several other experiments have also performed sterile searches in various forms and

placed constraints on the parameter space. Experiments usually try to identify excesses or

de�cits in the neutrino spectra assuming the standard 3+1 model using the sterile prescription

discussed in Section 2.2.5. The constraints can be seen in Figures 2.14, 2.15 and 2.16b.

Depending on the experimental setup, different experiments are sensitive to either disappear-

ance or appearance channels. Fornm disappearance MINOS+ [145], NOnA [146], Super-K

(ATM) [ 147] and IceCube [148, 149] place constraints on the parameter space, see Figure

2.14. Forne appearance KARMEN [150] (KArlsruhe Rutherford Medium Energy Neutrino

experiment), NOMAD [151] (Neutrino Oscillation MAgnetic Detector), OPERA [152],

BNL-E776 [153] (Brookhaven National Laboratory Experiment) and ICARUS [23] place

constraints on the sterile oscillation parameters. The contours that describe the sensitivities

of these experiments in terms of the 3+1 sterile parameters are shown in Figure 2.16b [12].

Global best �t results of the appearance and disappearance parameters show tension. The
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tension can seen in Figure 2.14. This combined analysis is performed in the 3+1 framework,

see Section 2.2.5, and therefore does not dismiss the anomalies completely.

Fig. 2.14 a)3s sensitivity contours fornm disappearance from experiments. b) Global �t
of appearance and disappearance data. The Dis line exclude regions by3s whilst App
corresponds to 3s allowed regions. From Reference [11].

Fig. 2.153s sensitivity contours forne appearance from experiments. a) is with all Mini-
BooNE data and b) is without low energy MiniBooNE data. From Reference [11]
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Constraints forne disappearance are set by solar neutrino data as well as bounds from

Super-K, DeepCore and IceCube [11, 12, 135]. Figure 2.16a shows the allowed regions

from reactor experiments with a 95% con�dence regions bounds and the best �t estimates.

Figure 2.16b shows the best �t from the reactor experiments [135] as well as the preferred

region from the gallium experiments and the exclusion curves from Super-K, DeepCore and

IceCube [11, 12].

In conclusion, several experimental anomalies have been observed resulting in possible

evidence for sterile neutrinos, most notable are the anomalies observed LSND and Mini-

BooNE. Therefore, to con�rm or refute the anomalies discussed in this Section, further

experimental results are required. Due to the mass of thene �avour state being a superpo-

sition of the mass eigenstates, searches in neutrinoless double beta decay and direct mass

searches for the effects of sterile neutrinos are possible.

Additional searches are also planned in reactor experiments, J-PARC (Japan Proton

Accelerator Research Complex) Sterile Neutrino Search at J-PARC Spallation Neutron

Source (JSNS2) experiment [154] and the SBN programme JSNS2 will directly test the

LSND anomaly by using the same neutrino source, target material, baseline and neutrino

oscillation channel as LSND, with modern detection methods.

(a) (b)

Fig. 2.16 a) Allowed regions from reactor experiments. The shaded areas correspond to
the allowed regions prior to reactor experiment results from Daya Bay, DANSS and NEOS.
The green area corresponds to setting �ux spectra to the predicated values, whilst orange
allows the �ux to be a free parameter. The blue area corresponds to all reactor data with
the �ux being free and the magenta contours indicate the global �xed analysis. The star
represents the best �t. b) Is the reactor global �ts overlapped with the gallium allowed region
and the exclusion (to the left) from solar neutrino data and atmospheric data from Super-K,
DeepCore and IceCube at 95% and 99% CL. Figures are from Reference [12].
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Another search is the MicroBooNE [13] experiment which is a Liquid Argon Time

Projection Chamber (LArTPC) detector situated on the BNB next to MiniBooNE. By taking

advantage of the high calorimetric and topological resolution of LArTPCs, MicroBooNE is

capable of identifying and separating signi�cant photon backgrounds from ane oscillation

signal [22]. This cannot be performed in MiniBooNE as it cannot discriminate between

photon and electron showers [22]. The experiment has been running since 2015 and is

described in further detail in Chapter 4. The focus of this thesis is the SBN programme [17],

which uses three LArTPCs (including MicroBooNE) as detectors in the BNB, see Chapter 4.

The next Chapter will discuss the LArTPC technology and the interactions expected from

neutrinos with energies corresponding to the BNB.

2.3 Concluding Remarks

This Chapter has shown how developments throughout the last century have resulted in the

current SM prescription of neutrinos. The SM describes neutrinos as weakly interacting

with no mass and no right-handed counterpart. However, experimental evidence has proven

neutrino oscillation to exist, which require the neutrinos to have mass. Experimental limits

show this mass to be small with respect to the other leptons and this difference is currently

unexplained. A theoretical justi�cation for this mass difference is the seesaw mechanism

which requires the addition of a new neutrino �eld which does not interact, i.e. a sterile

neutrino. Recently, experimental searches to determine the properties of the PMNS, which

describe neutrino oscillation, have resulted in anomalous results which could be explained

by one or more sterile neutrinos. However, tensions in the global �ts cast doubts on this ex-

planation. A discussion of the current outlook of sterile neutrino theory and the experimental

searches for sterile neutrinos has been presented in this Chapter.



Chapter 3

Liquid Argon Time Projection Chamber

Theory

As mentioned Chapter 2, Liquid Argon Time Projection Chambers (LArTPCs) are to be

used by the Short-Baseline Neutrino (SBN) programme to search for sterile neutrinos. C.

Rubbia originally suggested the LArTPC in the 1970s [155]. LArTPCs were suggested for

several reasons as discussed in Reference [155]: LArTPCs provide a dense detection medium,

hence there is an increase in the rate of neutrino interactions compared to a gaseous TPC.

Argon is also cheap which mean large detectors (and more neutrino interactions) are possible.

Also, argon is inert and has a high electron mobility. This means that ionised electrons from

charge particles interacting in the argon can travel large distances without loss of calorimetric

information. The inert nature also means that argon can be easily and cheaply lique�ed

using liquid nitrogen. Finally, as argon is inert and as the ionisation energy is relatively

low LArTPC are highly precise and have low energy threshold. Along with high spatial

resolution of the TPC readout several individual charged particles can be topologically and

calorimetrically reconstructed and identi�ed. By identifying the outgoing charged particles,

neutrino interactions can then be identi�ed and the neutrino �avour resolved. Because of

these advantages several LArTPCs have been designed and used in experiments in various

�elds of research in physics [156]. However, LArTPCs do have challenges. One of the

main issues in the technology is the engineering of cryostat vessels large enough to store

the argon. This means LArTPC experiments are signi�cantly smaller (hence less neutrino

interactions) than the water Cerenkov neutrino experiments such at Hyper-K. Similarly there

are challengers with extracting the large number of readout channels out of the cryostat.

Switching from the traditional wire readout to a pixelised readout is one possible solution

and is discussed in Chapter 9. Furthermore, to maintain the low thresholds of LArTPCs the
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electronic noise has to be minimised and well understood. Discussions on this topic can be

found in Chapter 5.

This Chapter will discuss the design of LArTPCs in Section 3.1. Then the processes that

describe how charged particles are detected will be discussed. The �rst stage is discussed

in Section 3.2, which involves the ionisation of liquid argon and the recombination of these

ionised particles. Then the processes which affect the resultant ionisation electrons during

transport to the readout will be discussed in Section 3.3. Finally, the form by which energy is

deposited and how the ionisation electrons are used to identify particles will be discussed in

Section 3.4.

Although signal-phase wire TPC technology will be the main focus, other technologies

will be brie�y discussed in Section 3.5.

Of particular interest to the SBN programme are neutrino interactions upon argon that

occur at a speci�c energy range. These interactions and the mechanisms concerning them

will also be discussed in Section 3.6.

3.1 LArTPC Design

As can be seen in Figure 3.1, a LArTPC consists of a volume of liquid argon sandwiched

between a cathode and an anode. Usually, the anode consists of two or more planes of sense

wires that are spaced 3-5 mm apart [17, 24, 115]. When charged particles travel through the

detector, they ionise the liquid argon. The electric �eld supplied by the cathode, typically 500

V/cm, forces the ionised particles to drift between the two electrodes. As argon is a noble gas,

the ionised electrons can freely travel to the anode where they are detected. The front-facing

planes of the anode shield the ones behind. Because of this geometry, a voltage bias has to

be applied to allow the front planes to be transparent [157]. The �nal plane collects the drift

electrons and therefore has a different response to the charge deposition, see Chapter 6 for

more detail.
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Fig. 3.1 The LArTPC design. The energy deposits travel toward the readout which is made
up of wire planes for 2D reconstruction. Figure from Reference [13].

The electronic response to the energy deposits is then ampli�ed and shaped within the

cryostat before the data is processed by a digital acquisition system [157]. Placing the

ampli�ers within the liquid argon has the advantage of reducing the inherent noise in the

ampli�ers and reducing the number of channels exiting the cryostat [158].

The electronics response on the wires can then be combined and using the drift time

and the wire position in a plane allows for 2D reconstruction of the energy deposits. As the

planes are orientated in different directions, combining the results from planes allows for 3D

reconstruction of the ionisation depositions. The 2D representation is shown in Figure 3.1.

Current large scale LArTPCs, for example MicroBooNE [13] and ICARUS [159], consist

of O104 sense wires across 3 planes with a drift length ofO1 m. The volume encompassed

by the drift length and wires requiresO100tonnes of liquid argon to encapsulate this readout.

To provide timing information for the particles and to detect scintillation light, light

detectors are usually placed in a LArTPC, typically behind the anode. PhotoMultiplier

Tubes (PMTs) are currently the most common; however, for future detectors, such as DUNE,

light traps which use Silicon PhotoMultipliers, called ARAPUCAs (Argon R&D Advanced

Program at UniCAmp), are being developed, see Chapter 4. The scintillation light is in

the Ultra Violet (UV) range [160]; therefore the light detection systems and re�ector foils

are coated with wavelength shifting materials so that standard PMTs can detect the light
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[17, 161]. Further information on ionisation and scintillation light can be found in Section

3.2.

During the transportation to the anode, electrons from ionisation depositions diffuse and

impurities diminish the signal strength. A puri�cation system is used such that the loss due

to impurities is minimal. Section 3.3 will discuss transportation and the effects which reduce

the signal strength in more detail.

3.2 Ionisation, Recombination and Scintillation

As the ionisation and scintillation light is key to particle detection in LArTPCs, the amount of

energy required to produce an electron/ion pair in liquid argon is a critical value. The value

of this is approximatelyWion = 23:6 eV [29, 161]. After a charged particle ionises argon

atoms the electrons and ions can then recombine. The fraction of electrons which recombine

depends on the electric �eld strength and the amount of localised ionisation. Therefore the

recombination also depends on the energy deposited per unit distance,dE=dx, of the passing

particle. The recombination has been theoretically modelled by Onsager [162] , Jaffé [163]

and Kramers [164] as well as Thomas and Imel [165][29, 166]. The resultant theory models

the localised charge density as uniform and in a small box localised at the interaction point.

The box model de�nes the remaining charge after recombination to be

Q = Q0
1
h

ln(1+ h ); (3.1)

whereh = a Q0=E, Q0 is the initial charge,E is the electric �eld anda is a �t parameter

which describes the charge density and charge mobility. For a constant electric �eld

h = b(dE=dx), whereb is a �t parameter .

An alternative approach to de�ne the remaining charge is Birk's law [167],

Q =
Q0

1+ kB(dE=dx)=E
; (3.2)

which arises from empirical �ts to data [166]: kB is a �t parameter. The recombination factor,

R = Q=Q0, describes the conversion from energy deposition to charge after recombination

via the equation

dE=dx=
dQ=dx
RWion

: (3.3)

One can then substitute the recombination parameter de�ned by Equations 3.1 and 3.2 and

rearrange them to �nd a conversion between thedE=dx deposited and thedQ=dx after
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recombination. Results from ICARUS [166] suggested modi�cations to the recombination

parameters described in Equations 3.1 and 3.2 such that

dE=dx=
dQ=dx

AB=Wion � kB(dQ=dx)=E
; (3.4)

for Birk's model and

dE=dx= ( exp(bWion(dQ=dx)) � a )=b (3.5)

for the box model, now known as the modi�ed box model [29]. In both cases, an ex-

tra �t parameter,AB for Birk's model anda for the box model has been added. Note

that the modi�ed box model is usually favoured as it does not suffer from highdE=dx

values like Birk's model when the denominator is zero. For the modi�ed box model the

parametersa = 0:930 andb = 0:212=r E (MeV=cm)� 1, where the density of the liquid

used isr = 1:3954 g cm� 3 [168]. For Birk's model the parametersAB = 0:8 cm and

kB = 0:0486=r (kV=cm)(MeV=cm)� 1(cm)� 1 are used [168]. dQ=dx is this case is the

number of electrons per centimetre.

Approximately, the average fraction of electrons which recombine with the argon ion

is 0.58 for minimum ionising particles in a 500 V/cm drift �eld. When those electrons

recombine, scintillation light is produced through the formation of an excimer, Ar�
2, and then

the deexcitation of the excimer. There are two pathways for this [160]:

Ar ! Ar+ + e�

Ar+ + Ar ! Ar+
2 + e! Ar�

2 ! 2Ar+ g:
(3.6)

Alternatively, a third pathway is the excitation of the argon atom by the through going particle

Ar ! Ar�

Ar� + Ar ! Ar�
2 ! 2Ar+ g:

(3.7)

The resultant scintillation light has a wavelength of approximately 128 nm [160]. There are

two excited states for the excimer: a singlet and triplet state with decay times of 5 ns and

1 ms respectively. The relative yields are 23% (singlet) and 77% (triplet) [160]. Due to the

separation length of the two particles in the excimer being shorter than the standard atoms

in the argon, the energy of the photon released is lower than the required energy to excite

further argon atoms. Therefore, liquid argon is transparent to its scintillation light.
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Cherenkov light is also emitted as particles propagate through the argon [169]. For

visible Cherenkov light, the refractive index of liquid argon is approximately constant (1.22).

Therefore, for ultra-relativistic particles, the cone half-angle is approximately34°. However,

the number of photons produced is signi�cantly less than the scintillation light.

3.3 Transportation of Ionised Electrons, Diffusion and Im-

purities

The electrons that do not recombine begin to move towards the anode. As they travel, the

ionisation particles can diffuse diminishing the peak signal size. Furthermore, electronegative

impurities (such as oxygen, water and nitrogen molecules which have not been removed from

the argon) can absorb ionisation electrons further diminishing the signal strength. These

effects depend upon the time it takes for the ionisation electrons to reach the anode. Therefore,

the drift velocity is crucial for transportation.

The drift velocityv = d=t = mE (whered is the drift distance,t is the drift time,E is the

electric �eld, andmis the electron mobility) has been studied and found to be 0.1648 cm/ms

for E = 500V/cm [170, 171]. The drift velocity has also been modelled as a function of the

electric �eld strength and the temperature [172]. In LArTPCs it is preferred that the drift

velocity is as large as possible. This is to reduce the time required to drift electrons and

thus reduce the effects of diffusion and impurities discussed below. It is also preferred that

the velocity is constant throughout the detector to prevent distortion of particle trajectories.

However space charge, which is discussed below, can distort the electric �eld and thus the

drift velocity.

The electron diffusion is parameterised by the evolution of the electron cloud which is

described by Fick's equation

¶n
¶t

= DL
¶2n
¶x2 + DT

 
¶2n
¶x2 +

¶2n
¶y2

!

� v
¶n
¶z

� l vn; (3.8)

wheren is the electron cloud charge density,v is the drift velocity,l is the ionisation

coef�cient andDL andDT are the longitudinal and transverse diffusion constants respectively

[173]. The solution to this function for a point source in a constant electric �eld is a Gaussian

function that depends on the coordinatesz (drift direction) andr = x2 + y2,

n =
n0

4pDTt
p

4pDLt
exp

�
�

(z� vt)2

4DLt
� l vt

�
exp

�
�

r 2

4DTt

�
; (3.9)
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wheren0 is the original density att = 0. Therefore the resolution of the detector is smeared

for increasing drift distance. As is described in Reference [173], there is a relation between

DL andDT :
DL

DT
= 1+

E
m

¶ m
¶E

(3.10)

Measurements of the diffusion coef�cients at BNL have been performed at 500 V/cm and

have been found to beDL = 7:2 cm2s� 1 andDT = 7:2 cm2s� 1 [173]. This corresponds to a

resolution limit of a couple of millimetres (� 1 ms in drift time) for the typical drift lengths

of large LArTPCs. It should be noted that diffusion can diminish the peak signal size due to

smearing. However, at this scale, where the shaping time and wire pitch are comparatively

large, the diffusion effect is negligible.

The signal is further diminished due to electonegative impurities in the liquid argon, such

as oxygen, nitrogen and water. The rate of electron removal from a charge cloud is modelled

by [174],
dNe

dt
= � ktotNe(t); (3.11)

whereNe is the number of electrons andktot is the probability of an electron being attached

to an impurity. Integrating and describing the equation in terms of charge rather than the

number of electrons and dividing by the distance travelled between two wires, the track pitch

dx, results in the decay law [174],

dQ
dx

=
dQ0

dx
e

� t
t ; (3.12)

wheret = 1
ktot

is the electron lifetime. The electron lifetime is usually the measure given

to identify the purity of the liquid argon. Experiments have seen lifetimes ranging from

0.5-10 ms [175, 176][177, 178]. The SBND simulation currently sets the lifetime at 3 ms

which is based on results from the 35-tonne experiment [179]. This a conservative value

compared to other similar sized detectors [178, 180]. The lifetime is usually measured using

Equation 3.12 to model the most probable charge deposited by cosmic muons at various drift

times in the detector. For more detail on lifetime calculation methods, see Chapter 5, Section

5.5.

Space charge is another detector effect which alters the propagation of drift electrons to

the anode. Space charge is caused by the build-up of the positively charged ions from the

argon ionisation, which slowly move to the cathode. These positively charged ions locally

distort the electric �eld, which affects the recombination process and the drifting of the

electrons. Space charge is particularly an issue for surface detectors where the high cosmic

�ux causes high amounts of ionisation [181]. Assuming the E �eld depends only on the drift
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direction and the space charge does not evolve with time, one can take a modi�ed continuity

equation to describe the evolution of space charge [182],

ÑJ+
¶r
¶t

= K; (3.13)

whereJ = r v describes the current density,r is the charge density,v is the velocity and

K is the volume rate of creation of ion pairs. Assuming the space charge density is time

independent, and ionisation travels only in the drift direction,z, this can be simpli�ed to

dr v
dz

= K: (3.14)

Setting the cathode to be atz= D, the anode to be atz= 0 and using the factv = mE, where

E is the electric �eld, andmis the electron mobility, one can calculate the local electric �eld

in the presence of space charge as

E(x) = E0

s
� EA

E0

� 2
+ a 2 z2

D2 : (3.15)

E0 is the nominal �eld,EA is the �eld at the anode anda = D=E0
p

K=em, wheree is the

dielectric constant for the medium [182].

Space charge is measured using external calibration systems such as UV lasers or cosmic

muons with known trajectories. A Fourier series is then used to map the space charge [181].

The map can then be used to spatially correct the positions of particles in the TPC as well

as identify the localised electric �eld so that recombination is correctly determined. Note:

in the analyses in Chapters 7 and 8, space charge is not simulated. However, recent efforts

have been made to implement a space charge simulation and correct for it in reconstructions

carried out in the SBN experiments SBND and ICARUS.

3.4 Particle Calorimetry and Identi�cation

The resultant ionisation from charged particles can be used to identify the type of particles

and the energy depositions within the TPC. Energy depositions in LArTPCs are described by

the Bethe-Bloch Equation [14]:

� h
DE
Dx

i =
4pNAe4

mec2
Z
A

r 2 1
b2

�
1
2

ln
2mec2b2g2Tmax

I2 � b2
�

; (3.16)



3.4 Particle Calorimetry and Identi�cation 41

whereNA is Avogadro's number,A andZ are the mass and atomic number of the absorber

respectively,z is the charge of the incoming particle,r is the density of the absorber,Tmax is

the maximum kinetic energy that can be transferred andI is the mean excitation energy of

the absorber. The density and shell corrections have been omitted. In addition,1=4pe0 = 1

andz= 1. The energy deposited within a small segment (or sense wire) by a particle, which

follows the Bethe-Bloch Equation above, has been shown [14] to have the form of a Landau

probability distribution (see Figure 3.2),

f (x) =
1

2pi

Z c+ i¥

c� i¥
eslns+ xsds; (3.17)

wherec is an arbitrary real number.x depends on the energy lost within the segment and the

properties of the detector.

Fig. 3.2 A Landau distribution. The long asymmetric tail predicts higher energy electrons,
known as delta rays, to exist within the TPC. These have been observed. The variablex
depends on the energy deposited within a small segment and properties of the detector. From
Reference [14].

The larger the segment, the more scattering occurs and hence, the more Gaussian-like

the distribution [14]. Therefore, collections of charge deposition on sense wires can be well

modelled by a Landau-Gaussian convolution, see Chapter 5, Section 5.5 for an example of

this.

Once charge depositions have been collected and reconstructed on the sense wires,

particles can be identi�ed from the topology of the depositions in the detector and the

calorimetry of the particles. For example, electromagnetic particles (e� g) have shower-like

energy depositions in the detector when the mother particle has suf�cient energy, see Figure

3.3a. However, muons, protons and pions create track-like energy depositions in the detector,

see Figure 3.3b.
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(a)

(b)

Fig. 3.3 Simulation of a 2 GeV electron (a) and muon (b) in a LArTPC. The image is the raw
digitised output from a wire plane with wire number on the x-axis and time in digitised ticks
on the y-axis.

3.5 Other LArTPC Developments

Single-phase LArTPCs with wire plane readouts are not the only technology used in LArTPCs.

Alternative readout methods, such as a pixel readout [33, 183] described in Chapter 9, remove

the need for delicate, fragile wires. Pixels also provide immediate 3D reconstruction removing

the need for projection matching. However, this comes at the cost of requiring more channels

N ! N2. As the number of channels is already large in standard wire LArTPCs, multiplexing

techniques are required which introduce ambiguities in the reconstruction.

An alternative readout to the single-phase LArTPC is the dual-phase LArTPC such as

ProtoDUNE dual-phase detector[184, 185]. These employ an extraction grid which passes

the drift electrons into an argon gas region. The gas is then passed through Large Electron

Multipliers which amplify the signal via an avalanche effect. This has been shown to provide

a gain of� 15. The readout anode then consists of a multi-layer PCB anode.

3.6 Neutrino Interactions and Cross-Sections

LArTPCs can provide precise topological and calorimetric information for the identi�cation

of particles and thus neutrino interactions. One other component to perform oscillation
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physics is the knowledge of how many neutrino interactions are expected. Therefore, detailed

cross-section models are required. Neutrino interactions between� 0.1 - 10 GeV are of

relevance for this thesis and will be brie�y discussed in this Section.

There are four main categories for interactions in this energy range: quasi-elastic scatter-

ing, resonance productions, coherent pion production and deep inelastic scattering. Figure

3.4 shows the contribution from some of the sub-categories to the neutrino and anti-neutrino

cross-sections. The interaction can either be a charge current interaction, where the product of

the interaction is the corresponding charged lepton partner of, or a neutral current interaction,

where the product is a neutrino of the same �avour. In the case of neutral current interactions,

the energy of the neutrino cannot be fully resolved because the outgoing neutrino is not

detected within LArTPCs.

Fig. 3.4 The neutrino (a) and anti-neutrino (b) cross-section measurements as a function
of neutrino energy. The prediction for the Quasi-Elastic (QE), Resonance (RES) and Deep
Inelastic Scattering (DIS) are given by the Nuance [15] generator. Figure from Reference
[16]

Quasi-elastic scattering [186] is the dominant mechanism below� 1 GeV. The process

involves the neutrino interacting singularly with a proton or neutron within the nuclei of the

liquid argon, see Figure 3.5. Bubble chamber data between 1970-1990s provides insight

into neutrino cross-section of quasi-elastic interactions using deuterium nuclei [16]. Such

interactions are well explained by V-A theory, see Section 2.1; however, more modern

experiments use heavier nuclei such as carbon and argon as detector media. These require

additional theory: rather than nucleons being considered free particles, a form of the Fermi

Gas model is applied which describes the energy states with which fermions are arranged

within a potential well [16]. In addition, the impulse approximation [187] is used which

assumes that the neutrino interacts with the nucleon alone (e.g. no nuclear effects between

the nucleon (or neutrino) and the rest of the nuclus are considered).
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(a) (b)

Fig. 3.5 Feynman diagrams of charge current (a) and neutral current (b) quasi-elastic events
upon a proton (p) or a neutron (n). W = W+ =W� depending on the interaction. The result is
a charged lepton,l , which is identi�ed within the detector.

Meson Exchange Current (MEC) (or 2p2h) interactions have also been recently consid-

ered to explain cross-section discrepancies in data. This is where the neutrino interacts with

two nucleons [188].

At higher energy levels, neutrinos are more likely to interact via deep inelastic scattering

where neutrinos interact individually with the quarks inside the nucleons [186]. The deep

inelastic cross-section is a function of the parton distribution functions which describe the

structure of nuclei.

Resonance and coherent pion production [189] interactions produce additional particles

in the process. For resonant single pion interactions, see Figure 3.6, the neutrino interaction

excites the nucleon and produces a baryon resonance [16]. The excited baryon then decays

releasing a pion. The Rein and Sehgal model [190] is used to model resonance interactions.

In addition to pion production, baryon resonances can also create photons during the decay

with a branching fraction of less than 1%. Events where a photon is created, or a neutral pion

is created, which then decays into two photons, are the predominant background from thene

charge current selection discussed in Chapter 7.

Multiple pion decays and other hadronic decays, such as kaon production, are also

possible when the resonant baryon decays. This depends on the baryon originally created. It

is also possible that the neutrino interacts with the entire nucleus producing a pion and no

nuclear recoil. Such reactions are known as coherent scattering [16].
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(a) (b)

Fig. 3.6 Feynman diagrams of charge current (a) and neutral current (b) resonant events upon
a neutron (n). Other permutations upon neutrons and protons are possible.

One additional complication to the mechanisms discussed above is the exiting of the �nal

state particles from the nucleus. During the escape from the nucleus, �nal state particles

can interact with the nucleus causing the scattering of other particles. These other particles

are also picked up by the detector and we cannot differentiate between them and �nal state

particles experimentally. These interactions that occur after the initial neutrino interaction

are known as Final State Interactions (FSI) [191]. FSIs are modelled using intranuclear

cascade models [192] which describe the propagation of the initial �nal state particle [16].

This is done usingp-neutron andp-proton cross-section data and assumes that the free

p-proton/neutron data resembles the cross-sections within nuclei. These cascade models are

used to account for the Final State Interactions in the analysis.

3.7 Concluding Remarks

The Short-Baseline Neutrino (SBN) programme, described in Chapter 4, has the capability

to con�rm or refute the low energy excess observed at LSND and MiniBooNE. The SBN

programme is to employ the use of Liquid Argon Time Projection Chambers (LArTPCs)

to identify neutrino interactions by providing calorimetric, topological reconstruction, see

Chapter 6. This is because LArTPCs are an excellent choice of detected due the inert nature,

low threshold, high density and low cost of liquid argon, as describe at the start. The design

and the corresponding detector effects of LArTPCs have been discussed in this Chapter as

well as the interactions that occur within the detector.





Chapter 4

Overview of The Short-Baseline

Neutrino Programme (SBN)

The SBN programme is a set of experiments situated at Fermilab in Chicago, IL. One of the

primary goals of the programme is to con�rm or refute the low energy excess seen the Mini

Booster Neutrino Experiment (MiniBooNE), described in Chapter 2, Section 2.2.5.

Three Liquid Argon Time Projection Chamber (LArTPC) detectors form the SBN pro-

gramme: the Short-Baseline Near Detector (SBND), Micro Booster Neutrino Experiment

(MicroBooNE), and the Imaging Cosmic And Rare Underground Signals (ICARUS) detector.

The detectors are situated on-axis on a muon neutrino beam called the Booster Neutrino Beam

(BNB) [18, 193]. This beam provides neutrinos with approximately 1 GeV of energy. Section

4.1 discusses the design and neutrino output of the beam. The three LArTPC detectors are

positioned at 110 m (SBND), 470 m (MicroBooNE) and 600 m (ICARUS), see Figure 4.1,

such that the �ux systematics of the BNB are well constrained for analysis, see Section 4.6.1.

This Chapter will discuss the design of the detectors in Sections 4.3, 4.4 and 4.5.

Fig. 4.1 The positions of the detectors along the BNB beamline. The near detector SBND
is positioned at 110 m from the beam, MicroBooNE is at 470 m and ICARUS is at 600 m.
From Reference [17].
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The programme is expected to take three years worth of data (corresponding to6:6� 1020

Protons On Target (POT)) equating to approximately seven million neutrino interactions in

the SBND. An initial analysis of the physics capabilities of the SBN programme, known as

the SBN proposal [17], is discussed in Section 4.6. Due to the large data-sets expected to

be taken by the programme, detailed simulation and automated reconstruction are required.

Section 4.7 will discuss the simulation and Chapter 6 will discuss the reconstruction.

4.1 The Booster Neutrino Beam (BNB)

The BNB is a muon neutrino beam provided to the SBN programme, shown in Figure 4.2.

It is created by impacting protons with a kinetic energy of 8 GeV onto a beryllium target

to produce a beam of hadrons known as secondary hadrons. The resultant beam hadrons

and their branching ratios can be found in Table 4.1. The protons are accelerated using the

booster accelerator, which provides approximately5� 1012 protons per spill at a rate of 5 Hz.

A spill lasts1:6 ms in length and consists of 81 bunches of protons which are approximately

2 ns wide and 19 ns apart. The separation between the bunches is signi�cant enough to be

detected by the light detection systems in the SBND detector, described in Section 4.3.

Hadron Decay Mode Branching Ratio (%)
p+ m+ + nm 99.9877

e+ + ne 0.0123
K+ m+ + nm 63.44

p0 + e+ + ne 4.98
p0 + m+ + nm 3.32

K0 p � + e+ + ne 20.333
p+ + e� + n̄e 20.197
p � + m+ + nm 13.551
p+ + m� + n̄m 13.469

m+ e+ + ne+ n̄e 100
Table 4.1 Hadrons created from the BNB by impacting protons on the target and their
branching ratios to neutrinos. From Reference [18].

As the secondary hadrons are created, they enter a pulsed electromagnet that focuses

positively charged particles and defocuses negatively charged particles using a toroidal

magnetic �eld. The beam then enters a decay region which is 50 m in length. A schematic of

this is shown in Figure 4.3 [18]. In this region, the secondary hadrons decay and produce

neutrinos. The output beam is made up of� 99.4% muon neutrinos and anti-neutrinos along

with � 0.6% intrinsic electron neutrinos. Table 4.2 has a full breakdown. The predicted �ux
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from MiniBooNE [18] is shown in Figure 4.3. The Figure shows neutrino energies range

from 0 to 5 GeV with a peak at 1 GeV. It also shows the energy distribution of the intrinsic

electron neutrinos and the muon neutrinos.

Neutrino Flavour Fraction of Beam Neutrino ModeFraction of Beam Antineutrino Mode
nm 93.6 % 15.71%
ne 0.52 % 0.2%
n̄m 5.86% 83.73%
n̄e 0.05 % 0.4%

Table 4.2 The composition of the BNB. From Reference [18].

Fig. 4.2 A schematic of the BNB beam indicating the focusing horn and the decay region.
From Reference [18].

Fig. 4.3 The simulated �ux of the BNB beam at MiniBooNE split into the components of the
beam. From Reference [18].
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There are several systematic uncertainties associated with the BNB. A detailed review of

the uncertainties can be found in Reference [194] and they are further discussed in Chapter

8. The �ux systematics accounted for in SBN analyses include the error on the number of

protons delivered to the target, the secondary hadron and neutrino production rates, changes

in the horn magnetic �eld, and misalignments in the beamline geometry. Table 4.3 shows the

total �ux uncertainty for the systematics listed above.

Source of Uncertainty nm n̄m ne n̄e

Proton delivery 2% 2% 2% 2%

Proton optics 1% 1% 1% 1%

p+ production 14.7% 1.0% 9.3% 0.9%

p � production 0.0% 16.5% 0.0% 3.5%

K+ production 0.9% 0.2% 11.5% 0.3%

K0 production 0.0% 0.2% 2.1% 17.6%

Horn �eld 2.2% 3.3% 0.6% 0.8%

Nucleon cross-section 2.8% 5.7% 3.3% 5.6%

Pion cross-section 1.2% 1.2% 0.8% 0.7%
Table 4.3 Variations in the total �ux for each neutrino species. From Reference [18].

4.2 Neutrinos at the Main Injector (NuMI) Beam

MicroBooNE and ICARUS are also able to detect neutrinos from the NuMI beam [195, 196].

The process to create the NuMI beam is similar to that of the BNB; however, in this case

the proton target is made of graphite. The result is a beam which produces neutrinos with

energies in the 1-10 GeV range, which peak at a slightly high energy than that of the BNB.

However, both MicroBooNE and ICARUS are situated8° and6° [197] off-axis from the

beamline. This means the peak energy of the beam in the detectors is shifted to lower

energies, and most events detected are in the 0-3 GeV energy range [197]. The difference

between the BNB �ux [19] and NuMI �ux in MicroBooNE [20] is shown in Figure 4.4.

One advantage of the NuMI detector is the increase in intrinsic electron neutrinos due

to the enhancement in the dominant three body decay of secondary kaons [197]. Because

of this, approximately 5% of the NuMI interactions that will occur in the ICARUS detector

are electron neutrinos. This results in roughly 10,000 electron neutrino events per year

in ICARUS [197]. Therefore, both detectors are capable of performing high statisticalne

cross-section measurements [20].
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(a) (b)

Fig. 4.4 The predated �ux from the BNB (a) (from Reference [19] and the NuMI beam (b)
(from Reference [20]) to MicroBooNE as a function of neutrino energy. Both beams are in a
mode which selects neutrinos over anti-neutrinos.

4.3 The Short-Baseline Near Detector (SBND)

4.3.1 Detector Design

The SBND is the near detector of the SBN programme. The SBND detector consists of two

LArTPCs of dimensions 2.0 m in width, 4.0 m in height and 5.0 m in the beam direction; see

Figure 4.5 for a diagram of the detector [17, 198]. The resultant active volume of this design

will hold 112 tons of liquid argon. The TPCs are separated by the Cathode Plane Assembly

(CPA) which provides a 500 V/cm electric �eld to each TPC. The CPA is a steel structure

which holds a set of wire mesh frames such that the cathode provides a uniform electric �eld

across the detector. Behind the wire mesh are Tetra-Phenyl-Butadiene (TPB) coated re�ector

tiles which optically isolate the TPCs [17]. The re�ector tiles re-emit the ultraviolet, liquid

argon, scintillation light in the visible spectrum for detection within the Photon Detection

System (PDS).

The anode, also known as the Anode Plane Assembly (APA) is shown on the left and

right sides of the right-hand plot of Figure 4.5. The APA for each TPC is made of three wire

planes, U, V and Z, and contains a total of 5632 copper-beryllium readout wires, allowing

for 3D reconstruction of events. The wires are 150mm in diameter and are separated by 3

mm in pitch [17]. The U and V planes are the �rst and second induction planes respectively

and are oriented� 60° to the vertical when facing the plane face. The collection plane, Z (or

Y), is orientated such that the wires are in the vertical direction, shown in Figure 4.6. A bias

of -200 V, 0 V and +500 V is applied to the U, V and Z planes, respectively, to make the

induction wires transparent to drift electrons [17]. Each APA is made from two steel frames,



52 Overview of The Short-Baseline Neutrino Programme (SBN)

thus there is a gap in the middle of the wire planes. In the gap, an electron diverter diverts

drift electrons on to the neighbouring planes to ensure no energy depositions are lost.

Fig. 4.5 A schematic of SBND. The CPA lies between the two TPCs providing an electric
�eld. The anode (APA) readout consists of 3 wire planes. From Reference [17].

Fig. 4.6 SBND wire readout setup. From Reference [17].

The �eld cage for the TPCs is made of copper and is based on the 35t Deep Underground

Neutrino Experiment (DUNE) prototype [179]. The detector is secured in a membrane

cryostat. This consists of a steel outer supporting structure which holds further supporting

structures, insulation, a vapour barrier (to prevent moisture entering the insulation), and the

primary and secondary membranes. The insulation is a solid reinforced polyurethane foam.

The primary membrane is made from stainless steel and holds the liquid argon whilst the

second membrane is a backup in case the primary membrane leaks.
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The Photon Detection System (PDS) is a set of 24 modules. One module is shown in

Figure 4.7 where it can be seen that the module contains several detectors for the argon

scintillation light. The PDS is consists of two sets of detectors: the Photo Multiplier

Tube (PMT) based system and the ARAPUCA [199] (Argon R&D Advanced Program at

UniCAmp) based system. The PMT system is consists of 120 Hamamatsu 8 inch R5912-mod

PMTs [200, 201].

The ARAPUCA is a light-trapping device which consists of a cavity and SensL MicroFC-

60035-SMT [202] silicon photomultiplier(s) (SiPM(s)). The dimensions of the cavity are 3.6

cm � 2.5 cm� 0.6 cm (0.6 cm depth). A window made of a dichronic �lter, which is coated

externally with a �lm of p-Terphenyl, allows the UV scintillation to pass into the cavity

[203]. The inner side of the �lter and the interior of the cavity are covered in Tetraphenyl

butadiene (TPB) to shift the light to the visible region of the light spectrum for detection.

Shifting the light also traps the light within the cavity. A modi�cation to the ARAPUCA

design, the X-ARAPUCA, also exists and replaces the TPB on the inner side of the �lter

with an acrylic bar such that SiPMs can detect light via total internal re�ection as well as

the existing ARAPUCA methods [204, 205]. 8 of the original ARAPUCAs and 167 of the

X-ARAPUCAs are to be installed in SBND. SBND, therefore, is a good test in a neutrino

beam for the (X-)ARAPUCA which are proposed for the DUNE far detector [205]. However,

the primary goal of the PDS is to provide precise nanosecond timing information for events

in the detector. Also, calorimetric and topological information can be extracted from the

scintillation light using the PDS.

Fig. 4.7 A PDS module in SBND. The module is made up of 5 PMTs and 8 ARAPUCAs
which are positioned interchangeably. Mounting brackets on all four sides of the detectors
hold the detectors to the frame. Credit: J. Boissevain.
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Around the cryostat, there is the Cosmic Ray Tagging (CRT) system [21] which is

schematically shown in Figure 4.8a. The CRT system provides� 94% coverage of the total

cosmic �ux in order to identify cosmic events which enter the TPC. The 6% that is uncovered

is where the feet of the cryostat touch the �oor. This is not shown in Figure 4.8a. SBND lies

on the surface, and the cosmic muon rate through the detector is approximately �ve cosmic

interactions in a 3 ms drift window. The drift window allows for electrons to travel the

distance of the TPC for detection. This cosmic rate equates to approximately 1 in 300 beams

spills, is expected to contain a cosmic ray in coincidence with the beam spill. These are called

in-time cosmic interactions. This value does not full describe the cosmic contamination in

neutrino interactions. Out of time comsic interactions can occur as the charge deposition

drifts to the readout and contaminate the event. The primary aim of the CRT system is to

identify all cosmic events in the detector.

The CRT system is made up of 143 scintillator modules which surround the detector. The

modules, which are pictured in Figure 4.8b, consist of 16 scintillator strips each covered with

a highly-re�ective white coating. Adjacent to the scintillator strips, in grooves, wavelength

shifting �bres transport scintillation light to a SiPM. A protective and re�ective Mylar tape is

placed over the groove to prevent leakage. This is shown in the right-hand image in Figure

4.8b [21]. The far end of the �bres is coated with aluminium by evaporation in order to re�ect

the light and improve the light detection ef�ciency. The re�ected light intensity compared

to the non-re�ected light can also be used to improve spatial resolution up to 1.8 cm [21].

The strips are then encased in aluminium panels, to which they are �xed using double-sided

adhesive tape. The aluminium case is sealed using optically absorbent adhesive glue and

screws. The SiPMs are connected to a Front end Electronics Board (FEB) for the readout. To

perform 2D reconstruction of particles, two layers of panels are oriented perpendicular to

one another.

The probability of getting more than one cosmic event in a strip is of the order10� 5,

therefore two interactions at the same time is unlikely. In addition, to improve the identi�ca-

tion ef�ciency, coincidence matching occurs between the two sides of the scintillator strips

to avoid misidenti�cation of dark current pulses. The timing resolution is 1 ns [21]. Figure

4.9 shows the tagging ef�ciency of events as a function of the distance from the readout. As

can be seen in the Figure, the ef�ciency increases the closer the event occurs to the readout,

reaching> 99% below 100 cm. The ef�ciency is always greater than 95%
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(a) (b)

Fig. 4.8 a) Position of the CRT system in SBND. Note that the bottom of the detector is not
fully covered due to struts holding the cryostat in position. From Reference [17]. b) Images
of the scintillating strips before and after the Mylar has been glued on. From Reference [21].

.

Fig. 4.9 The ef�ciency of the prototype CRT panel as the distance from the readout increases.
This is a result of a laboratory tests at the University of Bern. From Reference [21].

4.3.2 Electronics Design

The SBND TPC electronics chain is depicted in a block diagram for a single channel in

Figure 4.10. SBND is a prototype for the DUNE experiment and one of the goals of SBND

is to introduce new electronics which reside within the liquid argon in order to reduce the

number of readout channels exiting the cryostat. The electronic setup will be discussed in

this Section.
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Fig. 4.10 Full path of the electronics chain in SBND. From Reference [17].

Once a charge induces a current on the readout wires, the signal is passed to a Complemen-

tary Metal-Oxide-Semiconductor (CMOS) front end Application-Speci�c Integrated Circuit

(ASIC) known as the LArASIC-v7 [206–208]. The LArASIC preampli�es and shapes the

signal using an anti-aliasing �lter based on a �fth-order, low-pass network designed to obtain

an impulse response close to a Gaussian distribution in the time domain [158, 209]. Hence

the charge on the collection plane for an impulse signal can be approximated by �nding the

peak height of the Gaussian response. Or, equivalently, one can integrate the charge of the

response and multiply it by 1
2
p

2pt
. t is the shaping time inms and the factor of 2 arises

from converting the integral of the response from the timing tick of the Analogue Digital

Converters (ADC) toms. A more sophisticated way to extract the charge is to deconvolve the

signal with the electronic response and the �eld response beforehand, which is discussed in

Chapter 6, Section 6.1.1. The LArASIC can operate at four gain settings (4.7 mV/fC, 7.8

mV/fC, 14 mV/fC and 25 mV/fC) and four shaping time settings (0.5ms, 1.0ms, 2.0ms and
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3.0ms). For the SBND simulation, the gain is set to 14 mV/fC and the shaping time to 2.0

ms.

The signal is then passed to a 12 bit, 1.8 V peak-to-peak, AD7274 Commercial-Off-

The-Shelf (COTS) ADC [210, 211]. Having the ADC in the cryostat aids in the reduction

of noise and reduces the number of channels exiting the cryostat. This digitised signal is

then passed to a Field-Programmable Gate Array (FPGA) where the signal is multiplexed

and sent to the Serializer/Deserializer (SerDes) to prepare the data for transmission out of

the cryostat. The LArASIC, COTS ADC and a fraction of the FPGA and SerDes boards

make up the Front End Mother Board (FEMB) assembly [17]. The LArASIC reads up to 16

channels, and therefore four LArASICs and 4 COTS ADCs make up a FEMB. 176 FEMB

are required for the full TPC readout. 124 FPGA and SerDes boards are used in a full FEMB

assembly. The signals are passed out of the cryostat via copper cable to a Warm-Interface

Board (WIB) which distributes signals in 64-channel chunks of uncompressed data to a TPC

readout module via optical �bre. The WIB also controls the clock synchronisation. The TPC

readout crate then compresses and stores the data in a beam data stream and a continuous

supernova data stream [17]. 11 TPC read-out crates are used to readout the data and then

send the data to DAQ (Data AcQuisition system) PCs via optical links.

This COTS ADC electronics design is of particular interest for future experiments such

as DUNE and is a new setup in liquid argon neutrino physics. This is because the DUNE

experiment will have a large number of readout channels which will be dif�cult to extract

from the cryostat ef�ciently. Placing the ADC within the cryostat will reduce the number of

channels leaving the detector. Tests of the SBND electronic readout is discussed in Chapter

5.

4.4 The MicroBooNE Detector

The MicroBooNE detector has been running since 2015 and has produced several physics

analyses separate from SBN. Many of the analyses have motivated the procedures, commis-

sioning practices, simulation and reconstruction methods implemented by the other detectors

of the SBN programme. Of particular note for this thesis are the noise characterisation stud-

ies and practices [212] that have been implemented. This has been drawn upon in Chapter

5]. Also of note is the implementation of the Pandora pattern recognition software within

liquid argon [27] as well as the development of deconvolution processes [157] used upon the

waveforms from the TPC, both of which are described in Chapter 6. MicroBooNE has also

performed analyses in order to determine space charge effects in the detector [213], develop

signal processing using 2D deconvolution techniques [214] as well as creating techniques to
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identify and reconstruct cosmic rays [215]. These techniques are not taken advantage of in

this thesis and are an essential addition for future iterations of the analysis.

MicroBooNE is also capable of independently performing cross-section measurements

[216, 20] which are useful for tuning current Monte Carlos for the SBN programme as

well as for future experiments. With the addition of the intrinsic electrons from the NuMi

beam the number of intrinsic electrons is comparable, although MicroBooNE is signi�cantly

further away from the BNB than SBND. Also, although SBND will have more statistics

for cross-section data, the methods developed by MicroBooNE pave the way for effective

analyses with the SBND data.

The main physics goal of MicroBooNE was to investigate the low energy excess observed

at MiniBooNE. Hence, MicroBooNE is capable of performing independent sterile searches.

Figure 4.11 [22] shows the possible sensitivity of an electron neutrino excess given a set

of sterile oscillation parameters following the 3+1 model [134], discussed in Chapter 2.

As shown in the Figure, it is hoped that MicroBooNE will compare favorably to that of

MiniBooNE. In fact, in some areas of the LSND allowed region of the sterile oscillation

parameters, MicroBooNE is able to identify an excess with a con�dence level that is greater 5

s . The SBN programme improves upon MicroBooNE due to the reduction in �ux systematic

errors because of the multi-detector approach.

The design of the detector is similar to the SBND detector and various similarities. These

include: include the liquid argon detector medium, the readout wires and the wire pitch. In

addition the detector uses a version of the LArASIC chip for pre-ampli�cation and shaping of

the signal [207]. Therefore the inherent electronics noise of a similar form. One of the main

differences is the geometry of the cryostat [22]. The MicroBooNE cryostat is cylindrical, see

Figure 4.12, with a length of 12.2 m and an inner diameter of 3.81 m. The cryostat houses

a rectangular TPC with 170 tonne capacity with dimensions of 2.6 m in drift length, 2.3

m in height and 10.4 m in the direction of the beam [13]. Due to the change in the shape

of the cryostat, the amount of liquid argon between the TPC and the edges of the cryostat

varies. This is unlike the SBND and ICARUS detector geometries. The change in volume

affects the rate of dirt events which are events, which interact outside the active volume but

deposit energy within the TPC. As is discussed in Chapter 8, the dirt events are signi�cant

background in the sterile oscillation analysis.
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