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Abstract

The Tokai to Kamioka (T2K) experiment relies on advanced reconstruction and analysis
software to maximise the usefulness of its detector data. The work presented in this
thesis covers a range of improvements to the ND280 analysis and focuses primarily on
the validation of the Production 7 (P7) software upgrade, and simulated data studies
using the newly-developed GUNDAM fitter. P7 was a major upgrade for the ND280
reconstruction software, with changes including new reconstruction algorithms for several
subdetectors. The validation process ensured existing analysis tools continued to work
as well as they did prior to P7. The correction algorithm for timing errors in T2K
run 8 (“timeslips”) was determined to function correctly in P7, and the reconstruction
efficiencies of objects in ND280’s time projection chambers (TPCs) and electromagnetic
calorimeter (ECal) segments was approximately equal to the the previous values. The
new 4m solid-angle selection, which had been developed just prior to P7, was validated
and implemented into the main T2K analysis for the first time. The efficiency and purity
of the main CCOpi sample in the 47 selection, the most important sample in the T2K
analysis, is 46.84 + 0.13% and 79.89 + 0.13%, respectively, compared to P6 values of
47.49 4 0.13 and 78.99 + 0.13. GUNDAM is a newly-developed fitter which improves the
agreement between the Monte Carlo (MC) simulation and the detector data by adjusting
parameters in the MC. Simulated data studies use modified MC in place of real detector
data, in order to test the efficacy of the fitter in a variety of alternative physical models
beyond the nominal model used to generate the MC. A total of 19 studies were tested by
fitting the modified MC to the nominal MC. GUNDAM was shown to be fully capable of
performing good-quality fits across them all, with the majority of postfit x? values being

< 10 even for extreme divergences from the nominal model.



Declaration

The work presented in this thesis was performed by the author, either individually or in
collaboration with members of the T2K collaboration, of which the author was a mem-
ber. All work not performed by the author is referenced appropriately. None of the work

presented here has previously been submitted as part of another qualification.

The author assisted in the construction of the SuperFGD detector during his time at
the J-PARC site in early 2023, working alongside other T2K collaborators to install some
of the many thousands of wavelength-shifting fibres into the detector. The author also
assisted in preparing the ND280 detector for its first data-taking in years, which included
the reconnection and/or testing of various electrical systems and the detector’s liquid
cooling system. in November 2024, the author performed data acquisition (DAQ) shifts,

ensuring the detector was running correctly during beam time.

This thesis primarily concerns the author’s work in two main areas: the validation of
Production 7, and fake data studies using the GUNDAM fitter. The validation work
involved the rigorous testing of existing T2K software, including the timeslip corrections
for run 8, and the TPC-ECal matching algorithm, using both Monte Carlo simulation
and real detector data. The validation of the recently-developed 47 solid-angle selection
involved significant changes to various selection parameters, and allowed for its implemen-
tation into the T2K analysis for the first time. This was achieved with assistances from

members of the Selection, Systematics, and Validation working group, amongst others.

The fake data studies using GUNDAM are the first of its kind using the new fitter.
The specific fake data studies investigated and their associated parameters were devel-
oped by the NIWG group, but the generation of GUNDAM inputs using these parameters,
the GUNDAM fit itself, and all subsequent analysis was performed by the author with
assistance from the GUNDAM working group. The author has also contributed to the
development of GUNDAM itself via input at working group meetings.

i



Acknowledgements

Firstly, I would like to thank my PhD supervisor, Laura Kormos. Her assistance over the
last four years has been invaluable, and she has been there to support me throughout my
research, thesis writing, and the occasional physics conference. I would also like to thank
my deputy PhD supervisor and former masters supervisor Helen O’Keeffe, who inspired

me towards neutrino physics in the first place.

My time as a PhD student at Lancaster would not have been nearly as enjoyable without
my friends and colleagues in the particle physics PhD office, who always provided a great
excuse to drag myself to the office and maybe even do some work. Our many erudite
discussions covered topics such as the definition of tea, the topological classification of
foodstuffs, and the conceptual pairings of various corrective lenses to alcoholic drinks.
A massive thanks to Hannah Alarakia-Charles, Elliot Sampson, Sasha Jenkins, Rebecca
Harris, Beth McCusker, Martina Tancock, Henry Lay, Niam Patel, and everybody else
who made the PhD office such a great place to be!

I would also like to thank all the other PhDs, postdocs, and academics at Lancaster,
both within and without the Lancaster T2K group, who have shared their expertise and
provided tremendous help throughout the years, and without whom I would probably still
be struggling to install ROOT. Thank you to Matt Lawe, Tom Dealtry, Tom Jones, Alex
Finch, Joe Walsh, Tristan Doyle and Yongheng Xu for all your support.

Outside of Lancaster, I also found myself in Tokai for five months, where I was fortu-
nate enough to joined by other PhD students who helped make the entire LTA a great
adventure. Henry Wallace, Menai Lamers James, Katharina Lachner, Nick Latham, Paul
Morrison, Ewan Miller, and everybody else at T2K I met in Japan, thank you for making
it such an amazing time. Between the trips to Tokyo, Kyoto, Nara, and Nikko, the visits
to incredible restaurants and to Joyful Honda, and the innumerable evenings spent at

karaoke, it is without hyperbole I would say they were some the best months of my life.

Of course, this PhD would not have even existed without the T2K collaboration itself,
and everyone in it. It has been a privilege to work with so many people, and to feel a part
of something larger. Special thanks to the GUNDAM group: Ciro, Léna, Margherita,
Clark, Adrien, Tristan, Vlada, and everybody else who has supported me through my
final GUNDAM analysis. I would also like to thank Dave Hadley, Sophie King, Alexander

il



Izmaylov and Laura Munteanu for all the help in the early stages of my PhD.

I would also like to thank all the great people I've met at Lancaster over the years,
outside of physics: Isabel, Isla, Hannah, Emily, Virginia, Eleanor, Luke, Rose and Jeffrey.
Thanks also goes to everybody I've gamed with in the Lancaster University Roleplaying
Society, throughout my undergrad and postgrad years.

Finally, I'd like to thank all my family and friends in Liverpool, who have always kept in
touch despite me disappearing off to Lancaster for the better part of eight years. Thanks
to my friends James, Ben, and Sean for our almost daily Discord chats. Huge thanks goes
to Mum, Dad, and Ben, for all your love and support throughout my life. I couldn’t have

done it without any of you, and I hope I've made you proud.

v



Contents

1 Introduction

2 Theory
2.1 A Brief History of Neutrino Physics . . . . . . . .. ... .. ... .. ...
2.2 Neutrinos and the Standard Model . . . . . . . . . ... ... ... ....
2.3 Neutrinos Beyond the Standard Model . . . . . . .. ... ... ... ...
2.3.1 The Solar Neutrino Problem . . . . . . .. ... .. .. ... ....
2.3.2 Neutrino Oscillations . . . . . . ... ... ... ... ... .. ...
2.3.3 Matter Effects . . . . . . ...
2.3.4 Mass Ordering . . . . . . . ..
2.3.5 Neutrino Experiments . . . . . . . . ... ... oL
2.4 Neutrino Interactions . . . . . . . . . . .. ...
2.5 Further Neutrino Theories . . . . . . . . . . . . . .. ... ... ......
3 The T2K Experiment
3.1 Beam and Accelerator Complex at J-PARC . . . ... ... .. ... ...
3.2 INGRID . . . .
3.3 ND280 . . . . .
3.4 WAGASCI and Baby MIND . . . . . . . ... ... ... .. ... .....
3.5 Super-Kamiokande . . . . . . . .. ..o
4 The ND280 Detector
4.1 Common Components . . . . . . . . . . .. .. ...
4.1.1 Plastic Scintillator . . . . . . . . ...
4.1.2  Wavelength-shifting fibre . . . . . . . ... ...
4.1.3 Multi-Pixel Photon Counters . . . . . . . ... ... ... . ....
4.1.4 ND280 Magnet . . . . . . . . ..
4.2 Pi-Zero Detector . . . . . . . ..

10
14
15
16
18
20

22
23
26
27
27
30



4.3 Time Projection Chambers . . . . . . . . . . ... ... L.
4.4 Fine-Grained Detectors . . . . . . . . . . ...
4.5 Electromagnetic Calorimeter . . . . . . . . . .. .. ... L.
4.6 Side Muon Range Detector . . . . . . . . . . .. ... ... ... ... ..
4.7 ND280 Upgrade . . . . . . . . . .

4.7.1 SuperFGD . . . . . ..

4.7.2 High-angle TPCs . . . . . . . . ... . .

4.7.3 Time-of-Flight Planes

MC Simulation and Systematics

5.1 Neutrino Flux Model . . . . . . . . . . . .
5.2 Neutrino Interaction Model . . . . . . . . . . .. .. ...
5.2.1 Charged-Current Quasi-Elastic (CCQE) . . .. ... ... ... ..

5.2.2  Two-Particle Two-Hole (2p2h)
5.2.3  Single-Pion Production (SPP)
5.2.4  Deep Inelastic Scattering (DIS)
5.2.5 Final-State Interactions (FSI)

5.2.6  FSI Strength and RPA Strength . . . . . .. .. .. ... ... ...
5.2.7 Miscellaneous . . . . . . . . ..
5.3 Near Detector Model . . . . . . . . . . ... ... ...
5.3.1 Observable. . . . . . . . ...
5.3.2 Efficiency-like . . . . .. ..o
5.3.3 Normalisation . . . . . . . . .. ... ...
54 Conclusion . . . . . . . ..

Data Samples and Selections

6.1 CC-Inclusive . . . . . . . . s,
6.2 The 47 Solid Angle Selection . . . . . . . . . . ... L
6.2.1 Particle Identification . . . . . . . . . . . . . ...

6.2.2 Time-of-Flight Discrimination

6.3 Conclusion . . . . . . . s,

P7 Validation

7.1 Selection Validation . . . . . . . . . ... ...
7.1.1 Inputs . . . ..
7.1.2 ECal PID variables . . . . . . . ... . ... ... ... .......
7.1.3 MostUpstreamLayerHit . . . . . . ... ... ... ... ... ...

vi

48
49
52
52
56
57
29
29
99
61
62
62
62
63
64

65
66
68
71
72
74



7.2
7.3
7.4

7.1.4 ECal Cluster NHits . . . . . . . ... .. ... .. ... .......
7.1.5 Validation Results . . . . . . . ... ... ... ... .. ... ...
Run 8 Timeslip Corrections . . . . . . .. . . . ... .. ... .. .....
TPC-ECal Matching Parameters . . . . . . . ... ... ... ... ....

Conclusion . . . . . . . .

8 The Near Detector Fit

8.1

The GUNDAM Fitter . . . . . . . .
8.1.1 The ND280 Test-Statistic . . . . . . . . . . . . . . oo
8.1.2 GUNDAM Structure . . . . . . . . . . .

9 Fake Data Studies

9.1

9.2

List of Fake Data Sets . . . . . . . . . . .. .
9.1.1 Nuclear Models: LFG, CRPA and SuSAv2 . . . . ... ... ....
9.1.2 Axial Form Factors: Z-Expansion and 3-component . . . . . .. ..
9.1.3 Lattice QCD Z-Expansion . . . . . . .. .. .. ... ... .....
9.1.4 Single Pion Production Matrix Element -1/+1c . . . . . . ... ..
9.1.5 SPP Adversarial . . . . .. .. ... ...
9.1.6 RS to Martini Model . . . . . . ... ... ... ... ... .. ..
9.1.7 Low Q? Suppression Single Pion Production . . . . ... ... ...
9.1.8 CCOm Non-QE . . . . . .. .
9.1.9 2p2h Eb Correction . . . . . . . ... ... o
9.1.10 MultiPi Multiplicity . . . . . . .. . .. ...

Conclusion . . . . . . .

10 Fake Data Fit Results and Analysis

10.1
10.2
10.3
10.4

10.5

Inputs . . . . . .
Splines and Interpolation . . . . . . . . . . ...
Fake Data Results. . . . . . . . . . . . .. .
Nuclear Models . . . . . . . . . o
104.1 SFtoLFG. . . . . . . .
1042 SFtoCRPA . . . . . . . . . .
10.4.3 SF to SuSAv2 . . . . . . .
Axial Form Factors . . . . . . . . ...
10.5.1 Z-Expansion . . . . . . .. ..o
10.5.2 3-Component . . . . . . . . ..
10.5.3 LQCD Z-Expansion . . . . . . . . . . . . ... ...

vil

98
99
99
101

103
104
105
105
107
107
107
109
109
109
109
110
110



10.6 Single Pion Production . . . . . . . ... ..o 141

10.6.1 SPP Matrix Element . . . . . . .. .. ... .. ... ... ..... 141

10.6.2 SPP Adversarial . . . . . . . ... ... 144

10.6.3 RS to Martini . . . . . . . . . . . . ... ... 146

10.6.4 Low Q? Suppression Single Pion Production . . . . ... ... ... 146

10.7 Other Studies . . . . . . . . . . . 149
10.7.1 CCOx Non-QE . . . . . . . . . .. . . 149

10.7.2 2p2h Eb Correction . . . . . . . . . ... 155

10.7.3 MultiPi Multiplicity . . . . . . . . ... oo 157

10.8 Fake Data Fit Results Summary . . . . . . . . . ... ... ... ... ... 159

11 Conclusions and the Future 162
A NIWGReWeight Fake Parameters 179
B GUNDAM Fit Comparisons Across All Fake Data Studies 183

viii



List of Figures

2.1 Particles of the Standard Model arranged by type, charge and spin. The
spin-1/2 fermions are split between quarks and leptons and grouped into
three generations. The spin-1 gauge bosons govern the strong, weak, and
electromagnetic interactions, while the spin-0 Higgs boson couples massive

particles to the Higgs field. Figure adapted from [11]. . . . . .. ... . .. 8

2.2 Possible orderings for the neutrino mass eigenstates vy , v and v3 . The
coloured segments of each mass shows the flavour mixing, with blue for v,

, green for v, and yellow for v, . Figure adapted from [27] . . ... .. .. 15

2.3 Per nucleon CC cross sections for neutrinos (left) and and antineutrinos
(right), plotted as a function of neutrino energy. The cross sections for
quasi-elastic (red), resonant (blue) and deep inelastic scattering (green)
interactions are plotted separately to show their peak interaction energies.

D] . 19

2.4 Feynman diagram of the hypothesised interaction for neutrinoless double

beta decay. Diagram adapted from [47].. . . . . .. ... ... L. 21

3.1 Overview of the T2K neutrino beam, showing the position of the near
and far (Super-Kamiokande) detectors in relation to the beam source at
J-PARC. Figure adapted from [52]. . . . ... ... ... ... ... .. .. 22

3.2 Overview of the J-PARC accelerator complex, with the proton acceleration
path highlighted in yellow. Figure adapted from [55] . . . . .. ... ... 23

3.3 Diagram of the T2K neutrino beamline. The three magnetic horns, muon
monitor and INGRID (blue cross) are positioned along the neutrino axis,
while the ND280 detector and Super-K are 2.5° off-axis. Figure adapted
from [56]. . . ... 24

X



3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

Overview of the T2K near detector complex, showing the position of the
ND280 detector and INGRID. Neutrino beam direction is along the yellow
arrow. These detectors are responsible for measuring the characteristics
of the neutrino beam prior to neutrino oscillation. WAGASCI and Baby
MIND are located on the lowest floor, to the right of INGRID’s vertical

stack when facing along beam direction. Figure adapted from [57]. . . . . .

The INGRID detector, showing the arrangement of the 14 modules. The
two lines of detector modules overlap at the centre of the cross, which

corresponds to the centre of the neutrino beam [59]. . . . . . . . ... ...

Schematic of one of the 14 INGRID modules showing the position of the
scintillator planes and iron plates, as well as the veto planes. Neutrino

beam direction is along the yellow arrow . Figure adapted from [59]. . . . .

T2K beam energy spectrum at 295 km from beam source, showing how off-
axis angles of 0° (black), 2° (blue), and 2.5° (red) affect the peak energy and
the width of the peak. The ND280 and Super-K detectors are positioned
2.5° off-axis to give a beam energy of 0.6 GeV with a narrow peak. The

spectrum at the near detector is similar. Figure adapted from [60].. . . . .

Positions of the WAGASCI and Baby MIND detectors, as well as the two
wall muon range detectors (MRDs). The NINJA detector is not part of
T2K, it is instead a separate experiment investigating neutrino-nucleus

interactions using an emulsion detector [63]. Figure adapted from [64].

Overview of the Super-Kamiokande neutrino detector including the inner
and outer detectors, and photomultiplier tubes. The location of the detec-

tor within Mt. Ikenoyama is also shown. Figure adapted from [52].

Rings of Cherenkov radiation detected in Super-Kamiokande. (a) shows
sharp rings emitted by a muon, while (b) shows the fuzzy rings seen from

electrons. Figure adapted from [68]. . . . . . .. ... ... 0L

Exploded view of the ND280 detector, showing the constituent sub-detectors.
The POD, TPCs, FGDs and the downstream ECal are within the metal-
framed “basket”. The magnet solenoid coils surround the ECals and inner
detectors around the top, back, bottom and front sides. The magnet yoke
segments on the right side of the detector are not shown. During data

taking, the yoke fully encloses the inner detectors. Diagram adapted from

52, o

27

29

31



4.2

4.3

4.4

4.5
4.6

4.7

4.8

4.9

5.1

Cross-sectional view of the P@D, side on. The blue represents the water-
filled bags sandwiched between the brass plates and scintillator layers. The
arrangement of the layers in the water region is presented in the bottom-left
inset, showing (left to right) vertical scintillator bars, horizontal scintillator
bars, the brass sheet and the water layer. Light-tight covers separate the
scintillator, bars and water. The top-right inset shows the layers in the
ECal regions: vertical scintillator bars, horizontal scintillator bars and lead
sheets. Beam direction is left to right. Figure adapted from [72] . . . . . .
Cutaway diagram of the TPC design, showing the main components. Fig-
ure adapted from [73]. . . . . ...
Cross-section of FGD1, showing the XY modules and detector casing. Fig-
ure adapted from [70]. . . . .. ..o
SMRD scintillation slab showing serpentine-shaped WLS fibre installation .
Diagram showing the position of the new Super-FGD and High-angle TPCs
within the basket, replacing the P@D. Not pictured are the six time-of-flight
detectors that surround the six outer faces of the new detectors [76]. . . . .
Left figure shows group of 16 fibre holes with fishing line still present. Each
8 x 8 divot is where an MPPC module will be screwed into position. Right
figure shows fully inserted set of fibres. Visible are the black plastic optical
couplings on the end of each fibre, and the black foam form to protect them
against the detector casing. Also visible are grey corrugated plastic squares
lined with bubble wrap held in place with pink and green tape, which cover
sets of installed fibres to prevent damage. . . . . . . . . . . ... ... ...
The SuperFGD under construction. The bunched-together white fibres are
fishing lines used to hold the cubes in position prior to WLS fibre insertion.
For the vertical alignment, thin metal rods are used instead. . . . . . . ..
Position of time-of-flight planes around the HA-TPCs and SuperFGD. The
width and height of the detector is 2.3 m, and the depth is 2 m [76]. . . . .

Flux uncertainties in ND280 as a function of true neutrino energy. Coloured
lines show the contributions to the total, which is in black. The dotted and
dashed lines show the total uncertainty based on solely the thin target
data and replica target data, respectively. The grey histogram shows the
normalised T2K flux energy distribution, in arbitrary units. “13avX” refers
to the version of the flux model used; v3 only used thin target data and v4

was the first to use replica target data. Plots adapted from [85]. . . . . ..

x1

42

43



0.2

2.3

5.4

2.5

6.1

6.2

7.1

Pseudo-Feynman diagram of a charged-current quasi-elastic (CCQE) neu-

trino interaction. . . . . . . . . .

Two-dimensional probability density distribution for the oxygen spectral
function for the CCQE model in NEUT [53]. In the darker areas, there
is a higher probability of finding an initial-state nucleon with a particular
removal energy (E,,,,) and momentum |p|. The two dark lines show the
sharp p-shells at E,.,, ~ 12 MeV and E,,,, ~ 18 MeV, while the more

diffuse region above shows the larger s-shell. . . . . . ... ... ... ...

Pseudo-Feynman diagram of a two-particle-two-hole (2p2h) neutrino inter-

ACtION. . . . . .,

Pseudo-Feynman diagram for a single pion production neutrino interaction.
This is one of many possible interactions between a neutrino and nucleon

which produce a single final-state pion. . . . . . . ... ... ... ... ..

Overview of how analysis is performed using the HighLAND2 and Psyche
software packages, which forms the basis of high-level event analysis at
ND280 [106]. HighLAND2 accesses event data and applies data-MC correc-

tions, while Psyche applies event selections and calculates event weights.

The selection process for the numuCC4piMultiPiPhotonProton selection.
Green boxes show the samples used in the analysis, while blue boxes show
intermediate samples that are further broken down. The cuts in the initial
CC-inclusive selection are used to remove poor quality events. In the anal-
ysis, the CCOr0y0pHAFwd and CCOn0y0pHABwd samples are merged
into a single CCOm0y0pHA sample. This merge is also performed on the
CCOm0yNpHA samples. . . . . . . .. ... .

Distribution of the PIDMipEM variable across events in Production 6 (black
points) and Production 7 (filled histogram) MC reconstruction, for the
CC-Inclusive sample. Generally speaking, events with PIDMipEM < 0 cor-
respond to minimally-ionising particles (e.g. muons) and PIDMipEM > 0
correspont to electromagnetic-like (e.g. photons, electrons). Changes to
the ECal reconstruction in Production 7 motivated further examination
of this variable to identify if a new cut is required, as can be seen in the

change of the shape of the distribution. The cut was changed from 0 to —7

58

66

following investigation into the effect on the efficiency and purity of samples. 78

xil



7.2

7.3

7.4

Efficiency and purity for CCOpi (top) and CClpi (bottom) samples as a
function of true muon momentum. The black and green points show the
sample efficiency in P7 and P6, respectively, and the red and blue points
show the sample purity in P7 and PG6, respectively. “P6W” refers to the
version of P6 this was performed with. The aim of the validation was to
recover the P6 values of efficiency and purity for P7, which, as these plots
show, was successful. Peak neutrino energy is 600 MeV, hence the finer
binning in the region. CCOpi is the most significant sample in the analysis,

hence the selection is optimised more specifically towards this sample to

maximise its efficiency and purity, particularly in the peak region. . . . . .

Efficiency and purity for CCOther and CCPhoton samples as a function
of true muon momentum. The black and green points show the sample
efficiency in P7 and P6, respectively, and the red and blue points show
the sample purity in P7 and P6, respectively. “P6W” refers to the version
of P6 this was performed with. The aim of the validation was to recover
the P6 values of efficiency and purity for P7, which, as these plots show,
was successful. Peak neutrino energy is 600 MeV, hence the finer binning
in the region. Low efficiency for CCOther is not unexpected, as it is not

considered critical to the main analysis and exists mostly to “soak up”

irrelevant events away from the more important samples (e.g. CCOpi). . . .

Comparison of the forwards-going Barrel ECal to FGD1 track and shower
ToF topologies for run 3 (top) and run 8 (bottom), in P6 without any
corrections applied. MC with topology breakdown is shown as the filled-in
portion, while run data is the black dots. The significant spread in the
timing data in run 8 is clear, while run 3 shows a more typical MC-data
distribution. Resolving this major discrepancy in run 8 is necessary to make
the data useable in the T2K analysis. The double-Gaussian shape shows
one peak for backwards-going events and one for forwards-going events.
“Track-like” refers tot objects with more than one node in a non-FGD

detector, while a “shower-like” object has exactly one node [113]. Plots

adapted from [114]. . . . . . . . ..

84



7.5

7.6

7.7

7.8

Timeslip corrections applied to time-of-flight topologies for run 8. The
left plots show track-like topologies and the right plots show shower-like
topologies, for FGD1 to barrel ECal forwards (top), FGD1 to downstream
ECal forwards (middle) and FGD1 to POD ECal backwards (bottom).
The red line shows the nominal MC while the black line shows the detector
data. The blue line shows the MC after the timeslip correction algorithm
has been applied. The top-left legend gives the MC-data y? values for

before and after the fit. . . . . . . . . . ..

Timeslip corrections applied to time-of-flight topologies for run 8. The
left plots show track-like topologies and the right plots show shower-like
topologies, for FGD1 to barrel ECal backwards (top), FGD1 to barrel ECal
high-angle forwards (middle) and FGD1 to barrel ECal high-angle back-
wards (bottom). The red line shows the nominal MC while the black line
shows the detector data. The blue line shows the MC after the timeslip cor-
rection algorithm has been applied. The top-left legend gives the MC-data

x? values for before and after the fit. . . . . ... .. ... .. ... ....

Timeslip corrections applied to time-of-flight topologies for run 8. The
left plots show track-like topologies and the right plots show shower-like
topologies, for FGD2 to barrel ECal forwards (top), FGD1 to downstream
ECal high-angle forwards (middle) and FGD2 to barrel ECal backwards
(bottom). The red line shows the nominal MC while the black line shows
the detector data. The blue line shows the MC after the timeslip correction
algorithm has been applied. The top-left legend gives the MC-data x?

values for before and after the fit. . . . . . . . . . . .. ... .. ... ...

Timeslip corrections applied to time-of-flight topologies for run 8. The
left plots show track-like topologies and the right plots show shower-like
topologies, for FGD2 to barrel ECal high-angle forwards (top) and FGD2
to barrel ECal high-angle backwards (middle). The bottom two plots show
the forwards (left) and backwards (right) for the FGD1 to FGD2 topologies.
The red line shows the nominal MC while the black line shows the detector
data. The blue line shows the MC after the timeslip correction algorithm
has been applied. The top-left legend gives the MC-data x? values for

before and after the fit. . . . . . . . . . . . ..

Xiv



8.1 Overview of the class structure in the GUNDAM fitter [125]. The Propagator

9.1

9.2

9.3

class owns the FitSamples and FitParameters libraries, which contain the
physics events sorted by samples and the fit parameters, respectively. The
Propagator is responsible for propagating changes in the parameters to the
events. The parameter changes themselves are fed down to the Propagator

by the FitterEngine (not pictured), which interfaces with the minimisa-

tion algorithm. . . . . . . . ...

Comparison of the muon neutrino cross section for the various nuclear
models used in the fake data studies. The top left plot shows the total cross
section as a function of energy, while the other plots show the differential
cross section averaged over the neutrino flux. The nominal NEUT model
is a spectral function (SF) is the dashed blue line, while the alternative
models are SuSAv2, continuum random phase approximation (CRPA) and
local Fermi gas (LFG), shown in solid black, dashed green, and dashed
red lines, respectively. These are shown as a function of energy and four-
momentum transfer (top row) and outgoing muon momentum and angle

from the detector’s longitudinal axis (bottom row). Plots from [127] . . .

Momentum distributions for pre/postfit and reconstructed data for TPC
tagged pions (top) and Michel tagged pions (bottom) for FGD1 CClx
selection [125]. Data is shown as black dots, prefit in solid blue, and postfit
in solid red. The TPC plot shows a deficit in postfit compared to data in
the peak region, while the Michel plot shows an excess in postfit compared
to data. This discrepancy is what has motivated the SPP adversarial fake

data study. —999 MeV is the nominal value used for Michel electrons in

the analysis. . . . . . . . . . L

Effect of the alternative pion multiplicity model on the cross sections in
the NEUT multipi model, for v, interactions on neutron (left) and proton
(right) target nucleons. The increased cross section, especially at higher

energies, will increase the number of events producing multiple pions. Plot

adapted from [127]. . . . . . . . ..
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Effect on FSI strength parameters for the SF to LFG fake data set GUN-
DAM fit, showing the current (cubic) interpolation method (top plot) ver-
sus the old (linear) method (bottom plot). The central values of the prefit
are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars.

The old method produced fitting errors, such as the disappearance of the

error bars for some parameters. . . . . . .. . ... ...

Prefit (left) and postfit (right) plots for the SF to LFG fake data study,
showing the CCOm0p0yFwd sample. The colour of each bin shows the value
of the ratio Ry;c/rp. The prefit has a x? value of 180.7 and the postfit has
a value of 2.321. There is strong similarity in the prefit to the 2021 BANFF
analysis (below, figure 10.3), and the postfit shows an improvement over
the 2021 result, demonstrating GUNDAM can successfully fit this fake data

at least as well as the previous BANFF fitter. . . . . .. ... ... ....

Prefit (left) and postfit (right) for the SF to LFG fake data study in the
2021 BANFF fake data analysis, showing the CCOm0yFwd sample. The

colour of each bin shows the value of the ratio Ry;c/rp. Plot adapted from

Cross section systematic parameters from the GUNDAM fit for the SF to
LFG fake data study, showing CCQE (top), 2p2h (middle), and single pion
production (bottom). The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values
are shown as blue points with uncertainties as error bars. The blank areas
correspond to parameters that are fixed in the fit as they were expected to

have a very low sensitivity to the fit [90], hence they have no postfit. . . .

Cross section systematic parameters from the GUNDAM fit for the SF to
LFG fake data study, showing DIS (top), miscellaneous parameters (mid-
dle), and FSI strength (bottom). The central values of the prefit are shown
as red points, with pink shading showing the uncertainties. The postfit
values are shown as blue points with uncertainties as error bars. The post-
fit parameters are shown to be within the uncertainty ranges of the prefit,

which suggests the existing priors are sufficient for fitting for this fake data

study. . ..
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Cross section systematic parameters from the GUNDAM fit for the SF to
LFG fake data study. From top to bottom: RPA strength, other param-
eters, binding energy, and beam flux. The central values of the prefit are
shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars.
The postfit parameters are shown to generally be within the uncertainty

ranges of the prefit, which suggests the existing priors are sufficient for

fitting for this fake data study. . . . . . .. ...

Comparisons between prefit (left) and postfit (right) for the SF to CRPA
fake data study in the CCOm0pO0yFwd sample. The colour of each bin shows
the value of the ratio Ry;c/pp. The prefit has a x? value of 193.0 and the
postfit has a value of 32.6. the fit has not been able to fully resolve the
data-MC difference, and there is still some significant differences between
the MC and the fitted fake data. However, similar results were observed in

the 2021 analysis (figure 10.8), so this at least an indication the new fitter

and parameter changes have not made things any worse. . . . . . . . ...

Prefit (left) and postfit (right) for the SF to CRPA fake data study in the
2021 BANFF fake data analysis, showing the CCOnOp sample. The colour

of each bin shows the value of the ratio Ry;c/rp. Plots adapted from [125]. 124

Cross section systematic parameters from the GUNDAM fit for the SF to
CRPA fake data study, showing CCQE (top), 2p2h (middle), and single
pion production (bottom). The central values of the prefit are shown as
red points, with pink shading showing the uncertainties. The postfit values
are shown as blue points with uncertainties as error bars. The blank areas
correspond to parameters that are fixed in the fit as they were expected
to have a very low sensitivity to the fit [90], hence they have no postfit.
There is strong pulling in the 2p2h normalisation parameters (#28 and
#29), as well as the A decay parameter (#48). These parameters are

fairly weakly constrained, so this is not necessarily a problem but is worth

further analysis in the future. . . . . . . . . ... ... ... ... ...



10.10Cross section systematic parameters from the GUNDAM fit for the SF
to CRPA fake data study, showing DIS (top), miscellaneous parameters
(middle), and FSI strength (bottom). The central values of the prefit are
shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars. The
postfit parameters are shown to generally be within the uncertainty ranges
of the prefit, which suggests the existing priors are sufficient for fitting for
the fake data study. The relatively small parameter pulls suggest most are

not particularly sensitive to this fake data study. . . . . . . . ... ... ..

10.11Cross section systematic parameters from the GUNDAM fit for the SF
to CRPA fake data study. From top to bottom: RPA strength, other
parameters, binding energy, and beam flux. The central values of the prefit
are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars.
The postfit parameters are shown to generally be within the uncertainty
ranges of the prefit, which suggests the existing priors are sufficient for
fitting for the fake data study. The flux parameters show a some pulling
in the #35-#40 region, corresponding to higher-energy range (> 1 GeV)
of the RHC 7, flux. As this is a relatively low-statistics region, this is not

a concern, and falls within prior uncertainties anyway. . . . . . . . . . . ..

10.12CCQE parameter values for the BANFF fit of the SF to CRPA fake data
study, from the 2021 fake data analysis. The central values of the prefit
are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as black error
bars. The Pauli blocking parameters are pulled down rather than up as
seen in the current analysis. However, the removal of Optical Potential and
the introduction of FSI/RPA strength mean the changes are compensated
for in different parameters. Plot adapted from [125]. . . . . . .. .. .. ..

10.13Comparisons between prefit (left) and postfit (right) for the SF to SuSAv2
fake data study in the CCOm0OpOyFwd sample. The colour of each bin shows
the value of the ratio Ry pp. The prefit has a x* value of 296.0 and the
postfit has a value of 25.8. The fit quality is generally good, showing that
GUNDAM is capable of fitting this fake data set effectively. . . . . . . ..
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10.14Cross section systematic parameters from the GUNDAM fit for the SF
to SuSAv2 fake data study in the CCOrOp0OyFwd sample, showing CCQE
(top), 2p2h (middle), and single pion production (bottom). The central
values of the prefit are shown as red points, with pink shading showing the
uncertainties. The postfit values are shown as blue points with uncertain-
ties as error bars.The blank areas correspond to parameters that are fixed
in the fit as they were expected to have a very low sensitivity to the fit [90],
hence they have no postfit. There is strong pulling in the 2p2h normalisa-
tion parameters (#28 and #29), as well as the A decay parameter (#48).
These parameters are fairly weakly constrained, so this is not necessarily a

problem but is worth further analysis in the future. . . . . . .. ... ... 130

10.15Cross section systematic parameters from the GUNDAM fit for the SF
to SuSAv2 fake data study in the CCOnOpOyFwd sample, showing DIS
(top), miscellaneous parameters (middle), and FSI strength (bottom). The
central values of the prefit are shown as red points, with pink shading
showing the uncertainties. The postfit values are shown as blue points

with uncertainties as error bars. . . . . . . . . . .. 131

10.16Cross section systematic parameters from the GUNDAM fit for the SF
to SuSAv2 fake data study in the CCOmOpO0yFwd sample. From top to
bottom: RPA strength, other parameters, binding energy, and beam flux.
The central values of the prefit are shown as red points, with pink shading
showing the uncertainties. The postfit values are shown as blue points with
uncertainties as error bars. The postfit parameters are shown to generally
be within the uncertainty ranges of the prefit, which suggests the existing
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10.17Comparisons between prefit (left) and postfit (right) for the Z-expansion
AXFF fake data study, with —1c, nominal, and +1o top, middle and
bottom, respectively, in the CCOnr0pOyFwd sample. The colour of each
bin shows the value of the ratio Ryc/pp. The prefit distributions have
x? values of 17.3, 14.9 and 272.7, respectively, while the postfits have y?
values of 9.17, 4.39 and 21.3. Note that, compared to similar plots for
other fake data studies, the z-axis range has been extended to 0.5 — 1.5 as
the study has a very strong effect especially at high Q?. The fit quality is
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10.18CCQE cross section systematic parameters from the GUNDAM fit for the
AXFF Z-Expansion fake data studies. The central values of the prefit
are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars. The
—1o, nominal and +10 studies are top, middle, and bottom respectively.
There is generally minor parameter pulling from the nominal values in
the —1o and nominal models, but the +10 shows major pulling in the
high-energy Q% normalisation bin (#9, corresponding to > 1 GeV). This
is consistent with the large data-MC difference observed in this region (see

figure 10.17). . . . . . .

10.19Comparisons between prefit (left) and postfit (right) for the 3-component
AXFF fake data study, with —1o, nominal, and +1o top, middle and
bottom, respectively, in the CCOm0p0yFwd sample. The colour of each bin
shows the value of the ratio Ry;c/pp. The prefit x? values are 113.5, 96.3
and 231.9, respectively, while the postfit x? values are 0.61, 0.41 and 0.70.
The fit quality here is very high even for the major fake data-MC difference

in the low-Q? region. . . . . . . . . . ...

10.20CCQE cross section systematic parameters from the GUNDAM fit for the
AXFF 3-Component fake data studies. The central values of the prefit
are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars. The
—1o, nominal and +1¢ studies are top, middle, and bottom respectively.
The blank areas correspond to parameters that are fixed in the fit as they
were expected to have a very low sensitivity to the fit [90], hence they have
no postfit. The largest parameter pull is for the Q? > 1 GeV normalisation
parameter (#9), which is consistent with what is observed in figure 10.5.2,

showing the largest data-MC difference corresponds to this region. . . . . .
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10.21Comparisons between prefit (left) and postfit (right) for the Z-expansion
LQCD AXFF fake data study, with nominal and —1o studies top and
bottom, respectively. The colour of each bin shows the value of the ratio
Ryeyrp- Note that, compared to similar plots for other fake data studies,
the z-axis range has been extended to 0.5 — 1.5 as the study has a very
strong effect especially at high Q?. The prefit y? values are 15.0 and 150.6,
respectively, while the postfit x? values are 4.39, and 19.0. The fit quality
is generally good, showing that GUNDAM is capable of fitting this fake
data set effectively, especially considering the very large difference in the

high-Q? region compared to most other fake data studies. . . . . . . . . ..

10.22Cross section systematic parameters from the GUNDAM fit for the LQCD
Z-Expansion fake data studies, with —lo and nominal studies top and
bottom, respectively. The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values
are shown as blue points with uncertainties as error bars. The blank areas
correspond to parameters that are fixed in the fit as they were expected to
have a very low sensitivity to the fit [90], hence they have no postfit. The
nominal model shows major pulling in the high-energy ()? normalisation
bin (#9, corresponding to > 1 GeV). This is consistent with the large
data-MC difference observed in this region (see figure 10.21). . . . . . . . .

10.23Comparisons between prefit (left) and postfit (right) for the SPP Matrix
Element fake data study for the CCln0yFwd sample, with —1o and +1o
top and bottom, respectively. The colour of each bin shows the value of the
ratio Ry/c/pp. The prefit x? values are 11.5 and 2.28, respectively, while
the postfit y? values are 2.51 and 1.18. The fit quality is good, showing
that GUNDAM is capable of fitting this fake data set effectively. . . . . . .
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10.24Cross section systematic parameters from the GUNDAM fit for the SPP
Matrix Element fake data studies. The central values of the prefit are
shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars.
The —10 and +10 studies are top and bottom, respectively. The A decay
parameter (#48) has a very large uncertainty, especially in the +1o study.
It is unknown why the uncertainties are so large here, but it is not consid-
ered to have compromised the overall fit quality. Otherwise, the other fit
parameters are as expected, showing only small changes as the effects of
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10.23. . o e
10.25Comparisons between prefit (left) and postfit (right) for the SPP Adver-
sarial fake data studies in the CC170yFwd sample. The colour of each bin
shows the value of the ratio Ry/c/pp. The prefit x? value is 22.2 and the
postfit x? value is 0.34. The fit quality is good, showing that GUNDAM is
capable of fitting this fake data set effectively. . . . . . . . . ... ... ..
10.26Singe Pion Production cross section systematic parameters from the GUN-
DAM fit for the SPP Adversarial fake data study. The central values of
the prefit are shown as red points, with pink shading showing the uncer-
tainties. The postfit values are shown as blue points with uncertainties as
error bars. The majority of fitted parameters are within the uncertainties
of the priors, suggesting the current priors are acceptable for fitting this
study. The large uncertainty in the A decay parameter (#48) has been
discussed previously (see 10.6.1) and is believed to be a minor fitting error
that will be investigated in the future. . . . . . . .. ... ... ... ...
10.27Comparisons between prefit (left) and postfit (right) for the RS to Martini
fake data study in the CC1lw0vFwd sample. The colour of each bin shows
the value of the ratio Ry;c/rpp. The prefit x? value is 29.7 and the postfit
x? value is 2.52. The fit quality is good, showing that GUNDAM is capable
of fitting this fake data set effectively. . . . . . . . . ... ...
10.28Cross section systematic parameters from the GUNDAM fit for the RS to
Martini fake data study. The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values
are shown as blue points with uncertainties as error bars. The majority of
fitted parameters are within the uncertainties of the priors, suggesting the

current priors are acceptable for fitting this study. . . . . . . .. ... ...
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10.29Comparisons between prefit (left) and postfit (right) for the Low-Q? Sup-
pression Single Pion Production fake data study in the CC1l70vFwd sam-
ple. The colour of each bin shows the value of the ratio Ry;c/rp. The prefit
x? value is 206.5 and the postfit x? value is 2.29. The large fake data-MC
difference represented by the red region in the prefit is almost completely
resolved in the postfit, showing GUNDAM is capable of fitting such a large
discrepancy. . . . . ... 147

10.30Cross section systematic parameters from the GUNDAM fit for the Low-Q?
Suppression Single Pion Production fake data study. The central values of
the prefit are shown as red points, with pink shading showing the uncer-
tainties. The postfit values are shown as blue points with uncertainties
as error bars. The SPP parameters are shown above, and the CCQE pa-
rameters below. The large pulling of the CASRES parameter (#40 in the
SPP plot) is expected as this parameter corresponds to the axial form fac-
tor at low energies thus a large change is not unexpected. Similarly, the
Pauli blocking parameters affecting pion production (#26 and #27 on the
CCQE plot) are pulled heavily as well, but still within prior uncertainties.
The large uncertainty in the A decay parameter (#48) has been discussed
previously (see 10.6.1) and is believed to be a minor fitting error that will
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10.31Comparisons between prefit (left) and postfit (right) for the CC Non-QE
fake data study in the CC17r0y0pFwd (top) and CC1l7r0yNpFwd (bottom)
samples.The colour of each bin shows the value of the ratio Ryc/rp. The
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respectively, and the postfit x? values are 2.99 and 8.51. For the zero-
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10.33Cross section systematic parameters from the GUNDAM fit for the CCOpi
Non-QE fake data study, showing CCQE (top), 2p2h (middle), and single
pion production (bottom). The central values of the prefit are shown as
red points, with pink shading showing the uncertainties. The postfit values
are shown as blue points with uncertainties as error bars. The blank areas
correspond to parameters that are fixed in the fit as they were expected to
have a very low sensitivity to the fit [90], hence they have no postfit. All
fitted parameters are within the prior uncertainties (except in cases where
no prior uncertainty is set e.g. the 2p2h_norm parameters), suggesting the
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10.34Cross section systematic parameters from the GUNDAM fit for the CCOpi
Non-QE fake data study, showing DIS (top), miscellaneous parameters
(middle), and FSI strength (bottom). The central values of the prefit are
shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars. All
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10.37Cross section systematic parameters from the GUNDAM fit for the 2p2h
Eb Correction fake data study. The central values of the prefit are shown
as red points, with pink shading showing the uncertainties. The postfit
values are shown as blue points with uncertainties as error bars. The
normalisation parameters #28 and #29 are most heavily affected, which is
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Chapter 1
Introduction

The neutrino is a fundamental particle of miniscule mass, zero electric charge, interacts
with particles only via the weak force and is particularly difficult to detect even with the
most sensitive of particle detectors. It also possesses a range of unusual properties un-
seen in other particles in the Standard Model: neutrinos can oscillate between their three
flavours (electron, muon, and tau) as they propagate; for example, a neutrino initially
produced as a muon neutrino may interact as an electron neutrino after it has propagated
some distance. They also have a small but non-zero mass, far lower than any other mas-

sive particle.

Neutrinos therefore present a great trove of physics beyond the Standard Model, and
are the subject of study for multiple experiments. To explore neutrino oscillation, “long-
baseline” neutrino experiments utilise two detectors: one very close to a neutrino beam
source (the “near” detector), and one positioned far enough away for neutrino oscillation
to occur (the “far” detector). By comparing measurements in neutrino beam composition

between the near and far detector, the nature of neutrino oscillation can be probed.

The Tokai to Kamioka (T2K) experiment is one such experiment, with the near detector
complex (ND280) located 280 m from the neutrino beam source, and the far detector
(Super-Kamiokande) 295 km away. The position of the far detector, coupled with the
neutrino beam peak energy, was chosen to maximise oscillation probability, which ensures
the observation of as much neutrino flavour-changing as possible. Muon neutrinos (or an-
tineutrinos, depending on the beam setting) produced at the beam source produce muons
when interacting with nuclei via charged-current interactions; events within the detectors

allow the neutrino beam composition to be measured from the particles produced. The
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T2K experiment produces world-leading measurements for neutrino oscillation parame-
ters, and the continued success of the experiment is achieved by the ongoing upgrades to

its detection and analysis capabilities throughout the lifespan of the project.

This thesis is focused on work relating to two such advancements at T2K: the valida-
tion of the Production 7 (P7) software upgrade, which improves the reconstruction of
ND280 data; and simulated data studies performed using GUNDAM, a new fitting engine
designed to improve the quality of near detector simulations. Production 7 is a major
upgrade to the reconstruction software for ND280 that implements new reconstruction
algorithms for various subdetectors. The validation ensured that existing analysis tools
would continue to function as expected. It also introduced a new selection which allows
the analysis of muons propagating in a full 47 solid-angle range; whereas previous selec-
tions would only identify forward-going muons. The oscillation analysis relies on Monte
Carlo (MC) simulations of the experiment, which are compared with detector data to
constrain parameter uncertainties in the detector, beam flux, and physical models, the
latter of which includes the neutrino oscillation parameters themselves. This fit is per-
formed using a fitter which adjusts parameters of the simulation to bring the results closer
to real data. GUNDAM is a newly-introduced fitter, still under development, which re-
placed the previous BANFF fitter. Simulated data studies, also known as “fake” data
studies, utilise reweighted MC (the “simulated data”) in place of real detector data, to

analyse how effective GUNDAM is at fitting simulations from alternative physical models.

Chapter 2 presents an overview of the history of the neutrino and the theory of its interac-
tions and oscillations. Chapter 3 describes the T2K experiment, including the accelerator
complex, beam source, and both detectors. Chapter 4 provides further detail on the
ND280 detector, as it is the focus of the work in this thesis, describing its constituent
subdetectors as well as the other detectors within the ND280 detector complex. Chapter 5
explores the Monte Carlo simulation used at ND280 and provides an in-depth description
of the parameters used within it. Chapter 6 introduces the selections used in the analysis,
and the criteria used to separate detector events into different topologies. It also describes
the new 47 solid-angle selection. Chapter 7 presents the validation work performed by the
author for Production 7, including the alterations necessary to the 47 selection to prepare
it for full implementation, corrections for timeslip errors (errors in event timestamps due
to a hardware issue) in T2K Run 8, and a comparison of ECal systematic parameters
between P7 and previous values. Chapter 8 describes how the fitting of MC simulation

to detector data is performed, and gives an overview of the GUNDAM fitter and how it
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works. Chapter 9 introduces the set of 19 simulated data sets that GUNDAM was tested
against, the results and analysis of which is in chapter 10. Finally, chapter 11 presents the

conclusions and discusses future work for GUNDAM, simulated data studies, and beyond.



Chapter 2
Theory

Neutrinos are electrically neutral fundamental particles and have an extremely small mass.
As they only interact via the weak interaction and gravity, and with very small cross sec-
tions, they will very rarely interact with other matter and will typically pass straight
through stars and planets with little obstruction. This makes them very difficult to study
as they do much the same with particle detectors, leaving no trace of their passage. Neu-
trino detectors therefore typically rely on large detection volumes and high neutrino fluxes
in order to maximise the probability of observing neutrino interactions. The detectors
must also be able to measure the momentum and position of particles to a high degree
of accuracy; the neutrino interaction rate can be low within even large detectors, so the

ability to reconstruct events accurately is critical.

Neutrinos exhibit unusual properties in contrast with other fundamental particles. For
example, they can change flavour as they propagate, known as “oscillation”. Additionally,
their mass is so small it is suspected that they gain mass via a different mechanism to
other particles. This chapter will give an overview of neutrino physics beginning with the
history of neutrino discoveries, followed by neutrinos within the Standard Model, neutrino
physics beyond the Standard Model, neutrino interactions with other particles, and some

of the unanswered questions in neutrino physics.

2.1 A Brief History of Neutrino Physics

The first hints of the existence of the neutrino emerged in 1914, with the discovery by
James Chadwick that § decay showed a range of energies in a continuous spectrum [1].

B decay is the emission of an electron from an atomic nucleus and was expected to have
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a fixed total energy for identical nuclei, as was seen in « and = decays. Prior to the

hypothesis of the neutrino, § decay was believed to occur via the interaction:

72X =g Y e (2.1)

where nuclei X, with A nucleons and Z protons, would decay to nuclei Y by transforming
a neutron to a proton and emitting an electron. A continuous energy spectrum would
suggest the violation of the well-established conservation of momentum, and remained an

unsolved problem for years.

In 1930, Wolfgang Pauli published an open letter [2] presenting a “desperate remedy”: an
undetected neutral particle of negligible (< Melectron) Mass that is emitted alongside the
electron and carries some of the emission energy, resulting in a range of electron energies
but conserving momentum across the entire process. This was a controversial idea, as at

the time the proton and the electron were the only known subatomic particles.

The theory was further developed by Enrico Fermi, who named the new particle the
“neutrino” (Italian for “little neutral one”) and created a theoretical framework for

decay, published in 1934 [3]. S decay was now described as:

n’ = pt+e 47 (2.2)

where a neutron n decays into a proton p, electron e and (electron anti)neutrino v,. (At
the time neutrino flavour and parity was unknown to physics, so in 1934 the v, was simply
known as v.) Critically, this also suggested the neutrino could be detected via inverse /3

decay, where the neutrino is captured by a proton to produce a neutron and electron:

Vo +pt = n’4 et (2.3)

This process was used by Clyde Cowan and Frederick Reines in their 1953 experiment
which confirmed the neutrino’s existence, utilising two 100-litre water tanks surrounded

by scintillator layers [4].

The muon neutrino was hypothesised in 1941, following observations of a similar “missing
energy” in muon decays [5]. It was first observed in 1962 at the Brookhaven National
Laboratory [6]. In this experiment, interactions of neutrinos from from a neutrino beam
were observed in a spark chamber (an early type of particle detector). If the neutrino was

“flavourless”, the same number of electron-producing and muon-producing events would
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be observed; however, only six electron events were identified compared to 29 muon events,

thus demonstrating the existence of distinct muon and electron neutrinos.

The hypothesis of the tau neutrino coincided with the discovery of the tau lepton in
the 1975 [7], and was first observed in 2000 by the DONUT (Direct Observation of the
NU Tau) experiment at Fermilab [8]. A tau neutrino beam was created using a 800 GeV
proton beam targeted at a large block of tungsten to produce Dy mesons which decay to
produce tau leptons, which themselves subsequently decay into tau neutrinos. DONUT
utilised sheets of nuclear emulsion, which is a type of material that charged particles will
permanently etch tracks in to as they pass through it. In conjunction with measurements
from DONUT’s scintillation detectors and drift chambers, tau neutrino interactions were

identified by the ~ 2 mm track created by the resultant tau lepton before it decayed.

2.2 Neutrinos and the Standard Model

The Standard Model (SM) is the currently accepted framework of particle physics, de-
scribing the interactions of the strong, weak, and electromagnetic forces and all known
elementary particles [9]. Despite being known to be incomplete (e.g. it does not include
gravity or, more relevantly here, neutrino oscillation) it remains one of the most successful
theories in physics. It consists of twelve spin-1/2 fermions alongside four spin-1 vector

bosons and one spin-0 scalar boson, shown in figure 2.1.

The fermions consist of six quarks and six leptons, each subdivided into three genera-
tions ordered by increasing particle mass. There are three flavours of quarks with an
electric charge of +2/3 e (elementary charge): up, charm, and top (u, ¢, t); and three with
an electric charge of —1/3 e: down, strange, and bottom (d,s,b). The leptons consist
of three flavours of charged leptons with an electric charge of —1 e : the electron, the
muon, and the tau (e, u, 7). Each charged lepton has an associated neutrino (with no elec-
tric charge) of the same flavour: the electron neutrino, muon neutrino, and tau neutrino
(Ve, vy, V7). Neutrinos cannot change flavour, and lepton flavour is always conserved in the
SM. Each fermion has an associated antiparticle with identical properties, but opposite

electrical charge.

Fermions in the SM interact via three fundamental forces, which are mediated by the
vector bosons: the strong nuclear force, mediated by gluons; the weak nuclear force,

mediated by W and Z bosons; and electromagnetism, mediated by photons. The Higgs
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boson, the only spin-0 particle, is central to the Higgs mechanism, which gives massive
particles their mass. It is hypothesised that neutrinos get their mass by another process

due to their extremely low mass. This is discussed in section 2.5.

The strong force is described by quantum chromodynamics (QCD) and affects parti-
cles with colour charge, which in the SM is only quarks and gluons. The strong force is
the strongest of the fundamental forces, with a coupling constant of ag = 0.1181 [10]. It
is responsible for binding together quarks in hadrons and the nucleons in atomic nuclei.
There are three colour charges: red, blue, and green; as well as three anti-colour charges:
anti-red, anti-blue, and anti-green. Bound states must be colour neutral, which is possi-
ble via three different (anti-)colour charges (seen in baryons) or a pair of a colour and its

anti-colour (seen in mesons).

The electromagnetic force is described by quantum electrodynamics (QED) and affects
particles with electric charge, which in the SM are the quarks, W bosons, and the charged
leptons. The electromagnetic coupling constant is also known as the fine-structure con-
stant, and is equal to ov = 0.007297 ~ 1/137 [10].

The weak force is usually described in terms of electroweak theory, where it is unified
with electromagnetism. The weak force interacts with all fermions, and is the only force
in the SM through which neutrinos can interact. At typical particle interaction distances,
it is also the weakest force in the SM beyond very short ranges, and the second-weakest
in physics after gravity. The weak coupling constant is on the order ayy ~ 1075; the large

mass of the weak bosons suppresses interactions.

Within the SM, neutrinos are described as massless spin-1/2 leptons without any elec-
tric or colour charge. Consequently, they can only couple to the W* and Z° bosons and
only interact via the weak interaction. Neutrinos are observed to always have a left-
handed helicity, i.e. spin is projected in the opposite direction to particle momentum,
and antineutrinos to always have a right-handed helicity, i.e. spin is projected in the
same direction as particle momentum. This observation suggests that neutrinos must be
massless, as the helicity can flip for massive particles due to the momentum depending
on the observer’s reference frame. Massless particles always travel at the speed of light so

helicity is always in the same direction for every observer, which is observed with neutrinos.

Interactions via the charged W* boson are known as charged-current (CC) and inter-

actions via the neutral Z° boson are known as neutral-current (NC). Decays of the Z° are
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Figure 2.1: Particles of the Standard Model arranged by type, charge and spin. The
spin-1/2 fermions are split between quarks and leptons and grouped into three
generations. The spin-1 gauge bosons govern the strong, weak, and electromagnetic
interactions, while the spin-0 Higgs boson couples massive particles to the Higgs field.
Figure adapted from [11].

shown to support the existence of the three neutrino flavours that have been observed.
The decay width I'; of the Z° resonance can be expressed as the sum of its different
decay products:

Uz =30z - + Uzsnadrons + Nol'z—0p (2.4)

where Iy ,;+,;- is the partial decay width of the Z to a charged lepton-antilepton pair,
I’z s hadrons 1S the partial decay width of Z to hadrons, and I'z_,,; is the partial decay
width for a neutrino-antineutrio pair. N, is the number of neutrino flavours in the SM.
Lepton universality means each neutrino flavour is equally likely, so the decay width will
be the same for each. The charged lepton and hadron decay widths can be determined
experimentally, and the neutrino-antineutrino widths can be calculated directly from the
SM. This has produced a result of N, = 2.984 & 0.008 [10], which suggests that the three
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observed neutrinos, v, , v, and v, , are the the only neutrinos that can exist within the
SM. This method assumes that all neutrino flavours will interact via the weak force and
mz.

that all neutrino masses are m,, < %Z; “sterile” neutrinos (see section 2.5) may exist that

cannot be produced in Z decays.

2.3 Neutrinos Beyond the Standard Model

Experimental results show that neutrinos in reality differ significantly from their SM de-
scription. Neutrinos have been shown to change flavours as they propagate, a phenomenon
known as neutrino oscillation. This process necessitates the existence of more than one

neutrino mass eigenstate, meaning that neutrinos are actually massive particles.

2.3.1 The Solar Neutrino Problem

Experimental evidence for neutrino oscillations first came to attention at the Homestake
experiment, which was designed to measure the neutrino flux from the Sun [12]. The
experiment was performed by Raymond Davis Jr., and was designed to test the Standard
Solar Model that had recently been developed by John Bahcall [13]. The experiment ran
from 1970 to 1992.

The experiment consisted of a tank of 3.8 x 10° litres of CyCly located 1.5 km under-
ground at the Homestake gold mine, South Dakota, USA. Fusion reactions in the Sun

generate electron neutrinos, which would be captured by the chlorine via the reaction:

Ve +°7Cl — e +37 Ar (2.5)

The argon atoms could then be collected and counted to calculate the neutrino flux. The
Standard Solar Model predicted an electron neutrino capture rate of 7.9+ 2.6 SNU (Solar
neutrino units, 1 SNU is equal to a neutrino flux producing 1073% captures per target
atom per second), but the experiment showed an observed rate of just 2.9+0.9 SNU [14].
This discrepancy between theory and experiment became known as the “solar neutrino
problem”. Other neutrino detection experiments throughout the 20th century, such as
GALLEX [15] and the Kamioka Observatory [16], confirmed this deficit in solar neutrinos.

In 2002, the Sudbury Neutrino Observatory (SNO) published results showing a resolution
to the problem [17] [18]. SNO was able to measure the total solar neutrino flux via NC

interactions, which are sensitive to all neutrino flavours in addition to the v, flux. This
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was achieved using a spherical tank containing 1000 tons of heavy water (D20), which

could measure two distinct neutrino-deuterium interactions:

1) ve+d—p+p+e
(2.6)
2) v,+d—=n+p+u,

where v, refers to a neutrino of any flavour. The first interaction is a CC process that only
occurs with an electron neutrino incident on a deuterium nucleus. The second interaction
is an NC process that can occur with any of the three neutrino flavours. Additionally, NC

elastic scattering between neutrinos and electrons could also occur within the detector:

Vp+€ — v, +e (2.7)

The total neutrino flux measured using the NC interactions matched solar model predic-
tions, but the v, component measured via the CC interaction was found to only be a third
as much as expected. This demonstrated that v, from the Sun were being transformed

into other flavours as they propagated, conclusively solving the solar neutrino problem.

The discovery of neutrino oscillations also resolved the similar “atmospheric neutrino
anomaly”, where the number of v, detected from cosmic ray interactions in the atmo-
sphere was significantly lower than expected. v, oscillating to the nearly-undetectable v
explains the deficit [19].

2.3.2 Neutrino Oscillations

The theory of neutrino oscillations was first developed by Bruno Pontecorvo in 1957.
Following the observation of neutral kaons oscillating between particle and antiparticle
states, he theorised that a similar process may occur in neutrinos [20]. This was later
developed into flavour oscillation between the two known neutrino flavours, v. and v,
[21][22].

Neutrino oscillation is the process by which neutrinos change flavour as they propagate.
Neutrinos possess three flavour eigenstates, |v.) ,|v,),and |v,) but also three mass eigen-

states, |11) , |vo) and |vs).

Neutrinos interact with the weak interaction as flavour eigenstates, but propagate as

10
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free particles as mass eigenstates. Each flavour eigenstate consists of a mixture of mass
eigenstates, described by the unitary Pontecorvo-Maki-Nakagawa—Sakata (PMNS) ma-

tI‘iX, UPMNS‘

The mixing is given as:

Ve n
vy | = Upnins | 12 (2.8)
Vr Vs

where v, , v, and v, are the three neutrino flavour eigenstates and v, , 15 and v3 are the

three mass eigenstates. U can parameterised by the mixing angles 615, 13 and 693 as:

1 0 0 C13 0 813671601) C12 s1o O
Upmns = [ 0 o3 Sa3 0 1 0 —s12 ¢12 0 (2.9)
0 —S923 (23 _513€iécp 0 C13 0 0 1

where ¢;; = cosb;;, s;; = sinb,;, and dcp is the CP-violating phase.

Two-Flavour Oscillation

To demonstrate how the PMNS matrix allows for neutrino oscillations, a simpler two

flavour case with only electron and muon neutrinos will be considered here [23].

The neutrino flavour eigenstates v, and v, mix with the mass eigenstates v, and v, via a

Ve cosf siné 2
= ) (2.10)
v, —sinf cos6 Vo

Each flavour state is a linear superposition of the mass states:

single mixing angle, :

|Ve) = cos @ |vy) 4 sin 6 |vy)
(2.11)
|v,) = —sin@|vy) + cos b 1)

The mass states |v,) where k = 1, 2 propagate according to the time-dependent Schrodinger

equation:

/ V() = E v (2,1)) = —

io — |ve(z,t)) k=1,2 (2.12)

11
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For a neutrino produced at space-time position (0, 0) that propagates to (x,t), the solution

is the plane wave:

V(1)) = e~ WE=t=Ps2) |1, (0.0)) = 7" |1,(0,0)) (2.13)

where E, is the energy of the mass state |v), p. = (F,p) is the neutrino 4-momentum,
and z = (t,x) is the space-time 4-vector. The phase ¢ = E.t — p,x is Lorentz invariant.

The flavour eigenstates from equation 2.11 now become:

Ve(z,1)) = e cos 0 |11(0,0)) + e "> sin 8 [15(0, 0))
(2.14)
v (2,1)) = —e 7 sin 6 |11(0,0)) + e cos § |12(0,0))

In matrix form, this becomes:

<|ye(x,t))) _ (ewl 70' ) <co§9 sin9> <|y1(o,0)>> (2.15)
v, (z, 1)) 0 e ) \—sinf cosf) \|(0,0))

Similarly, by taking the inverse of the mixing matrix, the mass eigenstates can be expressed

in terms of the flavour eigenstates:

1) _ [cosf —sind |ve)
<|V2>) a (Sinﬁ cos ) <|yﬂ>> (2.16)

Combining equations 2.15 and 2.16 and multiplying the matrices together gives an equa-

tion for the evolved flavour states at (z,t) in terms of the initial states at (0,0):
ve(z,t))\ [ Fe™r 4527 —cseT N 4 scem 2 v6(0,0)) (2.17)
Wz, 1)) )\ —csemi 4 scemi®2 20710 4 (2eion 1,(0,0)) '

where ¢ = cosf and s = sinf, e.g. ¢s = cosfsinb.

The probability P of observing v, at space-time point (z,¢) from a neutrino starting
as v, at (0,0) is
P(v.(0,0) = vu(2,)) = | (vu(2,1)[1e(0,0)) | (2.18)

Evaluating this amplitude from equation 2.17 gives:

(vu(z,1)|v(0,0)) = (cos @sin O(e'?> — €1 (1,(0,0)|

o i (2.19)
+(sin” fe'?* + cos” 0e'??) (v,(0,0)|) |v.(0,0))

12
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Because (v,| = |v,)", the exponents have changed signs. As the flavour eigenstates are

orthogonal, (v.|v.) =1 and (v,|v.) = 0, so the amplitude becomes:
(Vu(z,)|v(0,0)) = cos Osin (e — ') (2.20)
Equation 2.18 now becomes:

P(v,(0,0) = v,(z,t)) = | cos O sin (e’ — '1)|?
= cos? Osin? O(e™?? — /1) (e702 — o711 (2.21)
= 2cos” 0sin® 0(1 — cos(¢y — ¢2))

Which can be rearranged using trigonometric identities to produce:

P(v(0,0) — v,(x, 1)) = sin?(26) sin? (¢2 ; ¢1> (2.22)

The phase difference ¢o — ¢; can also be simplified further. Assuming that neutrinos
are travelling at a relativistic speed, we can approximate ¢t & x in natural units (¢ = 1).

Additionally, momentum can be approximated using Taylor expansion as:

V= =B 1= a T (2.23)
b= - "7 2E '

As ¢; = E;t — p;x, the phase difference now becomes:
¢2 — ¢ = (B2 — E1)t — (p2 — p1)w

— (By— By — (Ez - ’g—%) + (El - %%)):v (2.24)

Assuming the energies of the mass states are identical, and replacing = with L as is
convention, equations 2.22 and 2.24 can be combined to give the two-flavour oscillation

probability as:

P(v.(0,0) = v, (2, 1)) = sin2(20) sin® (AZ‘;L) (2.25)

where Am?, = m? — m3. The v, survival probability is simply

(2.26)

Am3,L
P(ve — v.) = 1 — sin?(20) sin” <&)

4F

13



Chapter 2 — Theory 2.3. Neutrinos Beyond the Standard Model

The oscillation probability can be calculated for more intuitive units. With L in kilo-

metres, E in GeV, and Am?, in eV?, the probability becomes

(2.27)

1.27Am2, L
P(ve — v,) = sin®(20) sin* (%)

Three-Flavour Oscillation

For the case of three neutrino flavours, the probability of oscillation from v, to vz is

written as:

L
_ * * 102 2

P(vy — v3) = dup — 4; Re(U,UpiUqaiUg;) sin <AmijE)

! I (2.28)
* * . 2
+2 Z Im(U%,UsiU,;U3;) sin (Amijﬁ)
1>

where v, and v are neutrinos of some flavours a and 3, Uy, are elements of the PMNS
matrix and dqs is the Kronecker delta. AmZ; is the difference between the square of the

masses of mass states v; and v;.

2.3.3 Matter Effects

The oscillation probabilities given above are for neutrinos propagating through a vacuum;
however, the probabilities change if they propagate through matter, such as the Earth.
This is relevant in, for example, the T2K experiment, where the neutrino beam passes
through the Earth’s crust. All neutrino flavours can interact with surrounding particles
via NC interactions, and v, can interact via CC interactions with electrons. For v,, this
correction is known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect [24][25]. This

introduces additional terms to the v, oscillation probability:

al Am3,\ . [Am?
F SEC%QS%?’S;O’O — 2s%,) cos ( 4E32) sin ( 4E13)

a . (Am2
+ 8mc§3sf3sg3(l — 2s%,) sin < 31)

(2.29)

where ¢;; = cosb;;, s;; = sinb;;, a = 7.56 x 107° x p x E,,, in which p is the matter density
in g cm™ and E, is the neutrino energy in GeV. The signs of the terms in equation 2.29

changes if it is a neutrino or antineutrino.
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2.3.4 Mass Ordering

Three-flavour neutrino oscillation depends on the independent mass differences Am2, and
Am?2,. The third mass difference, Am2,, can be expressed as Am3, = Am2, — Am3,. Tt
has been shown from solar neutrino studies that Am3, > 0 [26], where the heavier mass
state has been declared 5. These studies utilised the strong matter effects experienced by
solar neutrinos passing through the Earth, and compared the measurements to neutrinos
directly incident to the detector from space. Yet, the sign for Am3; remains unknown.
This allows for two different mass orderings (sometimes called “hierarchies”) of the neu-
trino mass eigenstates: “normal ordering” (NO), 11 < vs < v3 ; and “inverted ordering”

(1I0), v3 < 11 < vy, as shown in figure 2.2.

Normal Ordering Inverted Ordering
4
m? | A U, I )
I ﬁ.mfl
Amg, >0 L Sm— g
U, B U., Amy, <0
?: L5
I ﬁmgl )
L e PR s m—
v, Vy Yy

Figure 2.2: Possible orderings for the neutrino mass eigenstates v; , 15 and v3 . The
coloured segments of each mass shows the flavour mixing, with blue for v, , green for v,
and yellow for v, . Figure adapted from [27]

Currently, experimental evidence points towards normal ordering [28]; however, it is not
strong enough statistically to determine at this time. The 2025 T2K-SK joint fit finds a

1.20 exclusion of the inverted mass ordering [29].

Similarly, as the oscillation parameters only rely on the mass difference, determining
the absolute masses of the neutrino mass states is also very difficult. The Karlsruhe Tri-
tium Neutrino Experiment (KATRIN) has determined an upper bound of m, < 0.45 eV

at a 90% confidence level through the measurement of beta decays of tritium [30].
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2.3.5 Neutrino Experiments

The values of the neutrino mass differences, mixing angles, and CP-violating phase are
a major focus in neutrino physics, and multiple experiments are focused on determining
these parameters. No single neutrino experiment is sensitive to all of the oscillation pa-
rameters, and it is only through the combined efforts of multiple experiments that we can

constrain the uncertainties for the full set of parameters.

These oscillation experiments can be categorised by their neutrino source: accelerator
experiments, which generate a neutrino beam via a particle accelerator; reactor experi-
ments, which use the neutrinos produced by nuclear reactors; and astrophysical experi-
ments, which observe neutrinos produced from astrophysical sources such as the sun and

supernovae, as well as atmospheric neutrinos produced by cosmic rays.

Accelerator Experiments

Accelerator experiments typically utilise an accelerated beam of protons incident on a
target to produce mesons, which then decay to produce neutrinos. This method allows
for a high degree of control over neutrino beam energy and flavour, so it can be fine-tuned

to meet the needs of the experiment.

The composition of the beam is initially measured by a “near detector”, where the neu-
trino content is characterised. This detector is placed close (< 1 km) to the beam source,
to minimise neutrino oscillation occurring in the interim. A “far detector” is positioned a
significant distance away where the beam can be measured after significant oscillation has
occurred. The far detector is positioned to maximise oscillation occurring after the beam
passes through the near detector (i.e. where the probability to observe v, — v, is high-

est), which is typically hundreds of kilometres away. This distance is called the “baseline”.

The T2K experiment, located in Japan, uses a 295 km baseline to primarily measure
v, — V. appearance and v, disappearance. The near detector, ND280, is positioned 280 m
from the beam source and uses a combination of plastic scintillator detectors and gas time
projection chambers. The far detector, Super-Kamiokande, is a water Cherenkov detector
containing 50,000 tons of ultrapure water. The neutrino beam itself has a peak energy
of 0.6 GeV. As the main focus of this thesis, the T2K experiment is described in detail
in chapter 3. The most recent best-fit results from T2K provide the following parameter

constraints: dcp = —2.187532, sin? fy3 = 0.55975018 and Am2, = 2.5067953 x 1073 eV?
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31].

The NOvA experiment [32], located in the USA, similarly measures v, — v, appear-
ance and v, disappearance. It has a 810 km baseline, and both near and far detectors
are fully liquid scintillator. The NOvA neutrino beam has a peak energy of 2 GeV. The
most recent NOvA results present the following constraints on the oscillation parameters:
sin fy3 = 0.5575:95, and Am32, = 2.43175:058 (—2.4799:936) x 1073 eV? for normal (inverted)

ordering [33].

The next generation of accelerator experiments is currently under construction. At T2K,
an upgrade to the N280 detector was completed in 2024, (see section 4.7). Additionally,
the successor to Super-K, Hyper-Kamiokande (Hyper-K), is expected to begin data tak-
ing before the end of the decade [34]. Hyper-K is a water Cherenkov detector and has
a fiducial mass eight times that of Super-K so will offer superior detection of accelerator
and astrophysical neutrinos. An entirely new long-baseline experiment, The Deep Under-
ground Neutrino Experiment (DUNE), is currently under construction, with the neutrino
source and near detector located at Fermilab in Batavia, Illinois, and the far detector at
the Sanford Underground Research Facility in Lead, South Dakota [35]. As the experi-
ment will use a 1300 km baseline, the increased matter effects are expected to give it a

high sensitivity to neutrino CP-violation and mass ordering.

Reactor Experiments

Nuclear reactors produce large amounts of electron antineutrinos via g decay of fission
products, with an energy of ~ 0 — 10 MeV [36]. These neutrinos are measured using
inverse beta decay interactions (V. +p — e™ +n) within the detectors, which are observed

via the gamma rays emitted when the e annihilates with an e~ (et + e~ = 27).

Many recent reactor experiments have short baselines (< 2 km), and are specialised
towards the measurement of sin 63 [36], such as Daya Bay [37], Double CHOOZ [38],
and RENO [39]. The Daya Bay experiment, located near Hong Kong, consists of eight
neutrino detectors clustered in three groups around six nuclear reactors, with the longest
baseline being 1.9 km [40] [37]. Each detector consists of a tank of 20 tons of gadolinium-
doped liquid scintillator, instrumented by 192 PMTs. Daya Bay results constrain 63 to
sin f13 = 0.0851 +0.0024, which is currently the most accurate measurement for this mix-

ing angle [41]. It has also constrained Am2, = 2.466 + 0.060(—2.571 4 0.060) x 1073 eV?
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for normal (inverted) ordering.

The KamLAND experiment, situated at the same site as Super-K, observes neutrinos
from Japan’s commercial nuclear reactors (55 reactor cores in total). It has an aver-
age baseline of ~ 180 km [42], which is unusually large for a reactor experiment. The
detector consists of a spherical stainless steel containment vessel, 18 m in diameter, con-
taining a nylon balloon, 13 m in diameter, filled with 1000 tons of liquid scintillator
[43]. The containment vessel is instrumented with 1,879 photomultiplier tubes (PMTs)
and filled with non-scintillating oil to support the inner balloon. Shortly after it began
taking data in 2002, it was able to demonstrate v, disappearance to a high degree of
confidence [43]. Using a combination of KamLAND and external solar neutrino mea-

surements, it has presented oscillation parameter constraints of: tan? @, = 0.4521003

Am2, = 7.507035 x 107°eV?, and sin® 033 = 0.020105;5.

Astrophysical Experiments

Astrophysical experiments observe neutrinos from a wide range of sources, including the

Sun, supernovae, and cosmic ray interactions in the atmosphere, amongst others.

The IceCube Neutrino Observatory, located in Antarctica, consists of 86 strings, each
with 60 PMT modules, embedded between 1,450 and 2,450 metres deep in Antarctic ice
[44]. Covering a total volume of 1 cubic kilometre, it is the largest neutrino detector in
the world. It has observed neutrino oscillation in atmospheric neutrinos and presented
constraints of sin? 63 = 0.51 & 0.05 and Am3, = 2.41 £ 0.07 x 1072 eV?.

Current Oscillation Parameter Measurements

Table 2.1 shows the current global best-fit values of the neutrino oscillation parameters.
These measurements are determined by combining results from multiple neutrino oscilla-

tion experiments.

2.4 Neutrino Interactions

As discussed in section 2.2, neutrinos only interact via the weak interaction and gravity.
As gravity is almost always far too weak to be considered in particle physics experi-
ments (and even more so for neutrino experiments), neutrino detection relies only on

weak interactions. Charged-current (CC) interactions are mediated by W= bosons and
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Parameter Global Best-Fit Measurement
sin?(63) 0.307 & 0.012
AmZ, (7.50 £ 0.19) x 1075 eV?
sin?(6,3) (2.16 4 0.06) x 1072
sin?(f3) (Inverted Order) 0.537 £ 0.020
sin?(f3) (Normal Order) 0.53410615
Am3, (Inverted Order) | (—2.527 £0.034) x 1073 eV?
Am32, (Normal Order) (2.451 £ 0.026) x 1073 eV?
Scp 1.21700) 7 rad

Table 2.1: Global best-fit measurements for the neutrino oscillation parameters [10].

The results for the sin?(f2) and Am2, parameters are dependent on whether normal

ordering or inverted ordering is used, so results for both orderings are shown. These
results are obtained by combining the results of multiple neutrino experiments.

S 04
()
>0.35
&
g 03
20.25
Y02
c
20.15
[4)
® 0.1
[7]
0.05
[

-— ok

S Se

cross section/E, (10 em?/ Ge
v s 0
O N P O O o N B

TTTT[TIT T[T [T [ T[T T T[T TTT T

. L] e L I> 0 N il —_—
10" 1 10 10 10 1 10 102
E, (GeV) E, (GeV)

Figure 2.3: Per nucleon CC cross sections for neutrinos (left) and and antineutrinos

(right), plotted as a function of neutrino energy. The cross sections for quasi-elastic

(red), resonant (blue) and deep inelastic scattering (green) interactions are plotted
separately to show their peak interaction energies. [45]

neutral-current (NC) interactions are mediated by Z° bosons. CC neutrino interactions
result in a charged lepton of the neutrino flavour, so are the primary interaction type
measured in neutrino oscillation experiments. NC interactions can still produce charged
particles as decay products, but these are often just a background to be filtered out as

they do not reveal any information about the neutrino flavour.

At energies below 1 GeV, quasi-elastic interactions between neutrinos and nucleons in an
atomic nucleus are dominant, known as CCQE (charged current quasi-elastic) interactions.

This is shown in figure 2.3. These produce a charged lepton matching the flavour of the
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neutrino:

vi+n—10"+p
(2.30)

n+p—1T+n
At higher energies, in the 1-5 GeV range, resonant (RES) interactions become dominant.
The nucleon is excited to a higher energy resonant state (typically a Ajsss resonance)
and will emit a pion as it de-excites. These interactions are also knowns as single pion

production (SPP). Examples of these processes include:

v+p—1l +p+nt
v+n—1"+p+n° (2.31)
v4+n—=0+n+at

At energies beyond 10 GeV, deep inelastic scattering (DIS) becomes the dominant mode of

interaction. The energy is high enough to break the nucleon apart, producing a hadronic

shower.

2.5 Further Neutrino Theories

Beyond the measurement of the oscillation parameters, there remain multiple unan-
swered questions in neutrino physics. One hypothesis is that neutrinos may be Majo-
rana fermions, rather than Dirac fermions. A Dirac fermion has distinct particles and
antiparticles, while a Majorana fermion is its own antiparticle. If neutrinos are Majorana

fermions, the PMNS matrix gains an additional multiplicative term:

et 0
0 e 0 (2.32)
0 0 1

where oy and as are the Majorana phases. All other fundamental fermions in the SM
are known to be Dirac fermions as they have a distinct measurable charge that changes
sign between particle and antiparticles. As neutrinos are neutral, the possibility they are
Majorana particles remains open. This hypothesis is currently being tested in neutrino-
less double beta decay experiments such as SNO+ [46], which attempt to observe double
beta decay in which the two produced antineutrinos annihilate each other. A Feynman

diagram of this interaction is shown in figure 2.4.
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Figure 2.4: Feynman diagram of the hypothesised interaction for neutrinoless double
beta decay. Diagram adapted from [47].

Also hypothesised is the potential existence of “sterile neutrinos” [48]. These neutrino
states do not interact with the weak force, so are impossible to detect directly. Right-
handed neutrinos and left-handed antineutrinos, if they exist, may be sterile neutrinos,
explaining why they have never been observed. Neutrinos may gain their mass via the
“see-saw” mechanism, where a larger sterile neutrino mass means a smaller mass for
observed neutrinos, and this could explain how neutrinos have masses many orders of

magnitude lower than other fermions.

The measurement of the CP-violating phase in the PMNS matrix could potentially have
ramifications far beyond neutrino physics. The matter-antimatter asymmetry observed
in the universe today is a mystery that physics has not been able to resolve. CP vio-
lation in the quark sector has been measured but is not large enough to explain matter
dominance [49]. A non-zero value for dcp, the CP-violating phase, has been measured to
a confidence of 20 (90%) [50]; however, a measurement of 50 is necessary to sufficiently
demonstrate CP violation occurring in neutrino oscillations. If future measurements are
able to demonstrate a sufficiently large phase value, it could help explain the formation

of the universe [51].
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Chapter 3

The T2K Experiment

The Tokai to Kamioka (T2K) Experiment is a long-baseline neutrino experiment in Japan
designed to measure neutrino oscillation parameters and the neutrino mass differences [52].
A beam of muon (anti)neutrinos is first produced by the accelerator complex located at the
J-PARC (Japan Proton Accelerator Research Complex) facility in Ibaraki Prefecture. The
initial beam composition is measured by a suite of near detectors (INGRID and ND280)
located 280 metres downstream from the neutrino production target, before travelling
295 kilometres through the Earth’s crust to the far detector, Super-Kamiokande (figure
3.1). By comparing the characteristics of the neutrino beam between the near and far
detectors the neutrino oscillation parameters can be determined. T2K aims to make
precision measurements of the sin® 6,5, sin? 653 and Amj3, parameters, as well as constrain

the CP-violating phase dcp [53].

[ 1 [ )

Mt. Noguchi-Goro
2,924 m

Mt lkeno-Yama
1360 m

o _dn i 1,700 m below sea level . .
<

Neutrino Beam

295 km

Figure 3.1: Overview of the T2K neutrino beam, showing the position of the near and
far (Super-Kamiokande) detectors in relation to the beam source at J-PARC. Figure
adapted from [52].
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Figure 3.2: Overview of the J-PARC accelerator complex, with the proton acceleration
path highlighted in yellow. Figure adapted from [55]

3.1 Beam and Accelerator Complex at J-PARC

J-PARC (Japan Proton Accelerator Research Complex) is a particle accelerator complex
located in Tokai, Ibaraki Prefecture, on the west coast of Japan. The neutrino beam is
generated here, and it is the site for the INGRID and ND280 detectors. The complex
consists of three accelerators: a linear accelerator (LINAC), a rapid-cycling synchrotron
(RCS) and the main ring (MR) synchrotron (figure 3.2).

To produce the neutrino beam, H™ ions are first accelerated to 400 MeV in the LINAC.
The ions are then stripped of their electrons to form protons and then injected into the
RCS. The RCS accelerates them up to 3 GeV, with two bunches per cycle. The protons
are then injected into the MR and accelerated further to 30 GeV, where they are grouped
into eight bunches. They can then be extracted via slow extraction for the hadron beam-
line or fast extraction for the neutrino beamline. For fast extraction, the eight bunches
are extracted in a single cycle by a set of five kicker magnets. Each bunch contains
~ 4.1 x 10" protons, for a total of ~ 3.3 x 10* protons per pulse (full cycle of the MR)
[54]. Each extraction is known as a “spill” and lasts ~ 5 us.

After fast extraction, the proton beam is directed towards a rod-shaped graphite target
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Beam dump

Decay volume (96 m) Muon monitor

L | |

0Om 118 m 280 m

Figure 3.3: Diagram of the T2K neutrino beamline. The three magnetic horns, muon
monitor and INGRID (blue cross) are positioned along the neutrino axis, while the
ND280 detector and Super-K are 2.5° off-axis. Figure adapted from [56].

91.4 cm long and 2.6 cm in diameter. Protons colliding with the target interact with the
carbon atoms and produce a shower of secondary hadrons, primarily pions and kaons.
The number of protons that collide with the target are referred to as “Protons on Target”
(POT) which is the primary value used in describing the beam flux as it can be more
easily measured as opposed to the neutrino beam itself. Three magnetic horns are used
to collect the charged mesons and refocus them into a narrow beam. The horns are also
used to select between positively- and negatively-charged particles, depending on the horn
polarity. In “Forward Horn Current” (FHC), the horns select positively-charged particles

and therefore produce a beam of muon neutrinos via the following dominant channels:

7T+—>u++l/u
Kt —=u"+u,
Kt =71 +put +u,

Pion decays to positrons are possible, but very unlikely due to helicity suppression. The
mesons decay along a 96 m decay volume after which the beam dump, a 75-ton graphite
block, absorbs the remaining charged particles (mainly muons and hadrons) as they could

decay to produce electron neutrinos, which would contaminate the muon neutrino beam.

The horns can also be set to “Reverse Horn Current” (RHC) which instead selects
negatively-charged particles and produces a beam of muon antineutrinos. The proton
beam naturally favours positively-charged products, thus the FHC beam is purer and has

a greater neutrino flux compared to RHC.
The muon monitor (MUMON) is positioned behind the beam dump, which tracks high-

energy (> 5 GeV) muons that pass through the beam dump [56]. This is used to monitor

the beam stability and direction as the muons will follow the same track as the neutrinos
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Beam Direction

Figure 3.4: Overview of the T2K near detector complex, showing the position of the
ND280 detector and INGRID. Neutrino beam direction is along the yellow arrow. These
detectors are responsible for measuring the characteristics of the neutrino beam prior to
neutrino oscillation. WAGASCI and Baby MIND are located on the lowest floor, to the
right of INGRID’s vertical stack when facing along beam direction. Figure adapted from

[57].

in the beam. The beam will then pass through a thick layer of sand to the near detec-
tor complex 280 m downstream, containing the INGRID, ND280, WAGASCI and Baby
MIND detectors. Figure 3.4 shows the positon of INGRID and ND280 within the near
detector complex; WAGASCI and Baby MIND are positioned on the lower floor, beneath
ND280. The full layout of the neutrino beamline, including target, magnetic horns, and

beam dump, is shown in figure 3.3.
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Figure 3.5: The INGRID detector, showing the arrangement of the 14 modules. The two
lines of detector modules overlap at the centre of the cross, which corresponds to the
centre of the neutrino beam [59].

3.2 INGRID

The Interactive Neutrino GRID (INGRID) is an on-axis iron-scintillator detector used to
measure the beam direction and intensity. It consists of 14 detector modules arranged in
a cross shape, with the neutrino beam aimed through its centre (figure 3.5). INGRID can
measure the beam direction to a precision of at least 0.4 mrad, which is well within the

+1 mrad accuracy required [58].

Each INGRID module is made from 11 plastic scintillator planes and 9 iron target plates,
shown in figure 3.6. Each scintillator plane is made from two layers of 24 scintillator bars,
in alternating orientation. The iron plates measure 124 x 124 x 6.5 cm, for a mass of 7.1
tonnes of iron per module. No iron plate is between the final two scintillator planes. The
four faces parallel to be beam direction (top, bottom, sides) are covered in veto planes

containing 22 scintillator bars arranged perpendicular to the beam direction.

26



Chapter 3 — The T2K Experiment 3.3. ND280

Electronics boxes

Tracking planes
Iron plates

Figure 3.6: Schematic of one of the 14 INGRID modules showing the position of the
scintillator planes and iron plates, as well as the veto planes. Neutrino beam direction is
along the yellow arrow . Figure adapted from [59].

3.3 ND280

The Near Detector at 280 metres (ND280) is positioned 280 metres away from the beam
target and 2.5° off-axis from the neutrino beam. Its primary purpose is to measure the
beam composition close to the source to take pre-oscillation measurements. The off-axis
angle means the beam has a peak neutrino energy of ~ 0.6 GeV, which maximises the
effect of neutrino oscillation at the far detector and thus reduces the overall uncertainty
in oscillation parameter measurements. Figure 3.7 shows the energy spectrum, as well as

how it is affected by different off-axis angles.

The detector consists of a number of sub-detectors: 13 electromagnetic calorimeter (ECal)
modules, the pi-zero detector (P@D), three time projection chambers (TPCs), two fine-
grain detectors (FGDs) and the side muon range detector (SMRD). ND280 and its sub-

detectors are discussed in detail in chapter 4.

3.4 WAGASCI and Baby MIND

The main target mass within the ND280 near detector is its FGDs, which are made from
plastic scintillator. The far detector, Super-Kamiokande (see section 3.5), is a water-
cherenkov detector, with water as the only target mass. Thus, there remains a non-
cancelling systematic uncertainty between the near and far detectors due to the different

neutrino-nucleus interactions between carbon (plastic) and oxygen (water). To reduce this
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Figure 3.7: T2K beam energy spectrum at 295 km from beam source, showing how
off-axis angles of 0° (black), 2° (blue), and 2.5° (red) affect the peak energy and the
width of the peak. The ND280 and Super-K detectors are positioned 2.5° off-axis to give
a beam energy of 0.6 GeV with a narrow peak. The spectrum at the near detector is
similar. Figure adapted from [60].

uncertainty, the WAter-Grid- And-SClntilator-Dectector (WAGASCI) [61] has been built.

The WAGASCI detector, shown in figure 3.8, is positioned 1.5° off-axis from the neu-
trino beam, so has a slightly higher neutrino energy. It consists of two water modules
and one plastic scintillator module, called the “proton module”. Inside each module is
a 3D grid structure of plastic scintillator with the cells filled with the target material.
The plastic scintillator bars used to construct the grid are very thin (3 mm) to maximise
target area whilst taking accurate measurements of particle interactions. Placed a short
distance away from the left and right sides of the detector are the wall muon range de-
tectors (wall MRDs). These detectors consist of alternating iron and plastic scintillator
layers and are used to identify muons and measure muon momenta to help reconstruct

neutrino interactions in the main modules.

The Baby Magnetised Iron Neutrino Detector (Baby MIND) [62] is located directly down-
stream from WAGASCI. It is used to perform charge identification and momentum mea-
surements on muons leaving WAGASCI. Baby MIND consists of 33 magnetised iron plates
(30 mm thick) and 18 plastic scintillator planes. The magnetised plates produce a mag-
netic field of 1.5 T allowing for precise moun measurements in the energy region 0.3-5.0

GeV, which is otherwise degraded by multiple scatterings.
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Baby MIND

Wall MRD
Proton Module WAGASCI

Figure 3.8: Positions of the WAGASCI and Baby MIND detectors, as well as the two
wall muon range detectors (MRDs). The NINJA detector is not part of T2K, it is
instead a separate experiment investigating neutrino-nucleus interactions using an

emulsion detector [63]. Figure adapted from [64].
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3.5 Super-Kamiokande

Super-Kamiokande [65] (Super-K) is a water-Cherenkov neutrino detector situated 1 km
below Mt. Ikenoyama near Hida, Gifu Prefecture near the west coast of Japan. It is po-
sitioned 295 km away from the J-PARC site and is 2.5° off-axis from the neutrino beam,
the same as ND280. SK functions as the “far detector” for the T2K experiment and
measures the composition of the neutrino beam to identify changes in neutrino flavour.
The 1 km overburden of rock reduces interactions of cosmic ray particles within the detec-
tor. By comparing beam measurements between ND280 and SK, the neutrino oscillation
parameters can be calculated. SK, as its own experiment, is also involved in solar and

atmospheric neutrino measurements and is part of the supernova early warning system

(SNEWS) [66].

Super-Kamiokande consists of a cylindrical steel tank 41.4 m tall and 39.3 m in diameter,
and filled with 50,000 tons of ultrapure water. The tank is divided into the “inner” and
“outer” detectors (ID and OD, respectively), which are optically separated by a steel
cylinder covered in black plastic sheeting (figure 3.9). The ID is the fiducial volume
for the detector, whilst the OD is used to veto muons and other particles entering the
detector The ID measures 36.2 m tall and 33.8 m in diameter and is lined with 11,129
inward-facing Hamamatsu R3600 photomultiplier tubes (PMTs). Each PMT measures
50 cm in diameter for a total coverage of 40% across the walls of the ID. The OD has
1,885 outward-facing PMTs, each 20 cm in diameter and mounted to wavelength-shifting
planes. Although OD PMT covereage is only 7%, it can still veto muons entering the
detector at almost 100% efficiency [52].

As a water Cherenkov detector, SK functions by detecting the Cherenkov radiation emit-
ted by particles as they pass through the water. Cherenkov radiation is emitted when a
charged particle travels through a medium at a higher speed than the speed of light in that
medium, which is around 0.75¢ in water. Charged-current quasi-elastic (CCQE) interac-
tions between neutrinos from the T2K beam and oxygen nuclei in the water produce an
(anti-)electron or (anti-)muon depending on the flavour of the neutrino, and the resultant
lepton will have enough energy to emit Cherenkov radiation. Cherenkov radiation is emit-

ted in a cone shape following the trajectory of the particle, which is detected by the PMTs.
The properties of the Cherenkov cones allow for particle identification. Minimally ionising

particles like muons do not change their momentum much as they propagate, so generate

well-defined cones of light that are detected as a clear ring of PMT hits. Highly ionising
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Figure 3.9: Overview of the Super-Kamiokande neutrino detector including the inner
and outer detectors, and photomultiplier tubes. The location of the detector within Mt.
Ikenoyama is also shown. Figure adapted from [52].

particles like electrons, on the other hand, scatter more easily and produce a fuzzy ring
pattern. A comparison of the ring shapes is shown in figure 3.10. By measuring the
occurrences of these interactions, v, — v, appearance and v, disappearance in the beam
can be found by comparing with data from ND280, which is then used to calculate the
neutrino oscillation parameters. v, will occur within the beam but these would almost
never produce a 7 lepton as the energy threshold required is ~ 3.5 GeV, beyond the
off-axis neutrino beam’s peak of 0.6 GeV. Additionally, a 7 lepton would decay almost
instantly to other leptons or mesons, so it cannot be observed easily [67].

In 2020 the water in SK was doped with gadolinium sulfate Gdy(SOy)3 to improve neutron
capture [69]. Neutrons are emitted from nuclei in interactions with anti-neutrinos in

inverse beta decay reactions:

Vey + 0 — €7 (7)) +n

Neutron capture occurs when the neutron produced is absorbed by another nuclei and
emits gamma rays, which is the main method to differentiate between neutrino and anti-
neutrino interactions in SK. Historically, this was done by observing neutron capture on
hydrogen atoms, but gadolinium has a much higher neutron capture cross section and will

capture 90% of all such neutrons, improving from < 20% capture rate with just hydrogen.
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Figure 3.10: Rings of Cherenkov radiation detected in Super-Kamiokande. (a) shows
sharp rings emitted by a muon, while (b) shows the fuzzy rings seen from electrons.
Figure adapted from [68].

Compared to hydrogen, gadolinium neutron capture produces a more energetic gamma

ray (8 MeV vs 2.2 MeV) in a shorter time (~ 20us vs ~ 180us) which will help distinguish

v and 7 interactions.
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The ND280 Detector

The ND280 detector is one of the main detectors that make up T2K’s near detector com-
plex. Its primary purpose is to measure the composition, flux and energy spectrum of
the neutrino beam prior to oscillation. It is positioned 2.5° off-axis from the centre of
the neutrino beam, where the neutrino energy is optimal for oscillation to be observed
at Super-K (see figure 3.7). The detector consists of multiple sub-detectors (figure 4.1):
the pi-zero detector (POD), the time projection chambers (TPCs), the fine-grained detec-
tors (FDGs), the electromagnetic calorimeters (ECals) and the side muon range detector
(SMRD). The sub-detectors are enclosed within a magnet yoke (except the SMRD, which
is embedded within the yoke). The POD, TPCs, FGDs and downstream ECal module
are held within a metal frame known as the “basket”, which measures 6.5 m x2.6 m x2.5
m. The full dimensions of the detector with the magnet closed measure 7.6 m x5.6 m
x6.1 m. The nature of the sub-detectors are discussed in detail below, beginning with
components common to multiple sub-detectors. Also discussed is the recent upgrade to
ND280, replacing the POD with a suite of new sub-detectors (section 4.7).

4.1 Common Components

Several of the sub-detectors share similar components, particularly plastic scintillator
and wavelength-shifting fibre, and the associated photosensors. Additionally, the magnet
surrounding the detectors provides a constant magnetic field throughout all of the sub-

detectors.
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SMRD

UA1 Magnet Yoke

Downstream
ECAL

Solenoid Coil
v beam

direction

Barrel ECAL

Figure 4.1: Exploded view of the ND280 detector, showing the constituent
sub-detectors. The POD, TPCs, FGDs and the downstream ECal are within the
metal-framed “basket”. The magnet solenoid coils surround the ECals and inner

detectors around the top, back, bottom and front sides. The magnet yoke segments on
the right side of the detector are not shown. During data taking, the yoke fully encloses
the inner detectors. Diagram adapted from [52].

4.1.1 Plastic Scintillator

Plastic scintillator bars are present within the P@OD, the FGDs and the ECal, while the
SMRD uses larger scintillator slabs. The bars and slabs are constructed of extruded
polystyrene. Charged particles passing through the polystyrene deposit energy into the
atoms, which then emit light as they de-excite. As polystyrene emits scintillation light in
the ultraviolet range, it is doped with 1% PPO and 0.03% POPOP to shift the UV light
into blue light. A thin layer of co-extruded polystyrene mixed with 25% TiO, coats the
scintillator to reflect light back into the bar which minimises light loss and prevents light

bleeding between different bars.

4.1.2 Wavelength-shifting fibre

Wavelength-shifting (WLS) fibres (Kuraray double-clad Y11, 1 mm diameter) are present
in all of the plastic scintillator bars, typically running straight through a central hole
down the middle of the bar’s cross-section. They collect light emitted by the scintillator
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and feed it to the photodetectors. As the name suggests, the WLS fibres shift the peak
wavelength of absorbed light: the absorption spectrum of the fibres is centred at 430 nm
(blue) and emission is centred at 476 nm (green). This reduces self-absorption effects

within the fibre and improves photon detection efficiency for the photodetectors [70].

4.1.3 Multi-Pixel Photon Counters

Multi-Pixel Photon Counters (MPPCs) [71], manufactured by Hamamatsu Photonics,
are the photodetectors used in all scintillator detectors in ND280. Each counter module
measures 5 mm x 6 mm and contains 667 avalanche photodiodes (APDs). Each APD
measures 50 x 50 pm?, and the sensitive area of each MPPC counter measures 1.3 mm
x 1.3 mm?. MPPCs are not affected by strong magnetic fields so are safe for use within
the 0.2 T field generated by the magnet, and their small size is ideal for the limited space

in the detector.

4.1.4 ND280 Magnet

The magnet yoke encloses all of ND280’s sub-detectors (except for the SMRD), containing
the aluminium solenoid coils which, when powered, provide a 0.2 T magnetic field through
the entire detector. Charged particles will curve as they pass through the magnetic field,
which is used in particle identification and momentum calculations from reconstructed
particle tracks. The magnet has been refurbished following its previous use in CERN’s
UA1 and NOMAD experiments, and consists of water-cooled aluminium solenoid coils
surrounded by the flux return yoke. The arrangement of the coils and yoke is shown in
figure 4.1.

There are four solenoid coils, each made from aluminium bars with 5.45 cm x 5.45 cm
square cross-sections and bored with a central 23 mm hole for the water cooling. When
energised, the magnet draws 2.9 kA at 155 V. The yoke consists of 16 C-shaped segments
made of low-carbon steel plates, which are fitted on rails so the magnet can be opened
and the inner detectors accessed. The magnet has a total weight of 850 tons. As the
magnet yoke was effectively the first part of the detector to be constructed, it presents

strict size constraints on the rest of the detector.
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4.2 Pi-Zero Detector

The POD [72] was the most upstream of the inner sub-detectors (those within the basket),
and was designed to measure the cross-sections of neutrino interactions that generate 7.
ms produced through NC interactions and are the dominant background to v, — v,
signal at Super-K, as they most commonly decay to two photons which can produce elec-
trons that mimic the final state of a v, CC interaction [10]. 7° CC interactions produce
a charged lepton, so can be more easily identified and rejected. By constraining the

background, the uncertainty in the v, appearance rate at the far detector is reduced.

The detector was comprised of a water target region, separated into “upstream” and
“central” water targets, between two ECal sections (figure 4.2). A “target region” is
where the majority of reconstructed neutrino events occur, and the POD was designed
to detect neutrino interactions with water. The water target region consists of layers
of scintillator, brass sheets and water bags. There are a total of 26 scintillator layers,
containing 134 horizontal (2.2 m long) and 126 vertical (2.34 m long) triangular scintilla-
tor bars. Each bar was threaded with a wavelength-shifting fibre; one end was mirrored
while the other was connected to an MPPC for electronic readout. The water bags (2.8
cm thick) could be filled and emptied, and data was taken in both configurations. The
purpose of the water was to allow for a measurement of 7’-producing neutrino inter-
actions with water that could be compared with the rate at Super-K, specifically the
neutral current process v, + N — v, + N +7° + X. The 25 water target layers each had
two bags, for a total of 50 in the P@D. When filled, the P@D contains 2.9 tonnes of water.

The ECal sections used alternating layers of horizontal and vertical scintillator bars and
lead sheets, with seven such modules each in the upstream and central ECals. The
ECal region was designed to contain electromagnetic showers occurring within the P@OD

sub-detector, and as a veto region to reject particle tracks entering from outside the POD.

The POD has since been removed from ND280 to make way for a significant upgrade to
the detector, discussed in section 4.7. This was partially motivated by the fact the P@OD
performed somewhat poorly. The analyses presented in this thesis have been performed

using Monte Carlo simulations and data generated when the POD was still present.
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Figure 4.2:

arrangement of the layers in the water region is presented in the bottom-left inset,
showing (left to right) vertical scintillator bars, horizontal scintillator bars, the brass
sheet and the water layer. Light-tight covers separate the scintillator, bars and water.

The top-right inset shows the layers in the ECal regions: vertical scintillator bars,

horizontal scintillator bars and lead sheets. Beam direction is left to right. Figure

adapted from [72]
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4.3 Time Projection Chambers

ND280 contains three time-projection chambers (TPCs) [73], placed directly downstream
of the POD with the two fine-grained detectors (see section 4.4) placed between them.
These five sub-detectors together make up the “tracking region”. The TPCs are designed
to accurately track the movement of charged particles, and by measuring their curvature
in the magnetic field the momentum can be calculated. Additionally, particle identifica-
tion is possible by combining the momentum measurement with % (energy loss E from
ionisation for a particle as it passes x distance through a medium). The TPCs consist of
an inner box filled with drift gas (Ar:CF4:C4Hjg, ratio 95:3:2), surrounded by an outer
box containing CO, to electrically insulate the inner box. The outer box has dimensions

2.302 x 2.400 x 0.974 m, while the inner box measures 1.808 x 2.230 x 0.854 m.

The inner box is bisected by a central cathode, which generates a strong electric field
between the cathode and the walls of the box. The two inner box walls opposite the plane
of the cathode are instrumented with 12 Micromegas detector modules [74], which detect
ionised gas particles and collect charge and timing information. Charged particles passing
through the drift gas will ionise the molecules, which are then accelerated towards the
Micromegas detectors by the electric field. The detector information can then be used
to reconstruct the track in 3D, based on the time taken for the ions to drift to the de-
tector modules. The TPCs can provide spatial resolution to < 1 mm and energy deposit
resolution to 7.8 £+ 0.2% for minimum ionising particles (particles that deposit close to
the minimum possible amount of energy when passing through a medium e.g. muons and
electrons at T2K energies). The probability of misidentifying a muon as an electron is

just 0.2% at energies < 1 GeV. A cutaway view of the TPC design is shown in figure 4.3.
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Figure 4.3: Cutaway diagram of the TPC design, showing the main components. Figure
adapted from [73].
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4.4 Fine-Grained Detectors

The two fine-grained detectors (FGDs) [70] are positioned between the three TPCs in the
tracking region. The upstream FGD (FGD1) is composed of layers of scintillator bars in
alternating horizontal and vertical orientations, while the downstream FGD (FGD2) has
scintillator bar layers in addition to water target modules. A cross-section of FGD1 is

shown in figure 4.4.

Each scintillator bar layer is comprised of 192 186.43 x 0.961 x 0.961 cm bars, each
threaded with WLS fibre. The fibre is mirrored at one end and coupled to an MPPC
at the other. The layers are arranged in pairs of alternating orientation known as “XY
modules”, each measuring 186.4 x 186.4 x 2.02 cm. FGD1 contains fifteen XY modules,
while FGD2 contains seven modules in addition to six water layers. Events in FGD1 and
FGD2 can be compared to identify differences in neutrino interactions on oxygen and

carbon nuclei.

The criss-cross construction of the FGD allows for the effective 3D reconstruction of
charged particles tracks; however, particles moving at a high angle relative to the detec-
tor axis can be difficult to reconstruct as they pass through fewer scintillator layers. The
FGDs are considered the “target mass” of the detector because the majority of the events
reconstructed in the TPCs begin within the plastic scintillator, despite the majority of
actual neutrino interactions occurring in denser parts of the detector such as the magnet

yoke.

4.5 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECal) is a lead-scintillator sampling calorimeter which
encloses the POD, FGDs and TPCs [75]. The primary purpose of the ECal is to measure
electromagnetic showers of electrons, positrons and photons. It can be broken down into
three main regions: the POD ECal surrounds the top, bottom and sides of the POD (not
to be confused with the ECal regions within the P@D); the Barrel ECal surrounds the
four outer faces of the tracking detectors; and the Downstream (Ds) ECal which covers
the downstream face of the last TPC. The top and bottom of the POD and Barrel ECals
are made of two ECal modules separated down the middle of the detector so they come
apart with the two halves of the yoke when the detector is opened, meaning there is a

total of 13 ECal modules. Each module consists of alternating layers of scintillator bars
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Figure 4.4: Cross-section of FGD1, showing the XY modules and detector casing.
Figure adapted from [70].

and lead sheets. The bars are threaded with WLS fibre, and the light is read out to an
MPPC at either one or both ends. Fibres with single-ended readout are mirrored at the
other end. Ds-ECal fibres have double-ended readout; Barrel ECal fibres running the
length of the detector are double-ended, with the other fibres being single-ended; and the
P@®D ECal fibres are single-ended. As with the FGDs, the scintillator bar orientation

alternates between layers.

The barrel ECal modules contain 31 scintillator-lead layers, corresponding to approxi-
mately 10 electron radiation lengths (Xj). The scintillator layers are composed of plastic
scintillator bars 10 mm thick and 40 mm wide, and the lead sheets are 1.75 mm thick.
The Ds ECal has 34 layers (approximately 11 Xg). The POD ECal modules have only 6
such layers (approximately 4.3 Xj), but significantly thicker lead (4 mm). This reflects
the different physics goals in the detector regions: the barrel and Ds ECals are optimised
for particle identification and track reconstruction, while the POD ECal’s role is to veto
particle interactions occuring outside the P@OD and measure the energy of particles leaving
the detector.
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4.6 Side Muon Range Detector

The side muon range detector (SMRD) is built in to the magnet yoke that surrounds
the other sub-detectors. It consists of 440 scintillator modules placed within the 1.7 cm-
thick air gaps between the 4.8 cm-thick steel plates which make up the magnet’s return
yokes. The scintillator modules consist of slabs of plastic scintillator embedded with
a wavelength-shifting fibre in a serpentine shape (figure 4.5), each called a scintillation
counter. This shape improves the sensitivity of the module compared to a central straight
fibre without having to increase the number of scintillator slabs and photosensors, as it
reduces the distance between any point in the scintillator and the WLS fibre. The hori-

zontal modules contain four scintillator counters while the vertical modules contain five.

The SMRD is used to identify and measure the momentum of muons that have escaped
the detector at high angles relative to the detector axis. It also used to calibrate the
detector for backgrounds from cosmic muons and from beam neutrino interactions in the

yoke and surrounding walls.

. 167 mm

Figure 4.5: SMRD scintillation slab showing serpentine-shaped WLS fibre installation

4.7 ND280 Upgrade

In 2024, a significant upgrade to the ND280 detector was completed, designed to constrain
the neutrino interaction cross-sections measurements to reduce the uncertainty in number
of predicted events at Super-K from ~ 6% to ~ 4%. This meets the needs of the next
phase of the T2K experiment, T2K-II [76]. In the upgrade, the POD has been removed
and in its place a new suite of sub-detectors has been installed: the SuperFGD (SFGD),
two high-angle TPCs (HA-TPCs), and six time-of-flight (TOF) planes. The upstream
ECal from the POD was retained as an independent ECal module. The positioning of
the new detectors in ND280 is shown in figure 4.6.
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Figure 4.6: Diagram showing the position of the new Super-FGD and High-angle TPCs
within the basket, replacing the POD. Not pictured are the six time-of-flight detectors
that surround the six outer faces of the new detectors [76].
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4.7.1 SuperFGD

The SuperFGD [77] consists of plastic scintillator threaded with WLS fibre, similar to the
two existing FGDs. However, instead of scintillator bars, the SuperFGD is constructed
from 1 x 1 x 1 cm? optically-independent scintillator cubes. The detector is comprised
of a total of 2,064,384 such cubes in a 192 x 192 x 56 cuboid. Each cube is drilled with
three holes, allowing WSF to be threaded through each face of the cube and allowing for
a three-dimensional measurement with complete sensitivity to high-angle particle tracks.
This contrasts with the existing FGDs, which have comparatively poor high-angle track-
ing as particles may travel through the full length of one FGD bar and leave few distinct
scintillator hits across the FGD. Each WLS fibre is connected on one end to an MPPC,
for a total of 58,368 readout channels, whilst the opposite end is connected to an LED
light injection system for testing and calibrating the MPPCs. The SFGD weighs approx-
imately 2 tons, comparable with the existing FGDs, effectively doubling the main target
mass of ND280.

SuperFGD construction posed an interesting challenge as the two million cubes needed to
be positioned accurately inside an enclosed box, and threaded with delicate (and expen-
sive) WLS fibre. A method using fishing line was devised: horizontal layers of cubes were
assembled by threading them on to thick (1.3 mm) fishing line, then the next layer of
cubes was positioned on top of the previous layer and held in place using rigid metal rods
through the cubes’ vertical holes. This was performed with the bottom and two adjacent
sides of the detector’s box in position to guide the positioning and threading of the cubes.
The remaining sides of the box were then carefully assembled, threading each of the ends
of the fishing wire/rods through the corresponding fibre holes in each side. This method

proved successful, and all the cubes were positioned correctly within the detector box.

To complete the construction, each strand of fishing line was carefully pulled out and
a length of WLS fibre was threaded through the holes in the cubes to the other side of
the detector. The length of the fibre (2 m) combined with the inability to adjust the cube
alignment once the fishing line was removed called for a careful and methodical approach.
The fibres are grouped into 8 x 8 squares for fitting the MPPC module, so each of these
were worked on in an alternating pattern to preserve the integrity of the cube alignment.
The MPPC-facing end of each of the fibres has a black plastic optical connector glued
to it, and the end is polished with a diamond polisher to improve the optical coupling.

A thin foam form was positioned between the box and the fibres’ optical connector to
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cushion the fibre against the MPPC modules. The installation process is shown in figure
4.7. After each set of 16 fibres were inserted, the MPPC module was screwed into place
over the optical connectors, and an LED module was used to test that each fibre had

acceptable light yield. The SFGD during the construction process is shown in figure 4.8.

Figure 4.7: Left figure shows group of 16 fibre holes with fishing line still present. Each
8 x 8 divot is where an MPPC module will be screwed into position. Right figure shows
fully inserted set of fibres. Visible are the black plastic optical couplings on the end of
each fibre, and the black foam form to protect them against the detector casing. Also
visible are grey corrugated plastic squares lined with bubble wrap held in place with
pink and green tape, which cover sets of installed fibres to prevent damage.

4.7.2 High-angle TPCs

Two TPCs are positioned above and below the SuperFGD, known as the high-angle TPCs
(HA-TPCs) [78] because they cover the high-angle region for particles leaving the SFGD.
The HA-TPCs follow a similar design to the existing TPCs, consisting of a box filled with
drift gas bisected by a cathode and instrumented with Micromegas detectors. Performance
is expected to be similar to the current TPCs, which provide accurate measurements of

particle charge and momentum and excel at 3D track reconstruction. Thus, the HA-
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Figure 4.8: The SuperFGD under construction. The bunched-together white fibres are
fishing lines used to hold the cubes in position prior to WLS fibre insertion. For the
vertical alignment, thin metal rods are used instead.
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Figure 4.9: Position of time-of-flight planes around the HA-TPCs and SuperFGD. The
width and height of the detector is 2.3 m, and the depth is 2 m [76].

TPCs will substantially improve the angular acceptance of the detector whilst maintaining

accurate event reconstruction.

4.7.3 Time-of-Flight Planes

The time-of-flight system aims to measure the time taken for a particle to cross the
upgraded detector region. The system consists of 6 time-of-flight (ToF) planes that are
positioned around the six outer faces of the SuperFGD/HA-TPC “cube”, as shown in
figure 4.9. Each plane is comprised of 1 layer of plastic scintillator bars with dimensions
of 200 x 1 x 12 cm? or 230x 1 x 12 cm?® depending if the bar will be positioned perpendicular
or parallel to the beam direction. Unlike the other scintillator bars within ND280, the
ToF bars are not threaded with WLS fibre and are instead coupled directly to MPPCs
on both ends. This is to optimise time sensitivity, allowing for a time resolution of
around 150 ps over the entire angular coverage. This is enabled by advances in large-area
photomultiplier MPPC technology, allowing for compact but highly-sensitive photosensors
[79]. These MPPCs are sensitive enough to compensate for the photon degradation in
long scintillator bars without WLS fibres. The ToF system can accurately determine

particle direction, useful in both 47 solid angle studies and vetoing cosmic muons.
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Chapter 5

MC Simulation and Systematics

The Monte Carlo models used to simulate neutrino interactions in the ND280 detector
are a central part of the T2K oscillation analysis. The complexities of particle interac-
tions within the detector, combined with the extremely low interaction rate of neutrinos,
means the properties of the neutrino beam cannot be read directly from the detector data.
This is compounded by the high number of systematic uncertainties in our knowledge of
neutrino interactions, beam production, and the detector itself. Thus, Monte Carlo sim-
ulations are performed across a wide range of parameters, each corresponding to some
systematic uncertainty in the model or experiment setup. These parameters are known as
“systematic parameters”. The simulation output is then compared with detector data to
constrain the uncertainties and improve the overall oscillation measurement. This com-
parison is known as the near detector fit, and is described in detail in chapter 8 along

with the software involved.

This chapter will discuss the models and systematic parameters used in simulating neu-
trino interactions in the ND280 detector, focusing on the neutrino beam flux (section 5.1),
neutrino interactions (section 5.2) and detector response (section 5.3). As fake data stud-
ies, the main topic of this thesis, directly affect the interaction parameters, more detail
will be given on the neutrino interaction model compared to the flux and detector mod-
els. In the remainder of this thesis, “systematics” will be used to refer to the systematic

uncertainties of a process.
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5.1 Neutrino Flux Model

The neutrino flux model simulates the production of the neutrino beam beginning with
the interactions of protons hitting the graphite target, then propagating the resultant
particles and decay products through the horns (as described in section 3.1). A replica of
the T2K target at the NA61/SHINE experiment at CERN has been used for hadron pro-
duction measurements [80] [81]. FLUKA is used to simulate interactions inside the target
[82], whilst the produced particles and subsequent decay products are tracked through
the horn field using the GEANT3-based JNUBEAM package [83].

The MC prediction for pion production is tuned to 7% yields from the NA61/SHINE
experiments using the replica target, which further constrains the flux parameters. Pions
leaving the target that are within the phase space covered by the NA61/SHINE data
(approximately 90%) are given the weight

dn™A%1(p, 0, z, 1)

1
dnMC(p, 0, z, ) (5:1)

w(p,0,z,1) =

where dn is the POT-normalised differential yield for data (NA61) and Monte-Carlo sim-
ulation (MC), for pions with momentum p, polar angle § and longitudinal position z along
the target, for a particle of type i (7, 77).

For particles leaving the target, no additional tuning is applied for their interactions within
the target. Particles not covered by the replica target data and interactions occurring out-
side the target are tuned using 2009 data taken from the NA61/SHINE experiments on
a thin target [84] and other external measurements. The overall uncertainty in the beam
flux is show in figure 5.1. It can be seen that uncertainty in hadron interactions is the
dominant source of uncertainty across the majority of neutrino energies. The v, neutrino
mode is the most significant set of uncertainties, as it is the main neutrino flavour in
FHC mode. The neutrino energy peak (600 MeV) has a flux uncertainty of ~ 5%, and
at higher energies around the peak region (~ 1 GeV), the proton beam profile becomes a
major source of uncertainty and the uncertainty approaches ~ 8%. The other major set

uncertainties, v, in antineutrino mode, shows similar uncertainties in the peak region.

There are a total of 100 systematics used in the current flux model, which are implemented
as a covariance matrix. The parameters are binned according to neutrino energy, flavour
(Vy s Uy, Ve , Ve ) and horn current mode. The same binnings are use for both the near

and far detector analyses.
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The bin edges for the neutrino energy are defined as follows, in GeV:

o FHC v
e FHC v,
e FHC v,:
e FHC v,:
e RHC v,
e RHC v:
e RHC 7.

e RHC v,:

0,0.4, 0.5, 0.6, 0.7, 1, 1.5 2.5, 3.5, 5, 7, 30
0,0.7, 1, 1.5, 2.5, 30

0, 0.5, 0.7, 0.8, 1.5, 2.5, 4, 30

0, 2.5, 30

0,0.4, 0.5, 0.6, 0.7, 1, 1.5 2.5, 3.5, 5, 7, 30
0,0.7, 1, 1.5, 2.5, 30

0, 0.5, 0.7, 0.8, 1.5, 2.5, 4, 30

0, 2.5, 30

This accounts for 50 parameter bins; both ND280 and Super-K have independent flux

parameters so a full oscillation fit has 100 flux parameters. In the case of a single detector

fit (as presented in this thesis), the bin values are simply duplicated across for the other

detector bins.
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5.1. Neutrino Flux Model
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Figure 5.1: Flux uncertainties in ND280 as a function of true neutrino energy. Coloured
lines show the contributions to the total, which is in black. The dotted and dashed lines
show the total uncertainty based on solely the thin target data and replica target data,
respectively. The grey histogram shows the normalised T2K flux energy distribution, in
arbitrary units. “13avX” refers to the version of the flux model used; v3 only used thin
target data and v4 was the first to use replica target data. Plots adapted from [85].
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5.2 Neutrino Interaction Model

The oscillation analysis is heavily dependent on the neutrino interaction model as the oscil-
lation parameters are measured by comparing neutrino interaction rates in the ND280 and
Super-K detectors. Interactions are simulated using the NEUT neutrino-nucleus interac-
tion event generator, which uses a variety of theoretical models for the different neutrino
interaction channels [53][86][87]. Each of these channels also has associated uncertainty
parameters as there are plausible variations in the NEUT model based on theory- and
data-driven uncertainties. Additional models not included in this parametrisation are
analysed in fake data studies, detailed in section 9. The NEUT interaction channels and

their associated systematics are described in the following sections.

5.2.1 Charged-Current Quasi-Elastic (CCQE)

CCQE interactions, also called 1plh (one-particle one-hole), are interactions where a
neutrino interacts with a single nucleon via a charged current (W*) to produce a charged

lepton and eject a single nucleon. An example of this interaction is shown in figure 5.2.
Y i

n p
Figure 5.2: Pseudo-Feynman diagram of a charged-current quasi-elastic (CCQE)

neutrino interaction.

In NEUT, these are modelled according to a spectral function (SF) model, a two-dimensional
distribution describing the probability of finding a nucleon with momentum |p| and re-
moval energy E,,, (the energy needed to eject the nucleon from the nuclear potential).
This distribution is shown in figure 5.3 [53]. CCQE is the dominant interaction at the
T2k 2.5° off-axis peak of 600 MeV (see figures 2.3 and 3.7) and is the most important
interaction for the oscillation analysis, hence it has a fairly large number of systematic

parameters.
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Figure 5.3: Two-dimensional probability density distribution for the oxygen spectral
function for the CCQE model in NEUT [53]. In the darker areas, there is a higher
probability of finding an initial-state nucleon with a particular removal energy (E,.,)
and momentum |p|. The two dark lines show the sharp p-shells at E,.,,, ~ 12 MeV and
E,w ~ 18 MeV, while the more diffuse region above shows the larger s-shell.
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Parameter | Momentum Range (GeV?) | Prior

Q2_norm_5 0.25-0.5 1£0.11
Q2_norm_6 05-1 1+£0.18
Q2_norm_7 > 1 1+£04

Table 5.1: Q% normalisation parameters in the ND280 MC simulation, showing the
momentum range each parameter affects and their prior values.

Parameter Nuclei | Prior
SF_SRC_Norm_OGraph | Oxygen | 1+ 2
SF_SRC_Norm_CGraph | Carbon | 1+ 2

Table 5.2: Parameters and priors for the short range correlations in the spectral function
nuclear model used in the ND280 MC simulation.

The CCQE systematics can be split into the following categories:

o Axial Mass MSE: The nucleon axial mass parameter MSE corresponds to the
axial form factor for quasi-elastic neutrino-nucleon interactions. It has a nominal
value of 1.034+0.06 GeV, which is determined via bubble chamber [88] and neutrino-

deuterium scattering data [89].

e ()? Normalisation Parameters: The ()? normalisation parameters are used to
reweight the event rates in certain ranges of the true momentum transfer Q? in
neutrino-nuclear interactions. There are three parameters, with the momentum

ranges and prior values shown in table 5.1.

These parameters suppress model events rates at low momenta, as experimental
data from MINERVA suggest a substantially lower event rate compared to the model

[88]. Lower values of Q% are covered by Pauli blocking parameters (see below).

e Short Range Correlation and Mean Field Parameters

The short range correlation (SRC) and mean field (MF) parameters are used to
adjust the spectral function model used for modelling nuceli. SRC accounts for
interactions between two nucleons at very short ranges, while MF describes the
nuclear shell structure and the P and S shells of carbon and oxygen nuclei (oxygen
P shells are further split into P;/o and P3/;). The SRC parameters are shown in
table 5.2.

The MF parameters can be broken down further into normalisation parameters,
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Parameter Type | Nuclei Prior
SF_PShell MeanF _Norm_CGraph Norm | Carbon | 0+ 0.2
SF_SShell MeanF _Norm_CGraph Norm | Carbon | 0+ 0.45

SF_PShell_MeanF_PMissShape_CGraph | Shape | Carbon | 0+1
SF_SShell MeanF_PMissShape_CGraph Shape | Carbon | 0+1
SF_P1_2Shell MeanF_Norm_OGraph Norm | Oxygen | 04 0.45
SE_P3_2Shell MeanF _Norm_OGraph Norm | Oxygen | 0+0.2
SF_SShell_MeanF_Norm_OGraph Norm | Oxygen | 0+ 0.75
SF_P1_2Shell_MeanF _PMissShape_OGraph | Shape | Oxygen | 0+1
SF_P3_2Shell_MeanF _PMissShape_OGraph | Shape | Oxygen | 0+1
SF_SShell MeanF_PMissShape_OGraph | Shape | Oxygen | 0+ 1

Table 5.3: Mean field parameters and priors for the spectral function nuclear model in
the ND280 MC simulation.

which reweight the number of events, and shape parameters, which alter the kine-

matics of each event. These are shown in table 5.3.

e Pauli Blocking

In the ground state of a nucleus, the Pauli exclusion principle requires that the
nucleons occupy different quantum states. Thus, some have a higher energy state
than others; the highest nucleon energy is known as the Fermi energy. A neutrino
interacting with a nucleon must have enough energy to excite it beyond the Fermi
energy, as all the lower energy states are occupied. Neutrino interactions are there-
fore suppressed at lower energies. All neutrino-nuclear interactions with momentum
transfer below 209 MeV are weighted to zero in the default SF model; this is applied
for both oxygen and carbon in NEUT. However, as this is somewhat of a “crude
estimate” [90], additional parameters are used to shape the momentum distribu-
tion. In the MC, parameters are applied to oxygen and carbon nuclei for neutrino
and anti-neutrino interactions. Two additional parameters are used for resonant
(pion-producing) interactions with each nuclei. Table 5.4 shows the Pauli blocking

parameters and their priors.

¢ Binding Energy

The binding energy (E,) parameters describe the binding energy in oxygen and
carbon nuclei in CCQE interactions. They affect the v, momentum distribution
by directly altering the momentum, contrasting with most other parameters which
simply reweight the number of events in a given momentum bin. This means the

E, parameters can cause events to migrate between kinematic bins. The binding
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Parameter Interaction | Nuclei | Prior

SF_PBTwkDial NuclMom_C12 nuGraph Yy Carbon | 0 £1
SF_PBTwkDial_ NucIMom_O16_nuGraph vy Oxygen | 0t 1
SF_PBTwkDial NuclMom_C12_nubarGraph vy, Carbon | 0 £1
SEF_PBTwkDial NuclMom_O16_nubarGraph v, Oxygen | 0 £ 1
SF_PBTwkDial NuclMom_piProd_C12Graph m-prod. Carbon | 0+ 1
SF_PBTwkDial_ NuclMom_piProd_O16Graph m-prod. Oxygen | 0t 1

Table 5.4: Pauli blocking parameters and priors in the ND280 MC simulation.

Parameter Interaction | Nuclei | Prior
EB_bin_C_nu vy, Carbon | 246
EB_bin_O_nu vy, Oxygen | 4+ 6

EB_bin_C_nubar v, Carbon | 0+ 6
EB_bin_O_nubar v, Oxygen | 0+ 6

Table 5.5: Binding energy parameters and priors in the ND280 MC simulation.

energy parameters are shown in table 5.5.

5.2.2 Two-Particle Two-Hole (2p2h)

In a 2p2h interaction, the neutrino interacts with a bound pair of nucleons and ejects both
of them from the nucleus. A pseudo-Feynman diagram of this process is shown in figure
5.4. Despite 1plh being the dominant interaction at T2K energies, 2p2h interactions pro-
duce final states that are indistinguishable in the detector from 1plh but have different
lepton kinematics [91]. NEUT uses the Nieves et al. model [92], in which the 2p2h cross
section peaks in two regions of momentum and energy transfer: quasi-elastic-like (energy
transfer < 0.3 GeV) and Delta-like (energy transfer 2 0.3 GeV).

The 2p2h model has normalisation parameters for v and 7 interactions, as well as a scaling
correction for oxygen nuclei interactions as the nominal model is for carbon nuclei. All

have prior values of 1 4+ 1. Respectively, these are:

e 2p2h norm_nu
e 2p2h_norm_nubar

e 2p2h_norm_CtoO
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v, L
\\l/
R
W
l p
. M
Figure 5.4: Pseudo-Feynman diagram of a two-particle-two-hole (2p2h) neutrino
interaction.
Parameter Interaction Nuclei Prior

MECTwkDial PDDWeight C12_NPGraph | Neutron-Proton | Carbon | 043
MECTwkDial PDDWeight C12_NNGraph | Neutron-Neutron | Carbon | 0+ 3
MECTwkDial PDDWeight O16_NPGraph | Neutron-Proton | Oxygen | 0+3
MECTwkDial PDDWeight O16_NNGraph | Neutron-Neutron | Oxygen | 0+ 3
MECTwkDial PNNN_ShapeGraph NN/NP ratio - 0+0.33

Table 5.6: Shape parameters and priors for 2p2h interactions.

Additionally, there are shape parameters for neutron-neutron (NN) and neutron-proton
(NP) pairs for carbon and oxygen nuclei, as well as a parameter for the ratio of NN to
NP interactions. These are shown in table 5.6.

There are also four parameters for the 2p2h energy dependence at high and low energies,
for v and v. These are fixed at the near detector and are not affected by the near detector
fit.

5.2.3 Single-Pion Production (SPP)

SPP interactions are neutrino-nucleus interactions that produce a single final-state pion.
These are mostly produced by neutrinos exciting nucleons into a baryon resonance that
decays into a pion and a nucleon. Figure 5.5 shows some examples of this interaction.
NEUT uses an adjusted Rein-Sehgal (R-S) model to describe SPP interactions [93]. Whilst
A(1232) resonances are the most common resonance, there are a total of 18 baryonic res-
onances in the model. Coherent scattering off nuclei also contribute to the SPP cross
section, particularly at low momentum transfer; in NEUT, this is modelled with the
Berger-Sehgal model [94].
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Uy W

Wi

n n
Figure 5.5: Pseudo-Feynman diagram for a single pion production neutrino interaction.

This is one of many possible interactions between a neutrino and nucleon which produce
a single final-state pion.

Parameter Description Prior
CA5SRESGraph Axial form factor at Q* =0 1.06 = 0.1
MaRESGraph Axial mass 0.91 +0.1

BgSclRESGraph Non-resonant contributions to SPP 1.21£0.27
SPP_PiONorm_numu Normalisation for neutrino events 1+£0.3
SPP_Pi0ONorm_numubar Normalisation for antineutrino events 1+£0.3
RES_Eb_C_numuGraph | Binding energy in CCRES v,-carbon interactions 25+ 25
RES_Eb_O numuGraph | Binding energy in CCRES v,-oxygen interactions 25+25
RES_Eb_C_numubarGraph | Binding energy in CCRES 7,-carbon interactions 25+25
RES_Eb_O_numubarGraph | Binding energy in CCRES 7,-oxygen interactions 25425
MDLSPiEjGraph R-S A decay parameter 1 (Flat)

Table 5.7: Parameters and priors for single pion production interactions.

The parameters of the R-S model used in the simulations are shown in table 5.7. The
model uses three methods to calculate the kinematics of a resonance: the first method
isotropically ejects the pion and nucleon back-to-back in the resonant rest frame, with no
preferred direction of either particle; the second considers an intermediate A(1232) reso-
nance, which decays into the final state pion and nucleon [95]. The “MDLSPiEjGraph”
(MoDeL Single PIon ElJection) parameter is used for the fit to determine the ratio of
models used: 0 is purely isotropic; 1 is purely A(1232). There is also the low-momentum
antineutrino non-resonant contributions parameter

BgSclLMCPiBarRES. This is a flat parameter and is fixed (not altered) in the near detector
fit.
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Parameter Description Prior
MultiPi_Multiplicity _TotXSec Norm. for multim cross section 0+1
MultiPi_Multiplicity_ShapeGrap Shape for multim interactions 0+1
MultiPi_BY VectorGraph 0+1
MultiPi_BY _AxialGraph Normalisation for Bodek-Yang corrections | 0 £ 1
DIS_BY _corr_on_offGraph 0+1
Dli/[SuE?];icoBrﬁr(?;r?firll\Igg lr\?gh Shape for Bodek-Yang corrections 8 i 1

Table 5.8: Parameters and priors for deep inelastic scattering interactions in the ND280
MC simulation.

5.2.4 Deep Inelastic Scattering (DIS)

DIS interactions occur when a neutrino interacts with a nucleon with sufficient energy
to break quarks from the bound state. DIS only becomes dominant at high (> 8 GeV)
energies (see figure 2.3), but is still present above 1.3 GeV. They are described using the
GRV98 Parton Distribution Functions [96], which are extended using Bodek-Yang correc-
tions [97], and applied for interactions with hadronic invariant mass 1.3 < W < 2.0 GeV.
Beyond 2.0 GeV, PYTHIA 5.7 is used [98]. To avoid double-counting with non-resonant

SPP, only DIS interactions that produce more than one final-state pion are considered.

The parameters of the DIS model are shown in table 5.8

5.2.5 Final-State Interactions (FSI)

Final-state interactions are interactions between a hadron produced in the initial neutrino
interaction, and other hadrons in the nucleus. In NEUT, pion FSI is described with the
semi-classical intranuclear cascade model by Salcedo and Oset [99], whilst nucleon FSI
uses an analogous cascade model [100]. The parameters associated with FSI are described
in table 5.9.

5.2.6 FSI Strength and RPA Strength

The Final State Interaction (FSI) Strength and Random Phase Approximation (RPA)
Strength parameters are relatively new, having been introduced for the 2024 oscillation
analysis [95]. These are designed to improve the nuclear model at low Q2 (< 0.4 GeV).
The FSI strength parameters replace the former optical potential parameters, and RPA

strength replaces an ad hoc smearing applied based on fake data studies. The new pa-
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Parameter Description Prior

PionFSI_QELowMomProb m QE scattering probability at low momentum | 1.069 £ 0.313
PionFSI_QEHighMomProb m QE scattering probability at high momentum | 1.824 + 0.859
PionFSI_InelProb 7 inelastic scattering probability 1+£1.1
PionFSI_AbsProb 7 absorption probability 1.4 4+0.432
PionFSI_CExLowMomProb | 7 charge exchange probability at low momentum | 0.697 £ 0.697
PionFSI_CExHighMomProb | 7 charge exchange probability at high momentum | 0.228 £ 1.8

NucleonFSI_Total F'SI scattering probability 1+0.3
NucleonFSI_Single Single 7 production probability 1+0.3
Table 5.9: Parameters and priors for final-state interactions in the ND280 MC
simulation.

Parameter Nucleus | Neutrino | Energy (GeV) | Prior
HFPW _toHFTwkDial C_nu_0Graph | Carbon v 0.05<¢<010 | 1+1
HFPW _toHFTwkDial C_nu_1Graph | Carbon v 010<¢<020 | 1+1
HFPW _toHFTwkDial C_nu_2Graph | Carbon v 020<¢g<10 | 1+£1
HFPW _toHFTwkDial C_anu_0Graph | Carbon v 0.056<¢g<0.10 | 1+1
HFPW _toHFTwkDial C_anu_1Graph | Carbon v 010<¢<020 | 1+1
HFPW _toHFTwkDial C_anu 2Graph | Carbon 1% 020<g<10 | 1£1
HFPW _toHFTwkDial O_nu_0Graph | Oxygen v 0.06<¢g<010|1+1
HFPW _toHFTwkDial O_nu_1Graph | Oxygen v 0.10<¢<020 |11
HFPW _toHFTwkDial_ O_nu_2Graph | Oxygen v 020<g¢<10 | 1£1
HFPW _toHFTwkDial O_anu 0Graph | Oxygen v 0.05<¢<010 | 1+1
HFPW _toHFTwkDial O_anu_1Graph | Oxygen 1% 010<¢<020 | 1+1
HFPW _toHFTwkDial O_anu_2Graph | Oxygen 1% 020<¢g<10 | 1£1

Table 5.10: FSI Strength parameters used in the ND280 MC simulation.

rameters are physically motivated and provided additional degrees of freedom. These

parameters are applied as weights to the nominal SF model.

The FSI strength parameters are calculated as the ratios between the Hartree Fock Plane
Wave (HFPW) and Plane Wave (PW) models. They are applied for v and v interactions
across carbon and oxygen nuclei, and divided into three energy bins for a total of 12

parameters. These are described in table 5.10.

The RPA strength parameters are calculated as the ratio between the Hartree Fock Plane
Wave (HFPW) and Continuum Random Phase Approximation Plane Wave (CRPAPW)
models. Continuum RPA (CRPA) is used over the nominal RPA approach as it signif-

icantly reduces the computation complexity by turning many discrete interaction calcu-
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5.2. Neutrino Interaction Model

Parameter Nucleus | Neutrino | Energy (GeV) | Prior
HFPW _toCRPAPWTwkDial C_nu_0Graph | Carbon v 0.05<¢<0.10 | 1x+1
HFPW _toCRPAPWTwkDial C_nu_1Graph | Carbon v 010<¢<020 |11
HFPW _toCRPAPWTwkDial C_nu_2Graph | Carbon v 020<g<10 | 1£1
HFPW_toCRPAPWTwkDial C_anu 0Graph | Carbon v 0.06<¢g<0.10 | 1x1
HFPW _toCRPAPWTwkDial C_anu_1Graph | Carbon v 010<¢<020 | 1+1
HFPW _toCRPAPWTwkDial C_anu_2Graph | Carbon v 020<g<10 | 1£1
HFPW_toCRPAPWTwkDial O_nu 0Graph | Oxygen v 0.05<¢g<010|1x1
HFPW _toCRPAPWTwkDial O_nu_1Graph | Oxygen v 010<¢<020 | 1+£1
HFPW _toCRPAPWTwkDial O_nu_2Graph | Oxygen v 020<g<10 [ 1+1
HEFPW _toCRPAPWTwkDial O_anu_0Graph | Oxygen v 0.056<¢g<010 |11
HEFPW _toCRPAPWTwkDial O_anu_1Graph | Oxygen v 010<¢<020 | 1+1
HFPW_toCRPAPWTwkDial O_anu_2Graph | Oxygen v 020<g<10 | 1£1

Table 5.11: RPA Strength parameters used in the ND280 MC simulation

Parameter Description Prior
nue_numu cross section ratio for v. /v, 1+£0.028
nuebar_numubar cross section ratio for 7. /v, 14+0.028
CC_misc Normalisation for misc. CC interactions 1+1
NC_1gamma Norm. for 1y NC interactions 1+1
NC_other_near | Norm. for other NC interactions at ND280 1+0.3
NC_other_far Norm. for other NC interactions at Super-K | 1+0.3
CC_Coh_C CC coherent interactions with carbon 1+0.3
CC_Coh O CC coherent interactions with oxygen 1+0.3
CC_norm_nu Norm. applied to all CC v interactions 14+0.02
CC_norm_nubar Norm. applied to all CC v interactions 1+£0.01

Table 5.12: Miscellaneous parameters and their priors.

lations into a single continuum [95]. As with the FSI parameters, there are a total of 12

RPA parameters across nuclei, neutrino type and energy range. These are described in

table 5.11.

5.2.7 Miscellaneous

The remaining parameters do not fit into any particular categories. They mainly consist

of normalisation parameters that adjust parts of the overall interaction model. These

parameters are shown in table 5.12.
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5.3 Near Detector Model

Following the simulation of particle interactions within ND280, the particle propagation
and detector response is modelled using GEANT4 [101]. The systematics of the near
detector model are used to account for the differences between the simulated detector and
the real detector, which include detection capabilities as well as the physical properties of
the detector itself. Detector systematics are evaluated using dedicated control samples,
where comparisons between MC and data are used to assign uncertainties to parameters
[102].

The systematics can be grouped into three types: observable, efficiency-like and nor-
malisation. An overview of these categories and the systematics is presented below, but
a more in-depth description is available in [103] and [102]. All parameters are assumed to

be Gaussian-like.

5.3.1 Observable

Observable systematics affect the properties of reconstructed particles, such as direction
and momentum. These parameters are considered “variation-like”, as the error is prop-
agated by varying the value of the observable and determining the effect on the analysis

samples.

e B Field distortions: Uncertainties in modelling the detector’s magnetic field,
which affects TPC track reconstruction. These parameters use a uniform probabilty

density function, not Gaussian like the other parameters.

e TPC Momentum Scale and Resolution: Uncertainties in momentum recon-

struction for particles within the TPCs.
e TPC PID: Uncertainties in particle identification within the TPCs.
e FGD PID: Uncertainties in particle identification within the FGDs.

e Time-of-Flight: Timing of particles passing from one subdetector to another (see
section 6.2.2).

5.3.2 Efficiency-like

Efficiency-like systematics correspond to reconstruction and detection probability. These

are applied as event-by-event weights, which are applied to events within a certain sample,
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hence they are less computationally intentive than observable systematics [102].

e TPC Track Efficiency: Ability for the TPC to accurately reconstruct a particle’s
track.

e TPC Cluster Efficiency: Ability to reconstruct objects with 19 or more adjacent
TPC hits.

e TPC Charge ID Efficiency: Ability to determine particle charge, based on TPC

track curvature.

e TPC-FGD Matching Efficiency: Efficiency in matching tracks for particles
propagating between a TPC and FGD.

e FGD Hybrid Tracking Efficiency: Ability to reconstruct tracks in FGD in the
presence of a long FGD-TPC track.

e Michel Electron Efficiency: Detection efficiency of Michel electrons, electrons

created by the decay of a muon.

5.3.3 Normalisation

Normalisation systematics affect total event rate and total number of events of certain
samples. For most of the systematics, this is to account for differences in simulation
and data caused by interactions that are not fully modelled. These systematics are also

applied as event-by-event weights.

e OOFV Event Background: Correction for background from events occurring

outside of fiducial volume but within the detector volume.

e Sand Event Background: Correction for background from events occurring be-

tween proton beam target and detector.

e Pile-up: Correction for multiple neutrino events occurring within the same time

window, where the tracks may be misattributed to a single event.

¢ Pion secondary interactions: Interactions where a pion interacts outside of the

nucleus it was produced in.

e FGD Mass: From uncertainty in the mass of the FGDs.
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5.4 Conclusion

The MC model used at T2K is critical for the oscillation analysis, and it is only through
the choice of appropriate models and systematic parameters that the neutrino oscillation
parameters can be determined via fitting the model to data. The cross section models in
particular are continuously evaluated against the wider knowledge of particle interactions
from other experiments. The spectral function used in the current CCQE model was
implemented for the 2023 oscillation analysis [53], replacing the previous Fermi gas model
that presented a large uncertainty in previous analyses [91]. Chapters 9 and 10 present
an overview of other candidate models and an investigation into the ability of a new fitter
(GUNDAM, see chapter 8) to fit them effectively.
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Chapter 6

Data Samples and Selections

ND280 selections are used to distribute reconstructed neutrino interaction events into
topological categories (samples) based on the nature of the interaction and its final-
state particles. This chapter will mainly discuss the 47 solid-angle (referred to as “nu-
muCC4piMultiPiPhotonProton”) selection, which was initially developed by Yongheng
Xu [104] but was not fully implemented into the T2K oscillation analysis until after the
Production 7 upgrade to the ND280 reconstruction software (see chapter 7). This newer
selection introduces angular samples for high-angle and backwards-going events, whereas
previous selections (such as numuCCMultiPiPhotonProton) only included forwards-going
events. The development of a 47 solid-angle selection allows for better comparison of
ND280 data with Super-K, which already has full angle coverage of neutrino events. Each
of these samples begins with the construction of the CC-Inclusive sample, which identifies
good-quality charged-current events. The CC-Inclusive sample is a fairly typical sample

to begin with at T2K, and has been in use for many years.

ND280 selections under development are implemented in the HighLAND2 (High Level
Analysis at the Near Detector version 2) software package [105], which is responsible for
accessing variables and event data, and provides advanced plotting tools. HighLAND2 is
built on the Psyche (Propagation of SYstematics and CHaracterisation of Events) frame-
work, where the event selection cuts are applied. Fully-developed selections are migrated
to Psyche in a minimalist format for faster processing; selections under development are
defined in HighLAND2, which is the case for the numuCC4piMultiPiPhotonProton selec-
tion discussed in this chapter. Figure 6.1 gives an overview of how analysis is performed
with HighLAND2 and Psyche.
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Input File
Covert input format into HighLAND event model H
with InputConverter’s (I;
H
Event L
Modify th t (onl inal values) t t a
: odi e event (only nominal values) to account N
Apply corrections for well known residual data-MC differences. D
P Modify the event to account for detector/flux/
eve I"It IOO p Apply event variations physics uncertainties that affect the selection g
toy exp. v
Apply event selection cuts C
loop .
Com pute event weights Event weight corrections and systematics E
H
|
(c]
H
Output File  Can be input for oscillation, x-section, ... fitters k
) . . N
. Drawing Tools Use HighLAND drawing funt_:tlonallty in ROOT D
H |g h LAN D macro or ROOT command line
Final Plots

Figure 6.1: Overview of how analysis is performed using the HighLAND2 and Psyche
software packages, which forms the basis of high-level event analysis at ND280 [106].
HighLAND2 accesses event data and applies data-MC corrections, while Psyche applies
event selections and calculates event weights.

6.1 CC-Inclusive

The CC-inclusive sample is used to identify charged-current interactions that produce
a final state muon. The highest-momentum negatively-charged track from an event is
always assumed to be the muon. The event vertex is assumed to be at the beginning
of the muon track. Cuts are applied across certain criteria to remove poor quality and
mis-reconstructed events to produce a high-quality sample. This sample is not used in
analysis directly, but is used as a basis for other selections, such as the 47 selection dis-
cussed later in this chapter. The cuts used in creating this sample are described below,

in the order they are applied.

Event Quality Cut
The neutrino beam is generated by bunches of protons colliding with a graphite target,
each bunch having a time window of 15 ns. Neutrino events in ND280 must fall within

40 (£60 ns) of the mean bunch time of the bunches or they are cut.

Total Multiplicity Cut
Events must contain at least one reconstructed track crossing through TPC2 or TPC3.

This is to ensure that enough data can be collected for momentum measurement and
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particle identification.

Quality and Fiducial Volume Cut

The beginning of a particle track (the event vertex) must be within the fiducial volume
(FV) of FGD1 or FGD2. The FV depends on both the FGD in question and whether the
track is categorised as high-angle (HA) with respect to the z-axis (TPC hits < 18) or low-
angle (TPC hits > 18). For all cases, the x range is —874.51 mm to 874.51 mm and the y
range is —819.51 mm to 929.51 mm. For FGD1, the z range in the low-angle case is 125.75
mm to 447.38 mm and in the high-angle case is 125.75 mm to 437.26 mm. For FGD2, the
z range in the low-angle case is 1483.75 mm to 1807.38 mm and in the high-angle case is
1483.75 mm to 1797.26 mm. The 2 range is reduced in the high-angle case to remove the
last FGD layer along the beamline, as these tracks have little to no TPC information [107].

Upstream Background Veto

Reconstruction errors can occur where a muon track is reconstructed as originating in the
FGD FV, but actually begins further upstream. If the second-highest momentum track of
an event starts more than 150 mm upstream of the muon candidate, the event is vetoed.
For FGD2, the event is also vetoed if a secondary track starts within the FGD1 FV.

Broken Track Cut

Another mis-reconstruction can occur when a muon track originating in a FGD FV is split
into two components: one fully contained in the FGD (called an isoFGD track), and a
second that begins in the final layer of the FGD and passes into a TPC. The latter can be
mis-reconstructed as the main muon candidate track. To remove these, muon candidate

tracks beginning in the last two layers of an FGD where an isoFGD track is present are cut.

Muon PID Cut

Particle Identification (PID) is the process of identifying the types of particles associated
with each track of an event. This is used to select charged-current v, events by identifying
the final state ;~. For low-angle tracks, TPC PID can be applied by measuring the ionisa-
tion energy deposited by a particle traversing a TPC. The energy deposited as a function
of distance (dF/dx, the rate of change of energy E across distance x) depends on the
particle type, so the measurement can be compared against potential particle hypotheses:
muon, electron, pion, and proton. Pull values are calculated from these comparisons,
which are then used to construct likelihood variables. For a given hypothesised particle

i, the pull is defined as:
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. dE/dl'measured - dE/dxexpected,i

OdE/dx

P,

(6.1)

where P; is the pull value, dF/dxeqsurea is the energy loss rate measured in the TPC for
the track, dE/dxcypectea; 1S the expected energy loss rate for the hypothesised particle,
and 044, is the uncertainty in the difference between the measured and expected dE/dx
value. The pull value is used to define the likelihood L;:

where the summation in the denominator occurs across all particle types considered in the
hypothesis: muons, protons, electrons and pions. Additionally, a likelihood for identifying
minimum ionising particles (MIPs) is also applied:
L,+L
L =t 6.3
MIP 1-L, (6.3)
MIPs are particles with dF/dx values close to the minimum required for ionisation in a

medium. To select u~ events for the v, CC selections, the likelihood cuts are applied as:

L, > 0.05

(6.4)
/:M]p > 0.8 if Py < 500 MGV/C

6.2 The 47 Solid Angle Selection

After the initial set of quality cuts are complete, the remaining events are distributed into
samples based on the topology of the event interactions and the direction of the muon

track in the detector.

The numuCC4piMultiPiPhotonProton (4) selection is an evolution of the earlier numuC-
CMultiPiPhotonProton selection, adding additional samples for high-angle and backwards-
going events; previously, only forward-going events were considered. “4n” refers to the 47
radian solid angle the selection will select events from, unlike the numuCCMultiPiPhoton-
Proton sample where “MultiPi” refers to multiple pions. The far detector, Super-K, was
already capable of selecting events across the full 47 solid angle, thus introducing a similar

capability to ND280 will allow for better comparison of data from the two detectors.
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The 47 selection has 10 samples:

CC-Photon: Event contains one or more reconstructed photons or neutral pions.

CCl17: Event contains zero reconstructed photons and a single positively charged

pion. The muon produces 19 or more TPC hits and travels in a forward direction.

CC17mHA: Event contains zero reconstructed photons and a single positively charged

pion. The muon produces 18 or fewer TPC hits and travels in a forward direction.

CC-Other Event contains zero reconstructed photons or neutral pions, more than

one positive pion, or more than zero negative pions.

CCOn0v0pFwd: Event contains zero reconstructed photons or pions, and zero
reconstructed protons. The muon produces 19 or more TPC hits, and travels in a

forward direction.

CCOn0yNpFwd: Event contains zero reconstructed photons or pions, and one or
more reconstructed protons. The muon produces 19 or more TPC hits, and travels

in a forward direction.

CCOn0v0pHA: Event contains zero reconstructed photons or pions, and zero re-
constructed protons. The muon produces 18 or fewer TPC hits, but may travel in

a forward or backward direction.

CCOm0yNpHA: Event contains zero reconstructed photons or pions, and one or
more reconstructed protons. The muon produces 18 or fewer TPC hits, but may

travel in a forward or backward direction.

CCOr0y0pBwd: Event contains zero reconstructed photons or pions, and zero
reconstructed protons. The muon produces 19 or more TPC hits, and travels in a

backward direction.

CCOr0yNpBwd: Event contains zero reconstructed photons or pions, and one or
more reconstructed protons. The muon produces 19 or more TPC hits, and travels

in a backward direction.

Of these samples, the previous numuCCMultiPiPhotonProton selection had only CC-
Photon, CClw, CC-Other, CCOm0y0pFwd and CCOm0yNpFwd; the total number of sam-
ples has doubled. Figure 6.2 displays the process of the selection, highlighting the final

samples used in the selection output as well as the intermediate samples which were

further broken down.
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TPC Hits > 18
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Figure 6.2: The selection process for the numuCC4piMultiPiPhotonProton selection.
Green boxes show the samples used in the analysis, while blue boxes show intermediate
samples that are further broken down. The cuts in the initial CC-inclusive selection are

used to remove poor quality events. In the analysis, the CCOr0y0pHAFwd and
CCOm0y0pHABwd samples are merged into a single CCOr0y0pHA sample. This merge
is also performed on the CCOr0yNpHA samples.
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6.2.1 Particle Identification

The 47 selection separates events based on the particle content of the final state. Cuts
are made on photon, pion, and proton content, each requiring a different approach and
making use of different subdetectors. The Production 7 software upgrade has changed
several aspects of the particle reconstruction and identification methods since the 4w
selection was first developed. Additionally, certain parameters have been changed during
the validation of this selection for the new software, discussed in detail in chapter 7. This

section will discuss particle identification as it is performed Production 7.

Photons

O — ~v. They can

Photons in ND280 mostly come from neutral pion decays, via w
be identified in the TPCs by ete™ pair production v — ete™, or the ejection of an
electron via Compton scattering. Photons are also detected in the ECal as follows: photon
candidates are first identified by finding isolated ECal objects, i.e. reconstructed tracks or
showers that are completely contained in the ECal and have no component from another

subdetector. The following criteria is then applied for photon identification:

PIDMipEM > —7
MostUpStreamLayerHit < 7 (6.5)

NHits > 4

PIDMipEM is a likelihood-based parameter constructed to determine whether an ECal
object is MIP-like (e.g. muons) or electromagnetic-like (photons, e~, ) [108]. MostUp-
StreamLayerHit ensures that only tracks which begin sufficiently close to the innermost
ECal layer are accepted. This cut is applied to prevent event pile-up, which occurs when
an interaction occurring outside the detector’s FV produces hits at the same time as an
FV interaction, thus making it appear that the FV event produced more hits than in
reality. The NHits cut ensures that the reconstructed ECal object has a sufficient number

of particle hits for it to be considered good quality.

These parameters values were determined during the validation of the 47 selection, which
was required for its implementation into the Production 7 software upgrade. The upgrade
introduces multiple changes to the simulation and reconstruction in ND280, especially for
ECal reconstruction. The Production 7 changes, selection validation, and determination

of these PID parameters are discussed in detail in chapter 7.
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Pions

For the TPCs, the method for pion tagging is different for charged and neutral pions.
Charged pions can be identified via the ionisation energy loss rate, using the likelihood
calculation shown in equation 6.2. The likelihood used for identification is £, > 0.3 in
the TPCs. For FGDs, the pull value (equation 6.1) must satisfy —2 < P, < 2.5. Neutral
pions do not deposit any ionisation energy, but can be identified by their decay products.
The main decay for 7° is 70 — vy (98.82% [10]), and the photons can be identified from

the pair production process v — ete™.

Protons

Positively-charged tracks not tagged as muons or pions are considered proton candidates.
For IsoFGD tracks the pull value (equation 6.1) must satisfy P, > —4, and for TPC tracks
the likelihood (equation 6.2) must satisfy £, > 0.5.

6.2.2 Time-of-Flight Discrimination

Discrimination between forwards- and backwards-going events is performed using time-of-
flight (ToF') information. A single particle track typically passes through multiple ND280
subdetectors, leaving multiple hits with corresponding timestamps. The timestamps from
each subdetector are combined to create a “time mark”, which is used to determine the
travel time between the subdetectors [104]. For each subdetector, a straight line is fitted
to all the hits associated with a single track. The coordinates values for z, y and z of

each hit are evaluated using the parametric function

T=x0+1t Xk,
y=yo+1txk, (6.6)
2=z +txk,

where g, Yo, and zy are the coordinates at which the fitted line first intercepts with the
detector; t is the timestamp of the hit; and k., k, and k, are the component gradients
of the line. The equation is applied at the coordinates of the first hit in line to obtain
the hit’s timestamp, 77, and again at the final hit to obtain the timestamp 7. The time

mark 7%, for the subdetector is defined as:

T + T3

Tsub = 9

(6.7)
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Topology name Start End | Non-FGD Hits | TPC Hits
Fgd1Fwd_ToF _DsECal track FGD1 | DsECal > 1 > 18
Fgd1Fwd_ToF _DsECal shower | FGD1 | DsECal 1 > 18
Fgd1Bwd_ToF _P0D _track POD FGD1 > 1 > 18
Fgd1Bwd_ToF_P0D shower POD FGD1 1 > 18
Fgd1Bwd_ToF_ECal_track BrECal | FGD1 > 1 > 18
Fgd1Bwd_ToF_ECal _shower BrECal | FGD1 > 1 > 18
Fgd1HAFwd_ToF _ECal_track FGD1 | BrECal >1 <18
FgdlHAFwd_ToF _ECal shower | FGD1 | BrECal 1 <18
Fgd1HABwd_ToF_ECal_track | BrECal | FGD1 > 1 <18
Fgd1HABwd_ToF_ECal _shower | BrECal | FGD1 1 <18
Fgd2Fwd_ToF _ECal_track FGD2 | BrECal > 1 > 18
Fgd2Fwd_ToF_ECal_shower FGD2 | BrECal 1 > 18
Fgd2Fwd_ToF _DSECal_track FGD2 | DsECal > 1 > 18
Fgd2Fwd_ToF_DSECal shower | FGD2 | DsECal 1 > 18
Fgd2Bwd_ToF_ECal_track BrECal | FGD2 > 1 > 18
Fgd2Bwd_ToF_ECal _shower BrECal | FGD2 1 > 18
Fgd2HAFwd_ToF _ECal_track FGD2 | BrECal > 1 <18
Fgd2HAFwd_ToF_ECal shower | FGD2 | BrECal 1 <18
Fgd2HABwd_ToF _ECal_track | BrECal | FGD2 > 1 <18
Fgd2HABwd_ToF_ECal _shower | BrECal | FGD2 1 <18
Fgd1Fwd_ToF _FGD2 FGD1 | FGD2 N/A > 18
Fgd2Bwd_ToF _FGD1 FGD2 | FGD1 N/A > 18

Table 6.1: List of all time-of-flight topologies used in the ND280 analysis. The “start”
and “end” columns describe which subdetector a track began and ended in. Non-FGD
Hits refers to the number of hits associated with a track that occurred outside of an
FGD. The number of TPC hits corresponds to whether the topology is considered to be
high-angle or not.

The ToF between two subdetectors is the difference in the time mark between them for
the track. For instance, between TPC1 and FGD1, the ToF would be

ToFrpci—rap1 = Trpc1 — Trap1 (6.8)

From the ToF difference, the direction of the track can be determined by the position of
the subdetectors within ND280 and the sign of the time difference. There are a total of
24 track topologies, shown in table 6.1.

The distribution of the ToF for each event in a topology is considered to be double-
Gaussian like; the error the ToF measurement is assumed to follow a Gaussian distribu-

tion, while the double peaks are the combination of right- and wrong-direction tracks in a
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sample due to imperfections in the reconstruction and selection process. This is discussed

further in section 7.2.

6.3 Conclusion

Selections are used at T2K to identify and remove poor-quality reconstructed events and
to categorise events into samples based on interaction topology. This chapter discussed
the newly-developed numuCC4piMultiPiPhotonProton selection, which introduces new
samples for backwards-going and high-angle events into ND280. This allows for a much
more straightforward comparison with neutrino data from Super-K, which already has

full 47 solid-angle acceptance.

For this selection to be fully implemented into the main T2K oscillation analysis, it was
necessary to validate it for the Production 7 software upgrade, which significantly affects
the ND280 reconstruction algorithm. The validation and results are discussed in chapter

7, which constitutes the bulk of the work on the selection by the author.
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P77 Validation

Production 7 (P7) was a significant upgrade for the ND280 reconstruction and simulation
software implemented in November 2023, approximately 9 years after the prior Produc-
tion 6 (P6). P7 includes updates to external software packages (e.g. GEANT4, ROOT),
a new TPC reconstruction algorithm (TREx [109]) and significant changes to ECal hit

detection and clustering algorithms [110].

The numuCC4piMultiPiPhotonProton (47) selection described in chapter 6 required val-
idation before it could be used in analyses in P7, as it had been developed in P6. Particu-
larly, the changes to the ECal reconstruction required changes to be made to the selection
particle identification methods that relied on ECal PID variables.

The selection validation is discussed in section 7.1. This chapter also discusses the vali-
dation of timeslip corrections that are applied to data from Run 8 (section 7.2), and of

systematic parameters for the TPC-ECal track matching (section 7.3).

7.1 Selection Validation

This section describes the validation of the numuCC4piMultiPiPhotonProton ( also called
“47t") selection, which is currently the main selection used in the T2K oscillation analy-
sis. The validation work was carried out initially with the numuCCMultiPiPhotonProton
selection, but moved to the 47 selection as the latter concluded development. As the 47
selection is an evolution of numuCCMultiPiPhotonProton, and has identical CC-inclusive
cuts and particle identification selections, the work could be directly carried over with min-

imal changes. As the numuCCMultiPiPhotonProton selection has since been depreciated,
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this section will discuss the validation exclusively in terms of the 47 selection.

The process of validation is to ensure the selections can maintain effectiveness with the
new reconstruction algorithms. This is done by analysing the efficiency and purity of the

samples of the selections. Efficiency and purity are defined as:

No. of true events correctly sorted into a given sample

Efficiency = (7.1)

Total No. of true events that should be in the sample

No. of correctly identified events in selected sample

Purity = (7.2)

Total No. of events in selected sample

The 47 selection merges its 10 samples into five larger samples for efficiency and purity

calculations:

e CCOpiOp: Charged-current events with zero pions, zero protons, zero photons.

CCOpiNp: Charged-current events with zero pions, one or more protons, zero pho-

tons.

CClpi: Charged-current events with one pion, zero protons, zero photons.

CCOther: Charged-current events with multiple pions, zero photons.

CCPhoton: Charged-current events with one or more photons.

This allows for direct comparison with P6 results even with the 47 selection as the new
angular samples are not applied. High sample purity is somewhat more desirable for the
oscillation analysis than high efficiency as the proportion of correct events in a sample
is more analytically useful than a greater number of events overall. Naturally, however,

high values for both is ideal.

These validations focus on the selection of photons using ECal variables, as the ECal
reconstruction was one of the major changes between P6 and P7. The correct selection

of photons is important because it improves the purity of the other samples.

7.1.1 Inputs

Table 7.1 shows the lists of all runs used in the analyses presented in this thesis, along

with the POT values for MC and data.
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Horn Current Run MC POT | Data POT
(x10%9) (x10%°)

2 Air 16.80 0.36
2 Water 12.04 0.43
FHC (v, -mode) | 3 Air | 30.78 1.59
4 Air 36.12 1.79
4 Water 33.30 2.44
5 Water 22.11 0.43
RHC (7, -mode) | 6 Air 33.03 3.41
7 Water 33.30 2.44
8 Air 44.53 4.15
FHC (v, -mode) \og o o7 17 1.58
RHC (7, -mode) | 9 Water | 45.52 2.06
Total - 301.40 20.68

Table 7.1: List of T2K data-taking runs with number of protons on target (POT) for
MC and data. The run numbering also lists the status of The POD’s water bags during
the run, containing water or air. Runs 1 and 10 also exist, but data was only taken from

the far detector [53].

This validation of the 47 selection only made use of run 4 air. This is due to limited
production of MC and data files for P7 during development; however, this run is still
considered representative of all of the neutrino-mode runs. A separate validation was

performed for the anti-neutrino selection [111].

7.1.2 ECal PID variables

PIDMipEM is a discriminator variable used for particle identification in the ECal. It deter-
mines if a reconstructed ECal object is more likely to be caused by a MIP (e.g. muons),
or more 7/e*-like (EM-like). The variable is constructed from low-level PID ECal event
variables: the circularity, cluster hit charge deviation, layer charge truncated max ratio
and dF/dx front-back ratio. These are described in detail in [112].

To select EM-like objects, a cut is applied to remove all objects identified as MIPs. Nom-
inally, this cut would be PIDMipEM > 0, but due to the imperfect nature of reconstruction
and identification, a cut made at a slightly different value may produce better selection
results. The distribution of this value for each event is shown in figure 7.1 across P6 and
P7. Events that are more MIP-like have lower values of PIDMipEM , while events that are
more EM-like have higher values of PIDMipEM .

It was initially assumed the cut could remain at the nominal value of PIDMipEM > 0, which
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Figure 7.1: Distribution of the PIDMipEM variable across events in Production 6 (black
points) and Production 7 (filled histogram) MC reconstruction, for the CC-Inclusive
sample. Generally speaking, events with PIDMipEM < 0 correspond to minimally-ionising
particles (e.g. muons) and PIDMipEM > 0 correspont to electromagnetic-like (e.g.
photons, electrons). Changes to the ECal reconstruction in Production 7 motivated
further examination of this variable to identify if a new cut is required, as can be seen in
the change of the shape of the distribution. The cut was changed from 0 to —7 following
investigation into the effect on the efficiency and purity of samples.

78



Chapter 7 — P7 Validation 7.1. Selection Validation

would remove all events with a PIDMipEM value less than zero. However, concurrent to this
work, the RHC Photon selection was in development which relies on similar PID cuts, and
it was determined that keeping only events with PIDMipEM > —7 provided a significant
improvement in the RHC photon selection. The development of the RHC selection and
related cut values is described in detail in [111]. In order to maintain consistency across
both selections, an identical cut was implemented in this selection. The changes to the
efficiency and purity as a result of this are shown in table 7.2. The overall changes were
considered acceptable for validation of the 47 selection. This is because the efficiency
and purity of the main samples, CCOpiOp and CCOpiNp, were not significantly changed
relative to the previous cut of PIDMipEM > 0.

PIDMipEM > 0

Sample | Efficiency (%) | Purity (%) | EffxPur (Normalised)
CCOpiOp 32.84 £0.12 | 82.83 £0.15 27.20
CCOpiNp 14.00 £0.01 | 73.76 £0.26 10.33
CClpi 25.31£0.20 | 64.83£0.36 16.41
CCOther 1726 £0.36 | 54.84 £ 0.84 9.47
CCPhoton | 47.36 +0.27 | 52.61 £0.28 24.92

PIDMipEM > —7

Sample | Efficiency (%) | Purity (%) | EffxPur (Normalised)
CCOpilp 32.38 £0.12 | 83.76 £0.15 27.12
CCOpiNp | 13.88+0.09 | 74.91 + 0.26 10.40
CClpi 2449+ 0.20 | 66.27 £0.36 16.23
CCOther 15.83+£0.35 | 57.21 £0.89 9.06
CCPhoton | 50.34 £0.27 | 50.37 £0.27 25.36

Table 7.2: Comparison of efficiency and purity across samples for PIDMipEM cut at 0 and
—7 in P7, as part of the validation for the 47 selection. The cut value of 0 was initially
considered; however, validation of the RHC photon selection suggested that a cut at —7
provided a better photon sample and therefore improved the purity for the other
samples [111]. The results suggest the change in efficiency and purity is acceptable and
the new cut was implemented for both selections.

7.1.3 MostUpstreamLayerHit

The MostUpStreamLayerHit variable is used to identify the innermost ECal layer with
hits in a reconstructed ECal object. A photon from the inner subdetectors of ND280 is

more likely to shower in the innermost layers of the ECal. Conversely, a particle whose
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Cut value | Sample Efficiency Purity EffxPur

CCOpi 46.92+0.13 | 79.66 £0.13 | 37.38

5 CClpi 25.394+0.20 | 64.49+0.36 | 16.37
CCOther | 17.504+0.36 | 54.51 +0.83 9.54
CCPhoton | 46.48 +0.27 | 52.65 £ 0.28 | 24.46

CCOpi 46.84 +£0.13 | 79.89 £0.13 | 37.42

6 CClpi 25.31£0.20 | 64.83+0.36 | 16.41
CCOther | 17.26 £0.36 | 54.84 +0.84 9.47
CCPhoton | 46.36 + 0.27 | 52.61 £ 0.28 24.92

CCOpi 46.77+0.13 | 80.05£0.13 | 37.44

- CClpi 25.24 4+ 0.20 | 65.10 4+ 0.36 16.43
CCOther | 17.154+0.36 | 55.44 4+ 0.84 9.51
CCPhoton | 48.01 £0.27 | 52.49+£0.28 | 25.20

CCOpi 46.71+0.13 | 80.19£0.13 | 37.45

g CClpi 25.17+£0.20 | 65.31 +£0.36 | 16.44
CCOther | 17.0240.36 | 55.99 £ 0.85 9.53
CCPhoton | 48.52 + 0.27 | 52.33 £ 0.28 25.39

Table 7.3: Efficiency and purity values for charged-current samples, dependent on value
of the MostUpStreamLayerHit cut. ECal reconstructed objects that have no hits in the
number of ECal layers below the cut value are excluded to reduce pile-up.

reconstructed object only has hits in the outer layers of the ECal is more likely to have
come from outside of the detector. These events can cause “pile-up”, which occurs when
a background event produces photon-like activity in the ECal within the same time win-
dow as a “legitimate” neutrino event from inside the detector, thus producing a false ECal

photon tagging rate.

Applying a cut on this variable to remove events originating from the outer layers of the
detector reduces the number of pile-up events and improves the overall photon tagging
efficiency. In P6, the cut was placed at MostUpStreamLayerHit < 6, meaning recon-

structed objects with no hits within the innermost 5 layers of the ECal were removed.

For P7, a range of MostUpStreamLayerHit values were tested against the efficiency and
purity of selections, shown in table 7.3. The cut value for MostUpStreamLayerHit was
found to have only a minor effect on the efficiency and purity of the samples. Thus, a new

cut value of MostUpStreamLayerHit < 7 was agreed upon for P7, following comparisons
with the RHC selection [111] [102].
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7.1.4 ECal Cluster NHits

Changes to the ECal reconstruction algorithm in P7 allow for reconstructed clusters to
have fewer detector hits compared to P6 [110]. To ensure that ECal clusters used in
the selection would still have a sufficient number of detector hits for a good quality
reconstruction, a cut of ECalNHitsCut > 4 was introduced to remove clusters composed
of four or fewer hits [102].

7.1.5 Validation Results

Following the changes to the selection variables discussed in sections 7.1.2, 7.1.3, and
7.1.4, the final results for the sample efficiency and purity for Production 7 versus Pro-
duction 6 could be produced. Figures 7.2 and 7.3 show the efficiency and purity of the
four main samples as a function of true muon momentum, showing the values for both P6
and P7. It can be seen that the efficiency and purity distribution in P6 has been almost
completely recovered in P7 for all of the four samples. Optimisation of the selections to
take full advantage of the new reconstruction algorithms is beyond the scope of the work
presented here, and will require a more in-depth treatment e.g. redefinition of high-level

variables.

The final validation values for efficiency and purity in Production 7 compared to Pro-
duction 6 are shown in table 7.4. Note that the CCOpi0p and CCOpiNp samples have

been merged into a single CCOpi sample, as the samples were not separate in P6.

The most significant samples for this validation were CCOpi and CCl1pi, as these heavily
factor into the oscillation analysis. The P7 efficiency of these two samples has dropped by
~ 1% compared to P6; however, the purity has risen by a similar amount. As high purity is
more preferable than high efficiency (although maximising both is of course strictly best),
this is a very good result. The efficiency and purity values were sufficiently high for the

selection to be validated, and no further adjustments to the selection variables were made.

The CCOther and CCPhoton samples are less important for the oscillation analysis, but
is was still desirable to maintain the efficiency and purity values as they could pull events
into an incorrect sample. The purity of these samples has increased, by ~ 5% for CCOther

and ~ 2% for CCPhoton. The efficiency of CCOther has dropped by ~ 2% and the ef-
ficiency of CCPhoton has increased by ~ 3%, which is sufficiently within the desired range.

81



Chapter 7 — P7 Validation 7.1. Selection Validation

The overall increase in purity across all samples in P7 compared to P6 means that the
new selection is producing better quality samples than before, which is better for the

oscillation analysis.
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Figure 7.2: Efficiency and purity for CCOpi (top) and CClpi (bottom) samples as a
function of true muon momentum. The black and green points show the sample
efficiency in P7 and P6, respectively, and the red and blue points show the sample
purity in P7 and P6, respectively. “P6W” refers to the version of P6 this was performed
with. The aim of the validation was to recover the P6 values of efficiency and purity for
P7, which, as these plots show, was successful. Peak neutrino energy is 600 MeV, hence
the finer binning in the region. CCOpi is the most significant sample in the analysis,
hence the selection is optimised more specifically towards this sample to maximise its
efficiency and purity, particularly in the peak region.
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Figure 7.3: Efficiency and purity for CCOther and CCPhoton samples as a function of
true muon momentum. The black and green points show the sample efficiency in P7 and
P6, respectively, and the red and blue points show the sample purity in P7 and P6,
respectively. “P6W” refers to the version of P6 this was performed with. The aim of the
validation was to recover the P6 values of efficiency and purity for P7, which, as these
plots show, was successful. Peak neutrino energy is 600 MeV, hence the finer binning in
the region. Low efficiency for CCOther is not unexpected, as it is not considered critical
to the main analysis and exists mostly to “soak up” irrelevant events away from the
more important samples (e.g. CCOpi).
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Efficiency (%) Purity (%)
Sample PG P7 PG P7
CCOpi 47.494+0.13 | 46.84 +0.13 | 78.99 £0.13 | 79.89 £0.13
CClpi 26.46 £0.21 | 25.31 £ 0.20 | 63.02 £0.35 | 64.83 = 0.36
CCOther | 19.68 =0.38 | 17.26 0.36 | 49.41 +0.75 | 54.84 +0.84
CCPhoton | 44.12 £ 0.27 | 47.36 £ 0.27 | 50.87 +0.29 | 52.61 +0.28

Table 7.4: Efficiency and purity values across charged-current samples for the nominal
Production 6 selections and post-modification Production 7 selections. Efficiency is the
number of true events in the sample against the total number of true events, and purity
is the number of true events in the sample against the total number of events in the
sample. These efficiency and purity values were deemed sufficient to validate the 4w
selection and implement it fully into Production 7.

7.2 Run 8 Timeslip Corrections

Run 8 data from ND280 has a significant discrepancy between MC and data for time-of-
flight (ToF) information [113], as demonstrated in figure 7.4. This was caused by a hard-
ware issue during data-taking, and resulted in random time shifts of £10 ns being applied
to some events. The issue was attributed to a unstable connection between the Read-
out Merger Modules (RMMs) and the Secondary Clock Modules (SCMs) [114]. RMMs
combine incoming data from the Trip-T front-end boards (TFBs), which themselves are
connected to the readout MPPCs in the detectors. The Secondary Clock Modules (SCM)
passes triggers from the Main Clock Module (MCM) to the RMMs to capture the event.
The RMMs and SCMs are connected via Xilinx RocketIO transceivers with a phase-lock
loop frequency of 100 MHz, 4 times slower than the TFB clocks. This phase-lock can
cause shifts of up to 10 ns when a connection between an RMM and SCM is established

if there are connection issues with the optical fibres.

Minor timeslips appear all data runs and are typically corrected by a Gaussian smearing
correction, where a Gaussian fit is applied to MC and data and the MC is smeared until
it resembles the data distribution [114]. Note that the ToF measurements presented in
this chapter do not have the track flipping correction applied [115], hence the presence of

wrong-direction tracks in ToF topologies.

The run 8 data timeslips were considered significant enough to require a new treatment.

A correction algorithm was developed to apply similar “timeslips” to the run 8 MC to
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reduce the discrepancy between MC and data, and improve the accuracy of the MC sim-
ulation [104]. This algorithm was developed in P6 and, given the importance of timing
data in the 47 selection, needed to be validated for P7. To achieve this, it was first made
sure the correction algorithm was still capable of resolving the run 8 timeslip issues. After
a successful test, a new set of correction parameters was produced.

Each ToF topology has some fraction f; of events shifted by +10 ns, and some fraction f,
shifted by —10 ns. A ToF topology of N events can be divided into three groups: events
that have no timeslip, Ey = N(1— f; — f»); events with a +10 ns timeslip, £; = N fi; and
events with a —10 ns timeslip, s = N f;. The correction algorithm generates a random
number f in the range (0, 1) for each event in a topology. If 0 < f < fi, +10 ns is applied
to the event’s ToF value; if f; < f < f1+ f2, —10 ns is applied; and for (fi + f2) < f < 1,

the ToF value is unchanged.

The calculation of f; and fy is performed by a 5-dimensional fractional fit; this is a
complex process, and will only be summarised here. It is explained in detail in [113].
First, the standard Gaussian smearing correction is applied to the nominal MC distri-
bution. This generates a smeared Gaussian fit for the two MC peaks with mean values
of p4+ and standard deviations o, where — denotes the backwards-going peak and +
denotes the forward-going peak. Is is assumed both peaks follow a similar distribution,

so 0_ = o, = o is applied to reduce the number of degrees of freedom.

The algorithm then loops over all possible values of f; and f; and applies them to the
MC distribution to find the values that minimise the Pearson x? test statistic between
the data and MC distributions. This is calculated as

X = Z (m”_l—dy (7.3)

i=1
where m; and d; are the number of MC and data events in the ith bin, respectively; and
N is the number of bins, which is uniformly N = 119 across all ToF topologies. The
TFractionFitter package in ROOT [116] is used as it is optimised to perform fractional
fits i.e. fits where some fraction(s) of the distribution is being adjusted, in this case f;
and fs.

Applying the correction algorithm to run 8 in P7 shows that it is still able to successfully
fit MC to the run 8 data. Figures 7.5 - 7.8 show comparisons between the run 8 data,
nominal MC and fitted MC for each of the 24 ToF topologies. Table 7.5 presents the
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Figure 7.4: Comparison of the forwards-going Barrel ECal to FGD1 track and shower
ToF topologies for run 3 (top) and run 8 (bottom), in P6 without any corrections
applied. MC with topology breakdown is shown as the filled-in portion, while run data
is the black dots. The significant spread in the timing data in run 8 is clear, while run 3
shows a more typical MC-data distribution. Resolving this major discrepancy in run 8 is
necessary to make the data useable in the T2K analysis. The double-Gaussian shape
shows one peak for backwards-going events and one for forwards-going events.

“Track-like” refers tot objects with more than one node in a non-FGD detector, while a
“shower-like” object has exactly one node [113]. Plots adapted from [114].
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final values for the timeslip correction parameters, which have been implemented into
Production 7.

The new timeslip parameter values are comparable with the previous P6 analysis [104],
and any differences are considered to be the result of reconstruction changes between P6
and P7. The timeslip plots show that the fitting is being performed extremely well across
all topologies. This is true even for backwards-going and high-angle topologies, which

have significantly fewer events compared to forwards-going topologies.

The successful validation of this correction allows run 8 data to be used in oscillation
analyses with the P7 software. Additionally, the efficacy of the timeslip correction al-
gorithm in run 8 has led it to being applied to all data runs in future analyses, as it is
capable of correcting the less prevalent, but still present timeslip errors in the detector
data. The implementation of the timeslip correction into the overall analysis will both
improve statistics (by inclusion of run 8) and reduce data-MC disagreement (by reduc-
ing timeslip differences), and thus improve the constraints on the measurement of the

neutrino oscillation parameters at T2K.
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Figure 7.5: Timeslip corrections applied to time-of-flight topologies for run 8. The left
plots show track-like topologies and the right plots show shower-like topologies, for
FGD1 to barrel ECal forwards (top), FGD1 to downstream ECal forwards (middle) and
FGD1 to POD ECal backwards (bottom). The red line shows the nominal MC while the
black line shows the detector data. The blue line shows the MC after the timeslip
correction algorithm has been applied. The top-left legend gives the MC-data y? values

for before and after the fit.
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Figure 7.6: Timeslip corrections applied to time-of-flight topologies for run 8. The left
plots show track-like topologies and the right plots show shower-like topologies, for
FGD1 to barrel ECal backwards (top), FGD1 to barrel ECal high-angle forwards
(middle) and FGD1 to barrel ECal high-angle backwards (bottom). The red line shows
the nominal MC while the black line shows the detector data. The blue line shows the
MC after the timeslip correction algorithm has been applied. The top-left legend gives
the MC-data 2 values for before and after the fit.
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Figure 7.7: Timeslip corrections applied to time-of-flight topologies for run 8. The left
plots show track-like topologies and the right plots show shower-like topologies, for
FGD2 to barrel ECal forwards (top), FGD1 to downstream ECal high-angle forwards
(middle) and FGD2 to barrel ECal backwards (bottom). The red line shows the nominal
MC while the black line shows the detector data. The blue line shows the MC after the
timeslip correction algorithm has been applied. The top-left legend gives the MC-data
x? values for before and after the fit.
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Figure 7.8: Timeslip corrections applied to time-of-flight topologies for run 8. The left
plots show track-like topologies and the right plots show shower-like topologies, for
FGD2 to barrel ECal high-angle forwards (top) and FGD2 to barrel ECal high-angle
backwards (middle). The bottom two plots show the forwards (left) and backwards
(right) for the FGD1 to FGD2 topologies. The red line shows the nominal MC while the
black line shows the detector data. The blue line shows the MC after the timeslip
correction algorithm has been applied. The top-left legend gives the MC-data y? values
for before and after the fit.
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Topology [ B o) [ (s [ (09
Fgd1Fwd_ToF _ECal FGD1 track 0.0570 | 0.0627 | 2.8 0.2 0.2
Fgdl1Fwd_ ToF _ECal FGD1 _shower 0.0184 | 0.0748 | 2.8 1.0 1.8
Fgd1Fwd_ToF_DSECal FGD1_track | 0.0273 | 0.0104 | 1.4 0.6 1.4

Fgd1Fwd_ToF _DSECal FGD1 _shower | 0.0349 | 0.0096 | 1.6 1.4 2.2
Fgd1Bwd_ToF_POD_FGD1 track 0.0451 | 0.0379 | 24 -1.4 -3.0
Fgd1Bwd_ToF_POD_FGD1 _shower 0.0703 | 0.0672 | 3.2 -1.4 -1.4
Fgd1Bwd_ToF_ECal FGD1 track 0.0605 | 0.0988 | 3.0 -0.6 1.0
Fgd1Bwd_ToF_ECal FGD1 shower | 0.0675 | 0.0799 | 3.2 1.0 3.4
Fgd1HAFwd_ToF_ECal FGD1 _track | 0.0692 | 0.0453 | 24 0.6 1.0

Fgd1HAFwd_ToF_ECal FGD1 _shower | 0.0494 | 0.0752 | 2.0 1.0 1.8

Fgd1HABwd_ToF_ECal FGD1_track | 0.0534 | 0.0696 | 2.2 -0.6 -14

FgdlHABwd_ToF _ECal FGD1 _shower | 0.0650 | 0.0455 | 2.8 1.0 1.4
Fgd2Fwd_ToF_ECal FGD2_track 0.0582 | 0.0569 | 3.0 -0.2 0.2
Fgd2Fwd_ToF _ECal FGD2_shower | 0.0421 | 0.0969 | 2.8 0.6 1.4
Fgd2Fwd_ToF _DSECal FGD2 track | 0.0319 | 0.0121 | 1.2 0.2 5.0

Fgd2Fwd_ToF_DSECal FGD2_shower | 0.0076 | 0.0089 1.6 14 2.2
Fgd2Bwd_ToF_ECal FGD2_track 0.0596 | 0.0872 | 2.8 0.2 3.0
Fgd2Bwd_ToF_ECal FGD2_shower | 0.0749 | 0.0715 | 2.8 1.8 5.0
Fgd2HAFwd_ToF_ECal FGD2_track | 0.0696 | 0.0504 | 2.6 0.2 1.4

Fgd2HAFwd_ToF_ECal FGD2 shower | 0.0908 | 0.0806 | 2.4 0.6 1.8
Fgd2HABwd_ToF _ECal FGD2_track | 0.0457 | 0.0579 | 2.0 0.2 -1.0

Fgd2HABwd_ToF_ECal FGD2 _shower | 0.0347 | 0.0577 | 2.6 1.4 1.0

Fgd1Fwd_ ToF _FGD1_FGD2 0.0033 | 0.0029 | 0.6 0.2 0.6
Fgd2Bwd_ToF_FGD1_FGD2 0.0000 | 0.0000 | 0.2 0.6 -5.0

Table 7.5: Time-of-Flight correction parameters for ND280 run 8 using P7, across all
ToF topologies. f; is the fraction of events that have has a +10 ns correction applied
and f, is the fraction of events that have a —10 ns correction applied. o is the standard
deviation for the Gaussian distributions, which is applied for both the forwards-going
and backwards-going peaks. u is value of the centre of each peak, u_ for the
backwards-going events and p. for forwards-going. The final topology has f; and fs
values close to zero; this is simply a result of pre-correction distributions already being
very similar as this topology does not include the ECal timing; a similar result is
observed in the previous analysis [113].
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7.3 TPC-ECal Matching Parameters

As part of the Production 7 validation, the systematic uncertainties related to the ND280
ECal were evaluated. This section discusses the TPC-ECal matching efficiencies, which
describe how effectively reconstructed tracks which pass between the TPC and ECal can
be matched together. Additional work to validate the other ECal systematics was under-
taken by others, and is described in [108].

Charged particles travelling from the TPC to the ECal will leave tracks in the TPC
and tracks or showers in the ECal. These are reconstructed separately in each subde-
tector, so need to be matched together as part of the reconstruction process to produce
a single particle path. For this analysis, a selection is applied to identify particle tracks
leaving the TPC that appear to enter the ECal. This selection makes the following cuts
on TPC tracks:

e Good beam and ND280 quality.
e Track starts in an FGD fiducial volume.
e Track has more than 18 TPC nodes in the most downstream TPC it passes through.

e Track appears to enter ECal

Tracks are then divided further depending on particle type, horn current, momentum,

and whether the track enters the downstream or barrel ECal.

The efficiency of matching e is calculated as:

Number of tracks passing selection that have an ECal segment (7.4)
€= .
Total number of tracks passing selection

The efficiencies are split into separate topologies based on particle type (u=, p*, p, e~
and e*), horn current (HC)/beam mode (FHC/r, mode and RHC/7, mode), and a mo-
mentum binning. Track matching efficiencies were calculated for both the DsECal and
BrECal. The efficiencies were found for both MC and data, and the results were com-
pared to see if they were acceptable. Tables 7.6 and 7.7 present these efficiencies. The
Production 6 efficiencies have been taken from the 2017 ECal study [117]. The previous
study used a finer momentum binning, so the efficiency values have been averaged across

the new bins. Limited statistics in certain topologies can lead to unusually high data-MC
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discrepancies. These are present in both the P6 and P7 studies and are generally un-

avoidable; however, coarser momentum binning implemented in P7 has helped mitigate

this to an extent.

The data-MC difference for the P7 topologies show improvements over P6, or at least

fall within the uncertainty range. Thus, there were no issues identified with the TPC-

ECal matching efficiencies for Production 7, and the validation was approved.

Particle HC  Momentum (MeV)  Data (%) MC (%)  P7 Data-MC (%) | P6 Data-MC (%)
FHC 0 - 400 95.35+£0.99 96.24+0.18 -0.8941.0 2.240.8
FHC 400 - 800 97.20£0.50 97.37£0.10 -0.174£0.51 1.05+0.7
W FHC 800 - 1200 94.954+0.86 97.26+0.15 -2.31+£0.87 1.0 £0.7
FHC 1200 - 1600 97.104£0.70  96.79+0.18 0.31£0.72 -0.1£0.8
FHC > 1600 96.024+0.33  96.78+0.08 -0.76+0.34 0.35£0.5
RHC 0 - 400 96.55+2.32 96.83+0.45 -0.284+2.36 -0.34+3.1
RHC 400 - 800 98.18+1.28 98.24+0.23 -0.06+1.30 0.25+1.9
wt RHC 800 - 1200 100.00£0  97.09£0.47 2.914+0.47 1.5+ 1.3
RHC 1200 - 1600 93.884+3.50 98.13+0.44 -4.25+3.53 2.5+ 1.8
RHC > 1600 94.08+1.84 96.99+0.29 -2.914+1.85 1.2+ 1.5
FHC 0 - 600 81.77+1.96 82.18+0.46 -0.4142.01 -2.4 4+ 3.3
FHC > 600 91.184+1.22 92.14+0.26 -0.964+1.25 -2.7 + 3.8
p RHC 0 - 600 75.00£11.30 77.5942.49 -2.59411.58 40 + 8.2
RHC > 600 90.2444.80 90.91£1.17 -0.67+£4.94 0.5+9.7
FHC 0 - 200 44.0942.24  45.2040.58 -1.11+£2.31 7.8 +44
- FHC > 200 68.67+1.26  69.60+0.33 -0.93+£1.31 54.6 &+ 17.3
RHC 0 - 200 38.46+£7.68 45.65+2.12 -7.1947.94 0.6 £ 10.7
RHC > 200 72.8144.09 67.68+1.19 5.13+4.26 6.0+ 9.6
FHC 0-200 44.93+1.96 46.76£0.55 -1.8342.04 -1.6 + 4.3
o FHC > 200 66.13+£1.47 68.05+£0.37 -1.9241.52 1.85 4+ 4.2
RHC 0 - 200 40.54+8.19 47.90+1.91 -7.36+£8.41 1.7 4+ 10.5
RHC > 200 62.50+5.52  69.60+1.31 -7.10£5.68 9.2 £ 12.1

Table 7.6: TPC-ECal matching efficiency comparison in Production 7 for the
Downstream ECal, for Data and MC. Values for Production 6 are taken from [117]. For
the u* topologies, the most significant momentum range is 400-800 as this encapsulates

the neutrino beam peak. The matching efficiencies for P7 are similar enough to to P6
values for P7 to be validated.
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Particle HC  Momentum (MeV)  Data (%) MC (%)  Data-MC (%) | P6 Data-MC (%)
FHC 0 - 400 78.43+1.08 80.8140.25 -2.38+1.11 3.2+ 35
wo FHC 400 - 800 91.83+0.77 93.10£0.18  -1.27+0.79 204+ 14
FHC > 800 90.35+1.02 91.45+0.27 -1.10+£1.05 -3.0 £ 3.3
RHC 0 - 400 83.33£3.80 80.43+£1.03 2.91+£3.94 -2.7+£43
Tas RHC 400 - 800 86.424+3.91 91.64+0.72  -5.224+3.98 -3.6 £6.3
RHC > 800 90.00£3.87  82.77£1.39 7.23+4.11 855+ 9
FHC 0 - 600 18.3041.30 19.584+0.34  -1.2841.35 0.7+ 4.5
FHC > 600 56.09£2.17  49.53+£0.51 6.56+£2.23 5.3 £33
P RHC 0 - 600 20.76+£5.56 21.47£1.60 -0.71+5.79 276 £ 94
RHC > 600 63.42+7.44 52.82+2.27  10.60+£7.78 474 £ 9
FHC 0-200 18.714+1.72  20.924+0.47  -2.214+1.79 -3.3 £ 2.2
- FHC > 200 70.09+4.46 69.884+1.16 0.214+4.61 -4.4 + 8.2
RHC 0 - 200 22.73+£6.28  20.85+1.57 1.88+6.48 -10.3 £ 6.1
RHC > 200 25.00+24.27 61.724+4.16 -36.72424.62 -54.6 £ 17.3
FHC 0 - 200 32.65+2.75 30.71+£0.71 1.94+2.84 1.1 £ 2.3
ot FHC > 200 73.40+4.45 67.724+1.21 5.68+4.61 4.2 + 8.1
RHC 0 - 200 18.754+9.81 28.934+2.39 -10.18410.10 1.5+ 7.1
RHC > 200 66.67+£21.60 60.53+4.61 6.144-22.08 -29.8 £+ 18.5

Table 7.7: TPC-ECal matching efficiency comparison in Production 7 for the Barrel
ECal, for Data and MC. Values for Production 6 are taken from [117]. For the pu*
topologies, the most significant momentum range is 400-800 as this encapsulates the
neutrino beam peak. The matching efficiencies for P7 are similar enough to to P6 values
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7.4 Conclusion

The Production 7 software upgrade introduced many changes to the reconstruction algo-
rithms used at T2K, thus it was necessary to validate the suite of analysis software to
ensure it was still capable of performing at least as well as it did previously in Production 6.
The work here focused on the new 4 solid-angle selection (numuCC4piMultiPiPhotonProton),
that was developed before the P7 update, but not fully implemented into the analysis, as
well as validating the timeslip correction algorithm and the TPC-ECal matching efficien-

cles.

For the 47 selection, this validation was performed by analysing the efficiency and pu-
rity of the selection samples. From these results, certain cut parameters were altered:
PIDMipEM > (0 was changed to PIDMipEM > —7, MostUpStreamLayerHit < 0 was changed
to MostUpStreamLayerHit < 7, and a new ECalNHitsCut > 4 cut was introduced. The
47 selection has been fully implemented into the ND280 analysis, allowing for a much

better comparison with data from Super-K for all future analyses.

The timeslip correction algorithm was found to still be perfectly functional with P7,
and is now implemented across all T2K data runs. The TPC-ECal matching efficiencies

were consistent with the P6 results and no action was required.

Future work on the 47 selection (and T2K selection development in general) would take
greater advantage of the new reconstruction algorithm, as the work presented here was
limited in this scope. For example, the new P7 algorithm allows for ECal clusters to be
reconstructed with fewer hits than in P6, but the current selection cuts out these smaller

clusters for more straightforward parity to P6.
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Data from the ND280 detector is used to constrain many of the parameters from the
neutrino flux and interaction models used in the oscillation analysis. The near detector
(ND) fit adjusts MC simulation data to more closely match data collected from ND280,
which in turn constrains the parameters of the model. Depending on the type of fit be-
ing performed, the ND fit is either performed simultaneously with the far detector fit,
or the constrained parameters from the ND fit are propagated to the far detector fit
through a covariance matrix. Either method will constrain the uncertainties across the
T2K experiment and reduce the uncertainty in the measurement of the neutrino oscilla-

tion parameters.

Two fitters are in use for the T2K oscillation analysis: GUNDAM [118] and MaCh3 [119].
GUNDAM exclusively fits for the near detector, and uses a gradient descent method to
tune the parameters. This fitter is discussed in detail in section 8.1. MaCh3 can perform
a fit for both the near and far detector data simultaneously, as well as independently for
each detector. MaCh3 uses a Markov chain Monte Carlo (MCMC) analysis method [120],
which uses a Bayseian statistical approach to maximise the likelihood that the MC model
accurately describes the data. Both GUNDAM and MaCh3 are in the process of rigorous
testing to ensure that their respective results are in agreement, and that they themselves
agree with the previous BANFF fitter [121] [122]. The analysis discussed in this thesis
will focus only on GUNDAM.
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8.1 The GUNDAM Fitter

The Generalized and Unified Neutrino Data Analysis Methods (GUNDAM) fitter is a
software suite that is being developed to perform a variety of analysis tasks, especially
near detector fits [122] [118]. The basis of GUNDAM formed from the BANFF near
detector fitter, which used a similar gradient-descent method. GUNDAM improves per-
formance and usability compared to BANFF, and was designed to work with the new
sub-detectors introduced in the ND280 Upgrade [76]. GUNDAM is also influenced by the
Super-xsllhFitter cross section fitter [123], which was itself also inspired by BANFF. Fits
in GUNDAM have been shown to be performed up to twelve times faster than in BANFF
[122]

8.1.1 The ND280 Test-Statistic

GUNDAM uses a semi-frequentist approach, where a covariance matrix combining the
flux, detector, and neutrino cross section systematics provides the nominal values for
each parameter. The gradient-descent method relies on the Minuit2 software package of
ROOT to find the set of parameters that minimise the y? test-statistic, defined as

X2 = —2In 'Ctotal (81)

where Liqta1 is the total likelihood across all systematic and statistical components of the
fit. A global minimum of the test-statistic maximises the likelihood of the model match-
ing observed data. The generated set of parameters have uncertainties constrained to
allow for this maximised likelihood, which is propagated to the far detector fit to produce

constraints on the neutrino oscillation parameters.

The likelihood is calculated separately for each selection (see chapter 6). Each selection
is binned by reconstructed muon momentum p,, and the cosine of the muon angle to the
detector’s z axis, cosf,. The likelihood is calculated by finding the minimum —2In Lioa
of the data and MC across all bins and samples for each set of parameter values. The
total likelihood is defined as:

—21n Lioga = —21n Lagar — 210 Loy (8.2)

where L, is the statistical (Poisson) likelihood and Ly is the systematic uncertainty

likelihood. Systematic uncertainties come from previous knowledge of approximate pa-
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rameter values (“priors”), while statistical uncertainties come directly from detector data

and MC predictions.

The Barlow-Beeston method [124] has been applied since the 2020 oscillation analysis
and is used to account for uncertainties from the difference between the generated MC
and the theoretical “true” MC (MC with infinite generated events). The statistical like-
lihood can be broken down into the MC statistical likelihood Lyic star and the Poisson

likelihood Lpgisson for each bin:
—21In Estat = —2In EMC stat — 2In £Poisson (83)
The Poisson term Lpgigson 1S €xpressed as
samples bins

N ata
—2In EPoisson =2 E E (NMC - NData + NData In ]\]73 : ) (84)
- X MC
j i

where in each bin j of sample ¢, Nyc is the number of events in a given bin in the gener-

ated MC, and Np,t, is the number of events in the bin from detector data.

To account for the Lyic stat cOmponent, an extra scaling parameter [3; is applied to the
ith bin such that the number of events is N = 3;NF" where NP is the number of
events in the bin from the generated MC (equivalent to Nyc in equation 8.4), and N, ™e
is the theoretical “true” number of events. If the scaling parameter can be determined,
the true MC value can be used in the fit.

As this method adds a number of additional fit parameters equal to the number of data
bins, this would significantly increase the complexity of the fit. Thus, it is assumed that
the number of events in a bin follows an independent Gaussian distribution allowing /5 to

be calculated analytically for each bin:

3%+ (po* = 1) —no® =0 (8.5)

where g is the number of generated MC events in the bin, including applied weights w;
such that g = w; NS°"; 02 is the uncertainty in the number events in the bin, calculated
as 02 = > w?/(> w;)?; and n is the number of events in the bin from detector data. This

allows 3 to be calculated without any additional parameters.

This is implemented into the Lyic star term as:
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bins 5 1
—2LMC stat = 2 - 8.6
MC stat ; 20_%1 ( )
Thus, the total statistical likelihood (equation 8.3) can found by combining equations 8.4
and 8.6:
—2In ‘Cstat ==

samples bins

; — 8.7
2 Z Z [(NMC — Nbata + Nbata In NDam) + (/81 1)2] ( )

NMC 20_/%1

The other part of the total likelihood, the systematic uncertainties Lqy, is parametrised

as:

210 Loy = S s — WV s — 2 (8.8)
(2]

where p; and p; are the current values of fit parameters i and 5, pP™

an d p;)rior

respective priors, and V™! is the inverse of the prior covariance matrix. The covariance

are their

matrix is constructed from prior knowledge of the systematic parameters, and describes

the error for each parameter as well as the correlations between them.

8.1.2 GUNDAM Structure

GUNDAM is centred around the parameter propagation engine, called the Propagator.
The Propagator is in charge of applying parameters to the defined samples. GUNDAM’s
fitter engine (FitterEngine) is built on top of the Propagator and only drives the changes
to the parameter values, leaving the Propagator to update the fit samples independently.
An overview of the Propagator class structure is shown in figure 8.1, which also shows
how the sample events and fit parameters are implemented. The FitterEngine interfaces
with the minimisation algorithms provided by ROOT, which for the analysis in this thesis
was Minuit2 and its algorithms Migrad, Simplex and Hesse. The FitterEngine applies

the minimisation algorithms to the test-statistic discussed in section 8.1.1 to perform the

fit.
GUNDAM is designed to be highly flexible and function as a multi-purpose fitter [125].

It is configured via a collection YAML/JSON files, which set options such as the input

files, minimisation strategy, and maximum number of calls.
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Propagator library

PlotGenerator

Propagator

ParScanner

FitSamples library FitParameters library

l list()

FitSampleSet

FitSample

SampleElement

PhysicsEvent

DialSet

Virtual class

Figure 8.1: Overview of the class structure in the GUNDAM fitter [125]. The
Propagator class owns the FitSamples and FitParameters libraries, which contain the
physics events sorted by samples and the fit parameters, respectively. The Propagator
is responsible for propagating changes in the parameters to the events. The parameter
changes themselves are fed down to the Propagator by the FitterEngine (not
pictured), which interfaces with the minimisation algorithm.
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Fake Data Studies

The T2K experiment uses the NEUT [87] framework to model neutrino interactions for
the Monte Carlo simulations. No perfect model exists that would describe these interac-
tions with perfect accuracy. Thus, the simulations are inherently limited in accuracy and
the impact this has on the measurement of the neutrino oscillation parameters must be
studied. The nominal model used by NEUT is discussed in chapter 5; however, multiple
alternative models exist for different aspects of the interaction. “Fake data sets” are used
for this analysis, where the nominal simulation data is reweighted to imitate data gener-
ated by these alternative models. These changes may be beyond the typical uncertainties

applied when performing a data fit.

In a fake data study, the nominal MC is fitted to the fake data using the GUNDAM
fitter (see chapter 8) to identify the differences in the momentum and angle distributions
of the final-state muons, as well as parameter values, between the fitted MC and the fake
data. It is possible that some fake data models mirror reality more accurately than the
current NEUT models, so it must be determined if the fitter is capable of fitting these

alternative models given the prior parameter values and their uncertainties in the nominal

MC.

A full fake data analysis would include the production of fake data sets for both the
near and far detector, and an oscillation analysis with each set to determine any bias
in the oscillation parameters caused by the alternative models [125]. This is outside the

scope of the analysis presented here, which only focuses on the ND280 detector.

At T2K, there are currently 19 fake data sets. Each fake data study is implemented
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Fake Data Study Model Component | Description | Results
SF to LFG Nuclear Model 9.1.1 10.4.1

SF to CRPA Nuclear Model 9.1.1 10.4.2

SF to SuSAv2 Nuclear Model 9.1.1 10.4.3
Z-Expansion AFF CCQE 9.1.2 10.5.1
3-Component AFF CCQE 9.1.2 10.5.2
LQCD Z-Expansion CCQE 9.1.3 10.5.3
SPP Matrix Element CClr 9.14 10.6.1
SPP Adversarial; CClm 9.1.5 10.6.2
RS to Martini CClm 9.1.6 10.6.3
Low Q? SPP CClm 9.1.7 10.6.4
CCOm Non-QE CCOrm 9.1.8 10.7.1
2p2h Eb Correction 2p2h 9.1.9 10.7.2
MultiPi Multiplicity DIS 9.1.10 10.7.3

Table 9.1: List of fake data studies and the component of the model they affect, with
link to relevant sections for descriptions and fit results. Certain studies have been
merged in this table (e.g. SPP Matrix Element has two associated fake data studies)
hence fewer than 19 studies are listed.

as parameter tweaks in NIWGReWeight, which are applied to the nominal MC files. The
parameter settings used for each study are given in Appendix A. The nominal MC is
initially in FlatTree file format, which is used as an input for 0AGenWeightsApps, which
interfaces with NIWGReWeight via T2KReWeight. This reweighting process produces files
in spline format, which are used as the input for GUNDAM. The spline format and how
it is used in GUNDAM is discussed in section 10.2.

9.1 List of Fake Data Sets

Fake data sets (FDS) are generated from nominal MC by applying weights to certain
dials, the weight values depending on the specific FDS. The nominal parameter values
and uncertainties in the MC files are converted to splines when this weighting is applied,
which are used as the input for the GUNDAM fitter. There are a total of 19 fake data
sets used in this analysis, which are described in the following sections. Each of the FDS
presented here are motivated by a theoretical model or experimental result, often from
other neutrino experiments. Some are considered “extreme” compared to T2K results
(i.e. far beyond any measurement made at T2K), but each represents some plausible
physical reality. Table 9.1 highlights which part of the interaction model they affect, and

the numbering of the relevant sections where the description and fit results are provided.
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9.1.1 Nuclear Models: LFG, CRPA and SuSAv2

Nuclear effects constitute one of the largest uncertainties in CCQE neutrino interactions
[125]. As such, exploring the effects of alternative models via fake data studies allow
the robustness of the analysis to realistic changes in the CCQE model predictions to be
tested. Local Fermi Gas (LFG), Continuum Random Phase approximation (CRPA) and
SuperScaling Approach V2 (SuSAv2) are models that predict different v, cross sections as
a function of energy, different v, /7, cross section asymmetries, different carbon/oxygen
cross section ratios, and changes to the v, /v, cross section difference. Figure 9.1 shows

the effects of these models on the v, cross section.

The reweighting is performed by finding the ratios of the differential cross sections as
a function of (anti)neutrino flavour, nucleus type, neutrino energy, lepton momentum,
and lepton angle. For LFG, these cross sections are read from pre-calculated histograms
created from 100 million NEUT events. For CRPA, the cross sections are calculated from
hadron tensor tables. As the non-relativistic assumptions in CRPA are invalid at high
energy transfer, the CRPA fake data set reweights to SuSAv2 for energy transfers above
1 GeV. In the 0.5 — 1 GeV range, there is a transition between the models [126].

These models are applied only to carbon and oxygen nuclear interactions as the majority

of detected interactions occur in plastic scintillator or water targets.

9.1.2 Axial Form Factors: Z-Expansion and 3-component

The axial part of the electroweak nucleon form factor lacks strong experimental moti-
vation for a specific parametrisation so a nominal model with a single dipole is used,
made by analogy with electromagnetic form factors [128]. NEUT uses such a model, with
additional parameters for high Q? interactions (Q? > 0.25 GeV). However, experimental
evidence suggests that a single free parameter is insufficient to describe the relevant range
for Q? transfer [125]. As there are multiple possible parametrisations, two different mod-

els are used in this analysis: z-expansion and 3-component.

Z-expansion is a model-independent parametrisation based on QCD sum rules [129], while

the 3-component model expands the simple dipole model to have three free parameters,
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Figure 9.1: Comparison of the muon neutrino cross section for the various nuclear
models used in the fake data studies. The top left plot shows the total cross section as a
function of energy, while the other plots show the differential cross section averaged over

the neutrino flux. The nominal NEUT model is a spectral function (SF) is the dashed
blue line, while the alternative models are SuSAv2, continuum random phase
approximation (CRPA) and local Fermi gas (LFG), shown in solid black, dashed green,
and dashed red lines, respectively. These are shown as a function of energy and
four-momentum transfer (top row) and outgoing muon momentum and angle from the
detector’s longitudinal axis (bottom row). Plots from [127]
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so has more freedom at low Q? compared to the nominal model. Each model has three
associated fake data sets: one nominal model, and one each for F1o (standard deviation)

shifts in the uncertainty of the model.

9.1.3 Lattice QCD Z-Expansion

The lattice QCD z-expansion fake data set follows a similar model to the z-expansion study
described above, but uses lattice QCD to calculate the form factor and uncertainties [130].

This model has two associated fake data sets: the nominal model and —1o.

9.1.4 Single Pion Production Matrix Element -1/+1¢

In the NEUT model, the single pions produced in A(1232) resonance decays resulting
in a 17 and a nucleon have a high degree of uncertainty in their kinematics. These two
fake data sets uses a F1o variation of the A matrix element to vary the pion kinematics,
without affecting the outgoing lepton distribution. Despite what the name might suggest,
this is actually achieved by varying certain parameters (see appendix A) by F30. This
name is purely due to convention, and is somewhat arbitrary. The —1o set has the effect
of increasing the cross section at low pion momentum (p, < 160 MeV) by ~ 20 — 30%

and decreasing it by a similar amount at higher momenta. For +1¢ this effect is reversed.

This fake data study is not expected to significantly change the near detector fit as the
overall =~ momentum/angle distribution should remain the same, but would have a more

significant effect at the far detector.

9.1.5 SPP Adversarial

Contrasted to the theory-driven approach to pion kinematics described in section 9.1.4, the
SPP adversarial data set is data-driven. ND280 and SK measurements show discrepancies
in low-momentum pion production [131]. For TPC pions this is concentrated at low
energies (< 300 MeV) and high angles, where the prediction underestimates the detector
data. Michel-tagged pions show a postfit overestimation of ~ 20% (see figure 9.2). A
scaling factor has been calculated for each pion topology to change the shape of the
spectra while preserving the cross section: all CClw events are re-weighted by a factor

of 0.7 if the highest momentum final-state pion has a momentum of less than 0.3GeV/c

132]
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Figure 9.2: Momentum distributions for pre/postfit and reconstructed data for TPC
tagged pions (top) and Michel tagged pions (bottom) for FGD1 CClr selection [125].
Data is shown as black dots, prefit in solid blue, and postfit in solid red. The TPC plot
shows a deficit in postfit compared to data in the peak region, while the Michel plot
shows an excess in postfit compared to data. This discrepancy is what has motivated
the SPP adversarial fake data study. —999 MeV is the nominal value used for Michel

electrons in the analysis.

108



Chapter 9 — Fake Data Studies 9.1. List of Fake Data Sets

9.1.6 RS to Martini Model

The RS to Martini fake data set is based off a neutrino-nucleus interaction model de-
veloped by Martini and collaborators, built on a random phase approximation approach
to nuclear responses, and includes A-resonance excitations [133]. NEUT’s nominal Rein-
Sehgal model only models neutrino-nucleon interactions, with corrections for nuclear ef-
fects added in afterwards. The Martini model, on the other hand, describes the neutrino
interaction with the entire nucleus. Currently, this fake data study only applies the
model’s effects to 17 production, but can potentially be extended to other interaction

channels.

9.1.7 Low (Q? Suppression Single Pion Production

This FDS significantly suppresses single pion production at lower ()2, a suppression of
roughly 20% at the Q? peak. This has been motivated by analysis of MINERVA pion
production results and the GENIE event generator [134]. However, no substantial evidence
suggests that it is applicable to the NEUT framework used by T2K given that there are
significant differences in the base single pion production models, especially in the low-Q?
region. Additionally, the T2K pion production data itself does not suggest a need for
such low-Q? suppression [79]. Nevertheless, this is useful as an extreme fake data study

to test the behaviour of the fit under very large changes.

9.1.8 CCOr Non-QE

The CCQE model is given much freedom to correct differences between data and simula-
tion in CCOr (charged current neutrino interactions that produce zero pions) samples due
to the large number of uncertainties assigned to it. Thus, inadequacies in the models of
other (non-QE) contributions to this sample (e.g. 2p2h, pion absorption) are potentially
“soaked up” by the CCOm model. The CCOr Non-QE fake data set ascribes almost all
variation in CCQE caused by QE parameters to the non-QE models. This is achieved by
performing a fit, resetting the CCQE portion of the postfit simulation back to its prefit

values, then altering only the CCOm non-QE contributions to restore the fit.

9.1.9 2p2h Eb Correction

The 2p2h (see section 5.2.2) Eb correction fake data study introduces a correction for the
nuclear binding energy Eb which includes the mean field potential responsible for binding

the nuclear system [135].
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9.1.10 MultiPi Multiplicity

The nominal MC uses a custom DIS model for multiple pion production, with a multiplic-
ity model used to determine the number of pions produced. However, external datasets
for multi-pion production can differ significantly, leading to a high degree of variability
in the choice of model [127] [136]. This fake data set uses an alternative model which
adjusts the cross section as a function of the neutrino energy, the hadronic invariant mass,
and the multiplicity probability for a given hadronic mass range. This has the effect of
increasing the v, -nucleon cross section for multiple pion production compared to the

nominal NEUT model, as shown in figure 9.3.
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Figure 9.3: Effect of the alternative pion multiplicity model on the cross sections in the
NEUT multipi model, for v, interactions on neutron (left) and proton (right) target
nucleons. The increased cross section, especially at higher energies, will increase the

number of events producing multiple pions. Plot adapted from [127].

9.2 Conclusion

Fake data studies are an important part of the T2K analysis, as they allow us to test
our analysis tools against alternative particle interaction models, beyond just the nom-
inal NEUT model used in the main MC simulation. This chapter has presented details
on 19 fake data studies that are analysed in this thesis, which cover a range of different
components in the model, including the nuclear model, CCQE interactions, and CCls
interactions. Some of these models represent very plausible alternatives to the nominal
model, such as the Z-expansion and 3-component axial form factors. Others, such as the
low QQ? SPP suppression, represent a reality far outside of what has been measured at

T2K, but are useful in testing the capabilities of our analysis tools.
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The results of the fake data analysis, using the GUNDAM fit, is presented in chapter
10.
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Chapter 10

Fake Data Fit Results and Analysis

This chapter presents and discusses the results of the GUNDAM fit analysis of the fake
data studies (FDS). First, the generation of the fake data input files for GUNDAM is
discussed, including particular idiosyncrasies for specific studies. Next, the interpolation
types used for different systematic parameters and the effect they have on the fit are
explored. Finally, the full results for each of the 19 fake data studies are presented and

analysed in detail.

10.1 Inputs

This analysis was performed over the set of MC files for runs 2 to 9. These runs and their
associated POT values, horn current, etc were previously described in section 7.1.1. Sand
events (events from particles created between the proton target and ND280 detector) were

not included in this analysis.

Parameter inputs for GUNDAM are formatted as splines. A spline is a mathematical
object consisting of a piecewise function produced by interpolating across some number
of points, called knots. The interpolation is performed separately between each knot, and
must be continuous between the functions at each knot. This contrasts to fitting with a
single polynomial, where the curve is defined by just one global function. In GUNDAM,
the parameter priors are defined as event weights for variations of +30, +£20 and +1o
around a central value, for a total of seven knots. Splines are discussed further in section
10.2.

The GUNDAM input splines are generated from the nominal MC flat tree files using the
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programs in the 0AGenWeightsApps software package, which also applies the fake data
reweighting. Within the 0AGenWeightsApps software, the ND280GenWeights program is
used first to apply the FDS weights to the cross section parameters and to convert the flat
trees to spline format. These splines are then used as inputs to makeND280SystSplines
which converts the detector systematics to splines. Finally, GetPOTweight is used in con-
junction with the real data splines (generated similarly to MC splines, but with real data
flat trees) to reweight the FDS spline POT values to match the data values.

Certain fake data studies require certain parameter values to be set at the beginning
of the GUNDAM fit, when the FDS spline files are first loaded. All studies which af-
fect the nuclear model or nuclear form factor need the axial mass parameter MgE to be
changed from 1.03 GeV to 1.21 GeV. The MC simulation initially sets the parameter to
1.21 GeV, but the spline production process changes it to 1.03 GeV, which is preferable
for a fit of the nominal MC to real data. However, these particular fake data studies are
calibrated around MEE = 1.21 GeV, hence it needed changed back to the nominal NEUT

value used when it was originally generated.

There is a further exception for the three fake data studies which change the nuclear
model: SF to LFG, SF to CRPA, and SF to SuSAv2. The parameter values for the
carbon and oxygen nuclear binding energies, EB_bin C_nu and EB_bin 0 _nu, respectively,
must be reset to 0. However, this cannot be performed as a parameter change when the
spline files are loaded into GUNDAM. Instead, a “dry run” of GUNDAM first is performed
to convert the spline files into raw histograms, without performing any fit. The binding
energy parameter change is applied at this stage, and the new histogram files can be fed
back into GUNDAM as inputs for a full fit.

The fit was performed with mirroring applied to certain parameters, meaning that pa-
rameter values that would go beyond physical boundaries are “reflected” to a value of the
same magnitude on the other side of the boundary. This affects the parameters for FSI

strength, RPA strength, 2p2h shape, CC resonant interactions, and A decays.

10.2 Splines and Interpolation

As previously mentioned, the inputs for GUNDAM are formatted as splines, which are
piecewise functions interpolated between knots. For the ND fit, the interpolation is gen-

erally performed by a cubic function, defined as a “spline” type parameter in the configu-
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ration, or a linear function, defined as a “graph” type parameter. The cubic interpolation
is modified with “not-a-knot”, which ensures second-derivative continuity for the first and
last interior knots. Also, for certain parameters, the cubic interpolation is further modi-
fied as “monotonic” or “catmull-rom monotonic”. The former preserves monotonicity for
knots strictly increasing or decreasing, and the latter makes a point on a curve depend
on the nearest four knots instead of the nearest two. These are applied to FSI and RPA

strength parameters and Bodek-Yang DIS correction parameters, respectively.

The effect of the interpolation method on individual parameters can be significant. Early
attempts to fit fake data with GUNDAM used linear interpolation for the FSI strength
and RPA strength parameters, which was shown to be ineffective and produced poor
results. Figure 10.1 shows the effect of this change on the FSI strength parameters for
the SF to LFG fake data study. Previously, when using the linear interpolation, certain
parameters showed negligible changes in the central parameter value and the uncertainties
had disappeared completely. It was initially thought to be a plotting error, but changing
from linear to cubic interpolation recovered the uncertainties and produced results closer
to what was expected. The interpolations methods used in this analysis are from the
latest (at time of writing) GUNDAM configuration, which are optimised for MC to real
data fits.

10.3 Fake Data Results

The following sections discuss the results of the GUNDAM fit for the 19 fake data studies.
Comparisons between the fake data and the nominal/fitted MC is presented as 2D ratio
plots across the momentum and angular distributions of reconstructed muons, in samples

from the 47 selection. The value of each bin in the ratio plots, Ryc/rp, is calculated as

Number of events in MC bin (nominal or fitted)

R = 10.1
MC/FD Number of events in fake data bin ( )
The x? value for each plot is calculated as:
I
X=> e (10.2)

7 (2
where NP2 is the number of events in bin i in the fake data distribution and NM© is the
number of events in bin ¢ in the MC distribution (nominal or fitted, depending if plot is

prefit or postfit). The number of degrees of freedom (DoF) in the fit is 4137. As this is
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Figure 10.1: Effect on FSI strength parameters for the SF to LFG fake data set
GUNDAM fit, showing the current (cubic) interpolation method (top plot) versus the
old (linear) method (bottom plot). The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values are shown as
blue points with uncertainties as error bars. The old method produced fitting errors,
such as the disappearance of the error bars for some parameters.
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very large compared with the x? values calculated, they are not normalised against the
DoF for readability, and primarily is to illustrate the quality of the postfit compared to
the prefit.

The sensitivity of each of the 47 samples (described in chapter 6.2) to a fake data study
can differ significantly depending on which part of the model the study affects. For the
following sections, the primary focus will be on the “most significant” sample for each
study, which were identified in the previous BANFF analysis [125]. For example, the
CCOpiOpOyFwd sample is the most sensitive to studies affecting the nuclear model and
axial form factors. New studies not present in the previous analysis will use whichever
sample the study is expected to affect the most. The previous work also analyses how
each fake data study affects the oscillation parameters; however, this is outside the scope
of the work presented here, which focuses exclusively on the near detector. All prefit and

postfit samples for each fake data study are available in appendix B.

The fits were performed using the 1.8.X LTS (long-term support) version of GUNDAM.
As GUNDAM is still under development, this version was chosen as it provides all neces-
sary analysis tools and bugfix updates, without the potential instability of newly-released

versions.

10.4 Nuclear Models

This section discusses the results for the fake data studies that affect the nuclear model:
SF to LFG in section 10.4.1, SF to CRPA in section 10.4.2, and SF to SuSAv2 in section
10.4.3. These models are described in detail in section 9.1.1. Given the wide range of
interactions this study can affect, the CCOpiOpOyFwd sample has been chosen as the most
significant sample for these studies. It is one of the most important samples used in the
oscillation analysis and is the dominant sample in terms of number of events [53]. It is
comprised mainly of CCQE events, which is the dominant form of neutrino interactions

near the beam energy peak of ~ 600 MeV.

10.4.1 SF to LFG

The Spectral Function to Local Fermi Gas fake data fit is shown in figure 10.2, showing
the 2D distributions of momentum and cos 6 for reconstructed muons before and after the
GUNDAM fit as the left and right plots, respectively. As the majority of muon tracks
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are angled close to the detector’s central axis, the region around cos, = 1 is considered
the most significant; this also applied for the other fake data studies. To reflect this,
the axis for the angular distribution has a lower limit of cosf, = 0.6. From the prefit,
it can be seen that the fake data reweighting shows a high Ryc/pp ratio at low four-
momentum transfer squared (Q*) and low Ryc/pp at high-Q?. The low-Q? region of
neutrino events at ND280 (Q? < 0.25 GeV) roughly corresponds to the red shaded region
on the prefit plot. This region corresponds to events producing forward-going (cos, ~ 1)
muons, as well as higher-angle muons at relatively low energies. High-energy interactions
have smaller scattering angles than low-energy due to conservation of linear momentum,
hence high- and low-Q? events have distinct regions in both the momentum and angular
distributions. The distribution produced for this analysis shows strong similarities with
the 2021 BANFF analysis (BANFF being the predecessor to GUNDAM), shown in figure
10.3, except that the newer plots have much coarser binning. These binning changes are
the result of optimisations to BANFF’s binning performed by Ewan Miller in 2023 [137].
The optimised binning increased the bin size to ensure a sufficient number of data and
MC events are in each bin for a more effective analysis. The newer binning has been
copied across to GUNDAM, as the similarities between GUNDAM and BANFF mean
the optimisation should still apply. However, this change makes it difficult for a direct

comparison with the old binning used in the previous fake data analysis.

The postfit results show that the difference between the fitted MC and the fake data
is significantly reduced, as expected. This result is, by inspection, very similar to the
2021 fit with both showing the largest difference to be < 5%. The GUNDAM fit was cal-
culated to have a x? of 2.321, which is significantly lower than the x? of 39.8 seen in the
2021 analysis. This is likely to be the result of the binning changes, hence the difficulty

in making a direct comparison. The prefit for this analysis has a x? value of 180.7.

The effect of the fit on the systematic parameters for the cross section are shown in
figures 10.4, 10.5 and 10.6. There are significant changes in the values of the CCQE pa-
rameters and very little change in the SPP, DIS, and Misc parameter values; however, all
plots show the reduction in uncertainties, which is the main point of the ND fit. The flux
parameters show only small changes, and the postfit values are all within the uncertainties
of the prefit. This shows that the cross section parameters are capable of compensating
for the majority of the fake data-MC difference, suggesting that the cross section model
has sufficient degrees of freedom to fit data in a universe where the “true” nuclear model

is local Fermi gas. The parameter adjustments for the FSI and RPA strength are very
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large for the low-energy parameters (parameters ending in 0Graph and 1Graph), which
correlates with the significant change in low-energy event numbers seen in the prefit plot

in figure 10.2.
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Figure 10.2: Prefit (left) and postfit (right) plots for the SF to LFG fake data study,
showing the CCOm0OpO0yFwd sample. The colour of each bin shows the value of the ratio
Ryre/rp- The prefit has a x? value of 180.7 and the postfit has a value of 2.321. There
is strong similarity in the prefit to the 2021 BANFF analysis (below, figure 10.3), and
the postfit shows an improvement over the 2021 result, demonstrating GUNDAM can
successfully fit this fake data at least as well as the previous BANFF fitter.
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Figure 10.3: Prefit (left) and postfit (right) for the SF to LFG fake data study in the
2021 BANFTF fake data analysis, showing the CCOr0yFwd sample. The colour of each
bin shows the value of the ratio Ry;c/rp. Plot adapted from [125].
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Figure 10.4: Cross section systematic parameters from the GUNDAM fit for the SF to
LFG fake data study, showing CCQE (top), 2p2h (middle), and single pion production

(bottom). The central values of the prefit are shown as red points, with pink shading
showing the uncertainties. The postfit values are shown as blue points with uncertainties
as error bars. The blank areas correspond to parameters that are fixed in the fit as they

were expected to have a very low sensitivity to the fit [90], hence they have no postfit.
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Figure 10.5: Cross section systematic parameters from the GUNDAM fit for the SF to LFG fake
data study, showing DIS (top), miscellaneous parameters (middle), and FSI strength (bottom).
The central values of the prefit are shown as red points, with pink shading showing the
uncertainties. The postfit values are shown as blue points with uncertainties as error bars. The
postfit parameters are shown to be within the uncertainty ranges of the prefit, which suggests the

existing priors are sufficient for fitting for this fake data study.
121



Chapter 10 — Fake Data Fit Results and Analysis 10.4. Nuclear Models

RPA_strength : Pre/Post

b —— PreFit
= —— PostFit
Y
1_ _'_ l
o— + + . + . ‘
-1
-2 - 1 1 1 1 1 1 1 1 1
7 & 7 7 7 =
’~p,, o ey QJ«FW’ L’wpwr ey, 2 . 3\~;pwt“"’~p,,wf "oy S e . ’~p,,wf
o o 2 o o 2 o Lo o
g, DC‘W;'W, CH”ADWT DC’?"A;'W, ReApy, RPapy, “Rea, C”"Awwr C’?P,qur DC“"A;:WT Reap, Rany,
iy ¢ 0a O Oy 0 O WOy 0y O o, Rl o,
o, Gy ¥ & Lo, h . an, -0
06, 16, 261y, ~0G, N Y 2615, “\eg,w Oy Gy 2y 00, G 2,
Others : Pre/Post
3f— | — PreFit
- —=— PostFit
Py
C 1
1 T
E [ 1
o~ I 1
Y il
Lk I I I I I |
" M SR 74k, 75 sk 76 s
~Mcyg,, ~Nucyg, ~SRey, ~SReg,. SR, SR,
"5 1o RS g, " o, Py < Py
arg, e, h h Shape, Shape. o,
~Crapy ~PCrapy
xsecEB : Pre/Post
15
r — PreFit
F —— PostFit
10—
s—

-5
! 1 ! ]
0_E6_bin C_mu 18 C_nubar 268 bn o 3_£8_bin_0_nubar
flux : Pre/Post
o —— PreFit
14— )
F —=— PostFit
12—
1_ I“ ”I i l“ ” ”I ” |“ " Il“ ”
08—
06—
04—
02—
e T —-_o_o
SR SR N e S e

Figure 10.6: Cross section systematic parameters from the GUNDAM fit for the SF to LFG fake
data study. From top to bottom: RPA strength, other parameters, binding energy, and beam flux.
The central values of the prefit are shown as red points, with pink shading showing the
uncertainties. The postfit values are shown as blue points with uncertainties as error bars. The
postfit parameters are shown to generally be within the uncertainty ranges of the prefit, which
suggests the existing priors are sufficient for fitting for this fake data study.
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10.4.2 SF to CRPA

The Spectral Function to Continuum Random Phase Approximation fake data fit is shown
in figure 10.7, showing the 2D distributions of momentum and cos@ for reconstructed
muons before and after the GUNDAM fit. The prefit plot shows an increase in Ryc/rp
at low muon momentum around cosf, = 1 and a decrease in Ry;c/pp at higher muon
momentum, suggesting a decreased cross section at low-@Q? and an increase at high-Q2.
This is similar to the SF to LFG study, but the effect covers a smaller Q? range. Also vis-
ible is an increase in Ry;¢/pp in the range p, = 1000 — 1200 MeV. Both of these features
are also visible in the 2021 analysis, shown in figure 10.8. The GUNDAM fit does not
fully resolve the postfit-to-fake-data difference, as there is still a strong excess in muons
in the fitted MC compared to the nominal MC around cosf, = 1. Similar results were
seen in the 2021 analysis, but it can be seen the GUNDAM results show an improvement
as the largest differences have been reduced from ~ 20% to ~ 10%. This is an expected
improvement due to the changes to fit parameters (new FSI strength and RPA strength
parameters designed for low-Q? events), so the improved fit is a positive sign. However,
it must be noted that the current binning is much coarser compared to the old analy-

sis, so large differences over a narrow momentum range might be absorbed into larger bins.

The parameter changes from the fit are shown in figures 10.9, 10.10, and 10.11. There is
a significant increase for some of the Pauli blocking parameters, the last six in the CCQE
parameter plot, which is opposite to what was observed in the 2021 analysis, shown in
figure 10.12. However, there have been major changes to the parameters used in the anal-
ysis, as the Optical Potential has been removed and FSI and RPA strength parameters

introduced, so it is expected for there to be differences in the two analyses.
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Figure 10.7: Comparisons between prefit (left) and postfit (right) for the SF to CRPA
fake data study in the CCOnr0OpO0yFwd sample. The colour of each bin shows the value of
the ratio Ryc/pp. The prefit has a x? value of 193.0 and the postfit has a value of 32.6.
the fit has not been able to fully resolve the data-MC difference, and there is still some
significant differences between the MC and the fitted fake data. However, similar results
were observed in the 2021 analysis (figure 10.8), so this at least an indication the new
fitter and parameter changes have not made things any worse.
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Figure 10.8: Prefit (left) and postfit (right) for the SF to CRPA fake data study in the
2021 BANFF fake data analysis, showing the CCOnOp sample. The colour of each bin
shows the value of the ratio Ryc/pp. Plots adapted from [125].
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Figure 10.9: Cross section systematic parameters from the GUNDAM fit for the SF to CRPA fake
data study, showing CCQE (top), 2p2h (middle), and single pion production (bottom). The central
values of the prefit are shown as red points, with pink shading showing the uncertainties. The
postfit values are shown as blue points with uncertainties as error bars. The blank areas correspond
to parameters that are fixed in the fit as they were expected to have a very low sensitivity to the fit
[90], hence they have no postfit. There is strong pulling in the 2p2h normalisation parameters (#28
and #29), as well as the A decay parameter (#48). These parameters are fairly weakly
constrained, so this is not necessarily a problem but is worth further analysis in the future.
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Figure 10.10: Cross section systematic parameters from the GUNDAM fit for the SF to
CRPA fake data study, showing DIS (top), miscellaneous parameters (middle), and FSI
strength (bottom). The central values of the prefit are shown as red points, with pink
shading showing the uncertainties. The postfit values are shown as blue points with
uncertainties as error bars. The postfit parameters are shown to generally be within the
uncertainty ranges of the prefit, which syggests the existing priors are sufficient for
fitting for the fake data study. The relatively small parameter pulls suggest most are not
particularly sensitive to this fake data study.
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Figure 10.11: Cross section systematic parameters from the GUNDAM fit for the SF to CRPA fake
data study. From top to bottom: RPA strength, other parameters, binding energy, and beam flux.
The central values of the prefit are shown as red points, with pink shading showing the
uncertainties. The postfit values are shown as blue points with uncertainties as error bars. The
postfit parameters are shown to generally be within the uncertainty ranges of the prefit, which
suggests the existing priors are sufficient for fitting for the fake data study. The flux parameters
show a some pulling in the #35-#40 region, corresponding to higher-energy range (> 1 GeV) of the
RHC 7, flux. As this is a relatively low-statistics region, this is not a concern, and falls within prior
uncertaint?& anyway.
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Figure 10.12: CCQE parameter values for the BANFF fit of the SF to CRPA fake data
study, from the 2021 fake data analysis. The central values of the prefit are shown as
red points, with pink shading showing the uncertainties. The postfit values are shown as
blue points with uncertainties as black error bars. The Pauli blocking parameters are
pulled down rather than up as seen in the current analysis. However, the removal of
Optical Potential and the introduction of FSI/RPA strength mean the changes are
compensated for in different parameters. Plot adapted from [125].
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10.4.3 SF to SuSAv2

The Spectral Function to SuperScaling Approach V2 fake data fit is shown in figure 10.13.
Similar to the other studies on nuclear models, the prefit shows increase in Ry;c/pp at
lower muon momentum, as well in bins close to cosf, = 1, corresponding to a reduced
cross section at low-Q?. Meanwhile, Ryc/pp has a very low value across most of the
momentum range for cosf,, < 1, corresponding to an increased cross section at high-Q*.
The postfit shows a significant improvement across the majority of bins. This is a new fake
data study for the current oscillation analysis, so there are no previous BANFF studies
for comparison. The fit parameters are shown in figures 10.14, 10.15, and 10.16. Similar
to the SF to CRPA study, there is relatively little parameter change for the FSI and RPA
strength parameters, and there is significant difference in the Pauli blocking parameters.
Greater changes in the FSI and RPA strength parameters was expected for the two studies

as they should have a strong effect in the low-Q? region in CC interactions.
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Figure 10.13: Comparisons between prefit (left) and postfit (right) for the SF to SuSAv2

fake data study in the CCOm0pOyFwd sample. The colour of each bin shows the value of

the ratio Ryc/rpp. The prefit has a x? value of 296.0 and the postfit has a value of 25.8.

The fit quality is generally good, showing that GUNDAM is capable of fitting this fake
data set effectively.
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Figure 10.14: Cross section systematic parameters from the GUNDAM fit for the SF to SuSAv2
fake data study in the CCOr0p0yFwd sample, showing CCQE (top), 2p2h (middle), and single pion
production (bottom). The central values of the prefit are shown as red points, with pink shading
showing the uncertainties. The postfit values are shown as blue points with uncertainties as error
bars.The blank areas correspond to parameters that are fixed in the fit as they were expected to
have a very low sensitivity to the fit [90], hence they have no postfit. There is strong pulling in the
2p2h normalisation parameters (#28 and #29), as well as the A decay parameter (#48). These
parameters are fairly weakly constrained, so this is not necessarily a problem but is worth further
analysis in the future.
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Figure 10.15: Cross section systematic parameters from the GUNDAM fit for the SF to
SuSAv2 fake data study in the CCOr0p0yFwd sample, showing DIS (top), miscellaneous
parameters (middle), and FSI strength (bottom). The central values of the prefit are
shown as red points, with pink shading showing the uncertainties. The postfit values are
shown as blue points with uncertainties as error bars.
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10.4. Nuclear Models
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Figure 10.16: Cross section systematic parameters from the GUNDAM fit for the SF to
SuSAv2 fake data study in the CCOrOpOyFwd sample. From top to bottom: RPA
strength, other parameters, binding energy, and beam flux. The central values of the
prefit are shown as red points, with pink shading showing the uncertainties. The postfit
values are shown as blue points with uncertainties as error bars. The postfit parameters
are shown to generally be within the uncertainty ranges of the prefit, which suggests the
existing priors are sufficient for fitting for this fake data study.
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10.5 Axial Form Factors

This section discusses the results for the fake data studies that affect the axial form factor
of the nucleus: Z-Expansion (subsection 10.5.1), 3-Component(subsection 10.5.2), and
LQCD Z-Expansion (subsection 10.5.3). The first two models have —1o, nominal, and
+10 studies, while the LQCD model has nominal and —1o only, for a total of eight fake
data studies. These models are described in detail in section 9.1.2. The CCOpiOpOyFwd
sample has been chosen as the most significant sample for these studies, and is presented

in the ratio plots comparing MC and fake data.

Contrasting to the nuclear model studies in the previous section, these fake data stud-
ies have a greater effect in the high-Q? region. The systematics analysis will focus on
the CCQE parameters for brevity, as these are more heavily affected compared to other

parameter groups.

10.5.1 Z-Expansion

The three Z-Expansions fake data fits, —1o, nominal, and 410, are shown in figure 10.17.
The prefit plots show that the —1o study increases Ryc/pp in high-momentum, high-
angle bins (reduces the high-Q? cross section), while the +1o study significantly decreases
it (increases the high-Q? cross section). Note that, for these particular studies, the z-axis
range has been extended from 0.8 — 1.2 to 0.5 — 1.5; the +10 study produces a data-MC
difference far beyond any reasonable real data result, especially in the given momentum
range. The nominal study has only very slight change compared to the nominal MC, with

a change of ~ 5% at most for any bin.

The postfit plots show that reasonably good agreement has been achieved for the —1o
and nominal Z-Expansion studies. The +10 study still shows some significant difference
and, curiously, shows an increase in Ry;c/rp between the fitted MC and the fake data in
some bins. This suggests GUNDAM has some difficulty with large changes between data
and MC at p, 2 1000 MeV /c. However, this is not unexpected as there are fewer param-
eters for adjusting high-momentum muons as these are already relatively well-modelled
in the MC, thus the GUNDAM fit is better designed for differences at lower momentum.

A similar result was observed in the 2021 analysis [125].

The parameter changes for the CCQE systematics are shown in figure 10.18. As the

plots in figure 10.17 suggest, there is relatively little change in the —1o and nominal
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studies (top and middle plots, respectively). The +1o study shows significant changes in
the axial mass (MACCQEGraph) and () normalisation (Q2_norm) parameters. Particularly,
Q2_norm 7, which corresponds to events with Q2 > 1000 MeV /c, has completely diverged

from the nominal value. This is consistent with what is observed in the ratio plots.
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Figure 10.17: Comparisons between prefit (left) and postfit (right) for the Z-expansion
AXFF fake data study, with —1o, nominal, and +1¢ top, middle and bottom,
respectively, in the CCOn0p0yFwd sample. The colour of each bin shows the value of
the ratio Ryc/pp. The prefit distributions have x? values of 17.3, 14.9 and 272.7,
respectively, while the postfits have y? values of 9.17, 4.39 and 21.3. Note that,
compared to similar plots for other fake data studies, the z-axis range has been extended
to 0.5 — 1.5 as the study has a very strong effect especially at high Q2. The fit quality is
generally good, showing that GUNDAM is capable of fitting this fake data set effectively.
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Figure 10.18: CCQE cross section systematic parameters from the GUNDAM fit for the AXFF
Z-Expansion fake data studies. The central values of the prefit are shown as red points, with pink
shading showing the uncertainties. The postfit values are shown as blue points with uncertainties as
error bars. The —10, nominal and +10¢ studies are top, middle, and bottom respectively. There is
generally minor parameter pulling from the nominal values in the —1¢ and nominal models, but the
+10 shows major pulling in the high-energy Q? normalisation bin (#9, corresponding to > 1 GeV).
This is consistent with the large data-MC difference observed in this region (see figure 10.17).
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10.5.2 3-Component

The ratio plots for the 3-component —1o, nominal and +1¢ fake data studies are shown
in figure 10.19. There is relatively little difference between the prefit plots for three
studies in this model, with all reducing Ryc/rp, and thus increasing the cross section, at
medium-to-high muon momentum compared to the nominal MC. The postfit shows good
agreement across the three studies. The systematics plots in figure 10.20 show relatively
small changes in the fit parameters, with the largest being the Q2 norm 7 parameter,
which affects the expected momentum range (Q? > 1000 MeV).
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Figure 10.19: Comparisons between prefit (left) and postfit (right) for the 3-component
AXFF fake data study, with —1o, nominal, and +1¢ top, middle and bottom,
respectively, in the CCOm0pOyFwd sample. The colour of each bin shows the value of
the ratio Ryc/pp. The prefit x? values are 113.5, 96.3 and 231.9, respectively, while the
postfit x? values are 0.61, 0.41 and 0.70. The fit quality here is very high even for the
major fake data-MC difference in the low-Q? region.
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Figure 10.20: CCQE cross section systematic parameters from the GUNDAM fit for the
AXFF 3-Component fake data studies. The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values are shown as
blue points with uncertainties as error bars. The —1¢, nominal and +1¢ studies are top,
middle, and bottom respectively. The blank areas correspond to parameters that are
fixed in the fit as they were expected to hava very low sensitivity to the fit [90], hence
they have no postfit. The largest parameter pull is for the Q% > 1 GeV normalisation
parameter (#9), which is consistent with what is observed in figure 10.5.2, showing the
largest data-MC difference corresponds to this region.
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10.5.3 LQCD Z-Expansion

Figure 10.21 shows the ratio plots for the nominal and —1o LQCD Z-Expansion fake
data studies. This fake data study is a modification of the Z-Expansion model discussed
previously, so there are similarities between the two. The z-axis has range also been
expanded to from 0.8 — 1.2 to 0.5 — 1.5 for these plots, as the difference between the fake
data and the nominal MC is much greater than in other studies, especially in the high-Q?
region. The nominal study shows only slight changes between the nominal MC and the
fake data, while the —1o study shows a large decrease in Ryc/pp in the high-Q? region.
The postfit plots show reasonable fit quality, although GUNDAM continues to struggle
fitting particularly large changes at high Q2. The systematics plots, shown in figure 10.22,
show very small changes in the nominal study, and a significant change in the Q2_nom_7

parameter for the —1o study, which is expected.
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Figure 10.21: Comparisons between prefit (left) and postfit (right) for the Z-expansion
LQCD AXFF fake data study, with nominal and —1¢ studies top and bottom,
respectively. The colour of each bin shows the value of the ratio Ry;c/rp. Note that,
compared to similar plots for other fake data studies, the z-axis range has been extended
to 0.5 — 1.5 as the study has a very strong effect especially at high Q?. The prefit x>
values are 15.0 and 150.6, respectively, while the postfit x? values are 4.39, and 19.0.
The fit quality is generally good, showing that GUNDAM is capable of fitting this fake
data set effectively, especially considering the very large difference in the high-Q? region
compared to most other fake data studies.
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Figure 10.22: Cross section systematic parameters from the GUNDAM fit for the LQCD
Z-Expansion fake data studies, with —1o and nominal studies top and bottom,
respectively. The central values of the prefit are shown as red points, with pink shading
showing the uncertainties. The postfit values are shown as blue points with
uncertainties as error bars. The blank areas correspond to parameters that are fixed in
the fit as they were expected to have a very low sensitivity to the fit [90], hence they
have no postfit. The nominal model shows major pulling in the high-energy (?
normalisation bin (#9, corresponding to > 1 GeV). This is consistent with the large
data-MC difference observed in this region (see figure 10.21).
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10.6 Single Pion Production

This section covers the fake data studies that affect the single pion production model: SPP
Matrix Element —1o/+10 (subsection 10.6.1), SPP Adversarial (subsection 10.6.2), RS to
Martini (subsection 10.6.3), and Low-Q?* SPP (subsection 10.6.4). For these studies, the
CCl70yFwd sample has been chosen for the prefit and postfit ratio plots as this sample
contains the majority of single pion production events. Similarly, the parameter analysis

will focus on the single pion production systematics.

10.6.1 SPP Matrix Element

For these fake data studies, the single pion production matrix element is shifted by +10o;
the ratios between the prefit and postfit MC against fake data are shown in figure 10.23.
The plots show the expected effect in the prefits, with the —1o study decreasing Ryc/rp
across the momentum range (corresponding to an decrease in cross section), and the +1o
increasing Ry;c/pp (corresponding to an increase in cross section). Notes that the angular
bin below cos @, = 0.85 extend below the limit of the plot to cosf, = —1, so the values
Ryeypp must be taken with this in mind. The postfit plots show a successful fit, with
the largest difference between the fitted MC and fake data being < 5%.

The change in systematics in the fits are shown in figure 10.24. Of particular note is
the anomalously large uncertainty on the MDLSPiEjGraph parameter in the +10 study,
which extend ~ 44 beyond the central value. This suggests some significant issue in fit-
ting this parameter for this study. This does not appear in any of the other studies, and
there is not obvious reason it would appear here. It is possible the choice of interpolation
method may resolve this, or it may be a minor bug in GUNDAM. This will be explored
in future work as GUNDAM continues to be developed.
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Figure 10.23: Comparisons between prefit (left) and postfit (right) for the SPP Matrix
Element fake data study for the CC170vFwd sample, with —10 and +10 top and
bottom, respectively. The colour of each bin shows the value of the ratio Ry;c/pp. The
prefit x? values are 11.5 and 2.28, respectively, while the postfit x? values are 2.51 and
1.18. The fit quality is good, showing that GUNDAM is capable of fitting this fake data
set effectively.
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Figure 10.24: Cross section systematic parameters from the GUNDAM fit for the SPP
Matrix Element fake data studies. The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values are shown as
blue points with uncertainties as error bars. The —1o and +1¢ studies are top and

bottom, respectively. The A decay parameter (#48) has a very large uncertainty,
especially in the +10 study. It is unknown why the uncertainties are so large here, but
it is not considered to have compromised the overall fit quality. Otherwise, the other fit
parameters are as expected, showing only small changes as the effects of the study on
the momentum /angular distribution is relatively minor (figure 10.23.
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10.6.2 SPP Adversarial

Figure 10.25 shows the prefit and postfit ratio plots for the SPP Adversarial fake data
study. The prefit shows a decrease in Ry;c/pp across the entire plot, which is expected for
the study as the fake data reweighting applies a scaling factor to increase pion production
events compared to the nominal MC. The postfit shows a successful fit, with the ratio

across all bins being < 5%. The SPP parameter changes are shown in figure 10.26.

‘ FDS12 FHC FGD1v,, CC 1Oy Fwd ‘ ‘ FDS12 FHC FGD1yv, CC 1t Oy Fwd ‘

& o e I 12 & e L B e s e 12
0\ E %] £
Boos 115 oot 115
09 F 11 09F 11
085 |- 105 085 F 105
08| 1 08F 1
075 | 0.95 075 F 095
07 09 07F 09
065 |- 0.85 065 F 085
0.6'AAlAAAlAA\‘\\\lkkklk\\‘\Akl\\\‘\\\‘\\\ 0.8 0l6:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\ 0.8
0 200 400 600 800 1000 1200 1400 160 0 200 400 600 800 1000 1200 1400 1
SN o

Figure 10.25: Comparisons between prefit (left) and postfit (right) for the SPP Adversarial fake
data studies in the CClw0yFwd sample. The colour of each bin shows the value of the ratio
Rueyrp- The prefit x? value is 22.2 and the postfit x* value is 0.34. The fit quality is good,

showing that GUNDAM is capable of fitting this fake data set effectively.
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Figure 10.26: Singe Pion Production cross section systematic parameters from the GUNDAM fit
for the SPP Adversarial fake data study. The central values of the prefit are shown as red points,
with pink shading showing the uncertainties. The postfit values are shown as blue points with
uncertainties as error bars. The majority of fitted parameters are within the uncertainties of the
priors, suggesting the current priors are acceptable for fitting this study. The large uncertainty in
the A decay parameter (#48) has been discussed previously (see 10.6.1) and is believed to be a
minor fitting error that will be investigated in the future.
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10.6.3 RS to Martini

Figure 10.27 shows the prefit and postfit ratio plots for the RS to Martini fake data study.
The prefit shows this study significantly increases Rysc/rp at low-Q?, corresponding to a
heavy suppression of 17 events in the fake data compared to the nominal MC. The postfit
shows a successful fit, with the ratio across all bins being < 5%. The SPP parameter

changes are shown in figure 10.28.
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Figure 10.27: Comparisons between prefit (left) and postfit (right) for the RS to Martini
fake data study in the CC1lw0yFwd sample. The colour of each bin shows the value of
the ratio Ry pp. The prefit x* value is 29.7 and the postfit x* value is 2.52. The fit

quality is good, showing that GUNDAM is capable of fitting this fake data set effectively.

10.6.4 Low (? Suppression Single Pion Production

Figure 10.29 shows the prefit and postfit ratio plots for the Low-Q? Suppression Single
Pion Production fake data study. As expected, there is a significant increase in Ryc/rp
(corresponding to a reduction in fake data events in the associated bins compared to nom-
inal MC) in the low-Q? region, far beyond what would be expected in a reasonable real
data-MC difference. The postfit plot shows GUNDAM can still effectively perform a fit in

this extreme circumstance, showing < 5% difference between the fitted MC and fake data.

The SPP parameter changes are shown in figure 10.30. The MDLSPiEjGraph parame-
ter shows an unusually large uncertainty, which further suggests issues with fitting this
particular parameter as this was previously seen in the SSP Matrix Element +10 study.
The CCQE parameters are also included here to highlight that the m-production Pauli
blocking parameters (two rightmost parameters) are increased in this fit, as the CCQE

parameters only show very slight changes in the other SPP-focused fake data studies.
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Figure 10.28: Cross section systematic parameters from the GUNDAM fit for the RS to
Martini fake data study. The central values of the prefit are shown as red points, with
pink shading showing the uncertainties. The postfit values are shown as blue points
with uncertainties as error bars. The majority of fitted parameters are within the
uncertainties of the priors, suggesting the current priors are acceptable for fitting this
study.

As Pauli blocking heavily affects low-momentum neutrino interactions, this change is not

unexpected.
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Figure 10.29: Comparisons between prefit (left) and postfit (right) for the Low-Q?
Suppression Single Pion Production fake data study in the CCln0yFwd sample. The
colour of each bin shows the value of the ratio Ry;c/rp. The prefit x? value is 206.5 and
the postfit x? value is 2.29. The large fake data-MC difference represented by the red
region in the prefit is almost completely resolved in the postfit, showing GUNDAM is
capable of fitting such a large discrepancy.
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Figure 10.30: Cross section systematic parameters from the GUNDAM fit for the Low-Q?
Suppression Single Pion Production fake data study. The central values of the prefit are shown as
red points, with pink shading showing the uncertainties. The postfit values are shown as blue
points with uncertainties as error bars. The SPP parameters are shown above, and the CCQE
parameters below. The large pulling of the CASRES parameter (#40 in the SPP plot) is expected
as this parameter corresponds to the axial form factor at low energies thus a large change is not
unexpected. Similarly, the Pauli blocking parameters affecting pion production (#26 and #27 on
the CCQE plot) are pulled heavily as well, but still within prior uncertainties. The large
uncertainty in the A decay parameter (#48) has been discussed previously (see 10.6.1) and is
believed to be a minor fitting error that will be investigated in the future.
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10.7 Other Studies

The following fake data studies do not fall within a larger group, so are gathered in
this section. The studies discussed here are CCOpi Non-QE (subsection 10.7.1), 2p2h Eb
Correction (subsection 10.7.2) and MultiPi Multiplicity (subsection 10.7.3).

10.7.1 CCOnm Non-QE

Figure 10.31 shows the prefit and postfit ratio plots for the CCOpi Non-QE fake data study.
As this study has effects across the CCOpi samples, the plots for the CCOr0y0pFwd and
CCOm0yNpFwd samples are given. The prefit plots show an increase in Ry/c/rp at low
Q?, and a decrease at high Q%. The postfit for the CCOr0y0pFwd sample shows good
agreement between the fitted MC and fake data, with the largest difference being < 5%.
The CCOm0yNpFwd postfit shows worse agreement, with the largest difference being
~ 10%. However, these results are comparable with the 2021 fake data analysis results,
shown in figure 10.32, suggesting that the current GUNDAM fit is at least as successful
as the previous BANFF fit. Additionally, the samples have postfit x? values of 2.99 and
8.51, respectively, (compared to prefit values of 68.0 and 115.3) which suggests a good fit.

The parameter changes are shown in figures 10.33, 10.34, and 10.35. Generally, the
systematics appear as expected; however, the RPA strength parameters show little to no
change from their nominal value and in some cases the uncertainties have grown larger.
As these are new parameters for this analysis, and there have been previous issues with
interpolation methods for the FSI strength and RPA strength parameters (see section
10.2), this is not wholly unexpected, but the specific cause is not fully known at this
moment. This will be explored in future GUNDAM analyses.

149



Chapter 10 — Fake Data Fit Results and Analysis

10.7. Other Studies

06t
0 200 400 600 800

FDS1 FHC FGD1v, CC Omt

L e L o T

Op Oy Fwd |
——

12

B, B 1 1 1 1 1 Lyl

i _— 0.
0 200 400 600 800 1000 1200 1400 183%“1,?&}%300

FDS1 FHC FGD1v, CC OrtNp Oy Fwd ‘

12

Lo bv v be v bowa |

1000 1200 1400 183(%'&%@/2800 0

FDSI FHC FGD1v,, CC Ort0p Oy Fwd |

Y E  EEsEREEEEEE e 12
§oos - 115
09F 11
085 1.05
08F 1
075 F 0.95
07f 09
065 F 0.85
0B Tl g
0 200 400 600 800 1000 1200 1400183?'%9/%900

FDS1 FHC FGD1v, CC OrtNp Oy Fwd ‘
12
115
11
1.05
1
0.95
09
0.85
8

0.65‘”mH\HmHmHm‘umumumum“
0 200 400 600 800 1000 1200 1400 183(%'&%8/2800

Figure 10.31: Comparisons between prefit (left) and postfit (right) for the CC Non-QE
fake data study in the CC170y0pFwd (top) and CC1lm0yNpFwd (bottom) samples.The
colour of each bin shows the value of the ratio Ryc/rpp. The prefit x? value are 68.0 and
115.3 for CC170y0pFwd and CC1m0yNpFwd, respectively, and the postfit y? values are
2.99 and 8.51. For the zero-proton sample, fit quality is very good. However, the

N-proton sample still shows an imperfect fit. The zero-proton sample is much more
significant for the oscillation analysis, so this is not a major concern, and the N-proton
sample is still fitting to ~ 5%. Both samples are comparable to the previous results from
the 2021 analysis (10.32, so the fit quality is still at least as good.
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Figure 10.32: 2021 fake data analysis results, showing comparisons between prefit (left)
and postfit (right) for the CC Non-QE fake data study in the CC170~y0pFwd (top) and
CC1m0yNpFwd (bottom) samples. The colour of each bin shows the value of the ratio
Ryieypp- Plots adapted from [125].
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Figure 10.33: Cross section systematic parameters from the GUNDAM fit for the CCOpi Non-QE

fake data study, showing CCQE (top), 2p2h (middle), and single pion production (bottom). The

central values of the prefit are shown as red points, with pink shading showing the uncertainties.
The postfit values are shown as blue points with uncertainties as error bars. The blank areas

correspond to parameters that are fixed in the fit as they were expected to have a very low

sensitivity to the fit [90], hence they have no postfit. All fitted parameters are within the prior

uncertainties (except in cases where no prior uncertainty is set e.g. the 2p2h_norm parameters),

suggesting the currepyppriors are sufficient.
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Figure 10.34: Cross section systematic parameters from the GUNDAM fit for the CCOpi
Non-QE fake data study, showing DIS (top), miscellaneous parameters (middle), and
FSI strength (bottom). The central values of the prefit are shown as red points, with
pink shading showing the uncertainties. The postfit values are shown as blue points

with uncertainties as error bars. All fitted parameters are within the prior uncertainties,

suggesting the currepygpriors are sufficient.
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Figure 10.35: Cross section systematic parameters from the GUNDAM fit for the CCOpi
Non-QE fake data study. From top to bottom: RPA strength, other parameters, binding
energy, and beam flux. The central values of the prefit are shown as red points, with
pink shading showing the uncertainties. The postfit values are shown as blue points
with uncertainties as error bars. The majority of fitted parameters are within the prior
uncertainties, suggesting the current priors are sufficient.
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10.7.2 2p2h Eb Correction

Figure 10.36 shows the prefit and postfit ratio plots for the 2p2h Eb Correction fake
data study, for the CCOm0y0pFwd sample. The prefit plot shows an increase in Ryc/rp
across all muon momenta and angles plotted, meaning the study reduces the number of
events in almost all fake data bins compared to nominal MC. As the effect is relatively
straightforward, it is unsurprising to see the postfit MC almost completely matches the
fake data.

Figure 10.37 shows the values for the 2p2h parameters. As expected, there is a reduction
in the normalisation parameters 2p2h norm nu and 2p2h_norm nubar. The normalisation

parameters are most heavily affected, which is expected given the nature of the fit.
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Figure 10.36: Comparisons between prefit (left) and postfit (right) for the 2p2h Eb
Correction fake data study in the CCOm0~v0pFwd sample. The colour of each bin shows
the value of the ratio Ryc/pp. The prefit x? value is 21.8 and the postfit y? value is
0.24. The fit quality is almost perfect across the full angle and momentum range, which
is not unexpected given the fairly uniform nature of the prefit.
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Figure 10.37: Cross section systematic parameters from the GUNDAM fit for the 2p2h
Eb Correction fake data study. The central values of the prefit are shown as red points,
with pink shading showing the uncertainties. The postfit values are shown as blue
points with uncertainties as error bars. The normalisation parameters #28 and #29 are
most heavily affected, which is expected given the nature of the fit affecting the full
angular /momentum range.
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10.7.3 MultiPi Multiplicity

Figure 10.38 shows the prefit and postfit ratio plots for the MultiPi Multiplicity fake data
study, for the CC1m0yFwd sample. This sample was chosen because the study directly af-
fects pion production. The prefit shows an decrease in Ry;c/rp across all muon momenta
and angles compared to the nominal MC. In the postfit, the fitted MC closely matches
the fake data, with a difference generally < 5%.

The systematic values for the DIS parameters are presented in figure 10.39; this parameter
group contains the multim-production-related systematics, hence contains the most signif-
icant parameters for this study. As expected, there is significant increase in the normali-

sation parameters MultiPi Multiplicity_TotXSecGraph and MultiPi BY VectorGraph.
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Figure 10.38: Comparisons between prefit (left) and postfit (right) for the MultiPi
Multiplicity fake data study in the CCln0yFwd sample. The colour of each bin shows
the value of the ratio Ryc/pp. The prefit x? value is 38.3 and the postfit x* value is
2.54. The fit quality is generally good, showing that GUNDAM is capable of fitting this
fake data set effectively.
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Figure 10.39: Cross section systematic parameters from the GUNDAM fit for the
MultiPi Multiplicity fake data study. The central values of the prefit are shown as red
points, with pink shading showing the uncertainties. The postfit values are shown as
blue points with uncertainties as error bars. There is very strong pulling for the
normalisation parameters #54 and #55, which is expected given the fake data has a
consistent effect across the total momentum and angle range.
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10.8 Fake Data Fit Results Summary

This analysis aimed to determine if the GUNDAM fitter was capable of fitting nominal
MC to a wide range of fake data sets, some of which had extreme differences to the nom-
inal MC that are highly unlikely to appear in real data. These extreme fake data studies
are still useful as they allow us to test the fitter in situations beyond what it is optimised
for, and as all fake data studies are motivated by some theoretical or observed result,

none are strictly impossible.

GUNDAM is relatively new software and remains under development, so its ability to
fit fake data was unknown but was expected to perform similarly to the previous fitter,
BANFF. This work presents the first set of fake data studies performed using GUNDAM,
where it was expected to be able to recover the fit quality of the 2021 fake data study
[125], which used BANFF.

This new analysis also includes several other changes compared to 2021: new FSI strength
and RPA strength parameters have replaced optical potential in the interaction model,
and a new binning for the angular and momentum distributions have been introduced.
These changes were primarily motivated to improve the real data fit, but it was unknown

how the fake data fit would be affected, hence the need for this new analysis.

As there have been significant changes affecting the fit since the previous BANFF analy-
sis, a direct comparison is difficult. Thus, a one-to-one comparison is not featured in this
analysis. Comparisons with BANFF have been performed if the GUNDAM fit is appar-
ently relatively poor (for example, in the SF to CRPA study), as in these cases similar
results were observed in the BANFF fit.

The y? values for each prefit and postfit plot presented above is summarised in table
10.1. All postfits show a very significant decrease in x? compared to the prefits. The
majority of the postfits have x? < 10, which is very low and these can be considered
“well-fitted” without further comment. There are a number of exceptions, but these
are not necessarily indicative of issues with GUNDAM. The SF to CRPA study (section
10.4.2) has a high postfit x? of 32.6, but it can be seen from the fit plots in the 2021
analysis that the fit quality is no worse than is the previous BANFF fit. However, it was
expected that the new FSI/RPA parameters implemented since 2021, which were actu-

ally motivated by this fake data set [95], would show noticeable improvements. This is
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currently still under investigation, but may be a result of the interpolation methods used

for these new parameters, which are still in the process of being tuned.

The SF to SuSAv2 has a high postfit x? of 25.8, but it is a new study so lacks a 2021
equivalent. However, it is known from the SF to CRPA study that fitters can struggle
with changes to the nuclear model (this is not seen in SF to LFG as more work has been
performed to correctly fit that study even before GUNDAM), so the results do not suggest
an inherent flaw in GUNDAM’s fitting capabilities and will probably need changes to the
model itself to fully resolve. The Z-Expansion —lo studies (sections 10.5.1 and 10.5.3)

also show similar results to the 2021 fit.

It is worth reiterating that, as fake data sets, these studies deliberately diverge from
what we expect from real detector data. The high quality of the fits show that GUNDAM
and the MC model parameters are flexible enough to fit MC to data that is substantially
different from the nominal model. All fits successfully converged, and there are no major

bugs or issues in running the fit.

A future analysis for the fake data studies would be a full fake data oscillation analysis,
using far detector fake data in conjunction with the fits presented here to analyse how
the fake data affects the oscillation parameters themselves. At time of writing, no fake
data oscillation analysis with GUNDAM has been performed. The software is still in the
process of being validated against near detector fits, which must be completed before it

can be used to generate any meaningful oscillation results.
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Study Sample Prefit y? | Postfit \*
SF to LFG CCOm0~y0pFwd 180.7 2.32
SF to CRPA CCOm0yOpFwd 193.0 32.6
SF to SuSAv2 CCOm0~v0pFwd 296.0 25.8
Z-Expansion -1o CCOm0yOpFwd 17.3 9.17
Z-Expansion Nominal CCOm0~v0pFwd 14.9 4.39
Z-Expansion +1o CCOm0y0pFwd 272.7 21.3
3-Component —1o CCOm0~v0pFwd 113.5 0.61
3-Component Nominal CCOm0~v0pFwd 96.3 0.41
3-Component +1o CCOm0~v0pFwd 231.9 0.70
LQCD Z-Expansion Nominal | CCOm0v0pFwd 15.0 4.39
LQCD Z-Expansion —1o CCOm0y0pFwd 150.6 19.0
SPP Matrix Element —1o CClm0yFwd 11.5 2.51
SPP Matrix Element +1o CClm0yFwd 2.28 1.18
SPP Adversarial CClmOyFwd 22.2 0.34
RS to Martini CClnOyFwd 29.7 2.52
Low-Q? Suppression SPP CC1r0yFwd 206.5 2.29
CCOm0~y0pFwd 68.0 2.99
CCOm Non-QE CCOn0yNpFwd |  115.3 8.51
2p2h Eb Correction CCOm0~v0pFwd 21.8 0.24
MultiPi Multiplicity CClm0yFwd 38.3 2.54

Table 10.1: Comparison of prefit and postfit x? values for fake data sets across samples
presented in this chapter. Sets with postfit x? values below 10 can be considered
well-fitted. For those over 10, there has been discussion on how these are still within
expected limits.
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The field of neutrino physics continues to advance at pace, and precise measurements
and accurate analyses are more important than ever as more data is taken and statistical
uncertainties decrease. Experiments current and future will push further into particle
physics beyond the standard model, and explore new physics on scales from quantum to
cosmological. The T2K experiment is a long-baseline neutrino experiment which provides
world-leading results on neutrino oscillation parameter measurements. The continuation
of its success relies on an ongoing program of upgrades to its detectors and analysis soft-

ware.

This thesis presents only a few parts of the work that continues to be done for T2K,
but represents significant promise for the ND280 near detector analysis. The Production
7 software upgrade, and the validation of the associated analysis tools presented in chapter
7, provides major improvements to main parts of the detector’s reconstruction algorithms.
The implementation of the 47 selection alongside it allows for a stronger comparison in
beam composition between the near and far detectors, as both can analyse events across
the full 47 solid-angle range. The efficiency and purity of the major samples of CCOpi,
CCl1pi, CCPhoton and CCOther has been preserved across P6 to P7, following necessary
adjustments to certain selection parameters. It has also been shown that the TPC-ECal
matching efficiencies are still at acceptable values. The run 8 timeslip correction algorithm

has been shown to work fully in P7, even for topologies with low systematic uncertainties.
The GUNDAM fitter is a significant upgrade to the previous BANFF fitter, and presents

improvements to efficacy, usability, and speed. As it is still under development, further

testing and validation must be completed before it can be fully integrated into the T2K

162



Chapter 11 — Conclusions and the Future Conclusions and the Future

analysis. Despite the relatively early stages of the project, it has been shown here to
be fully capable of performing accurate fits over extreme fake data studies far in excess
of what could be expected for real detector data. Additionally, all fit results show ac-
ceptable x? values for comparisons between the prefit and postfit momentum and cos 6
distributions. The GUNDAM fitter typically reduces the fake data-MC difference to less
than 5% for all 19 fake data sets across the muon cosf and momentum phase space, and
shows similar or improved results when compared with the 2021 BANFF analysis. This
successful first exploration into fake data studies with GUNDAM will pave the way to-
wards more in-depth analyses. A full oscillation analysis in conjunction with far detector

fake data studies will be necessary in the future.

Beyond the software work presented in this thesis, the completion of the ND280++ in the
2024 upgrade marks a tremendous improvement in the detector’s capabilities. The POD
has been replaced by multiple new subdetectors: the top and bottom high-angle TPCs,
the superFGD, and six time-of-flight panels. These additions to the detector will require
further analysis to fully capitalise on the trove of new data they are providing, but will

considerably reduce uncertainties in neutrino measurements.

At the other end of the neutrino beamline, Super-Kamiokande’s successor, Hyper-Kamiokande
(Hyper-K), is currently under construction [34]. The new far detector will have a fiducial
volume eight times that of Super-K, providing improved neutrino detection and many
more neutrino events. Hyper-K, like Super-K, will also be used for other areas of neu-
trino research beyond T2K, including measuring neutrinos from astrophysical sources such
as supernovae and the Sun. Hyper-K expects to begin data-taking in 2027. This is in
conjunction with ongoing upgrades to the T2K neutrino beam, improving beam energy,

number of protons on target, and faster beam spills [138].

To summarise, the work performed by the author has contributed significantly to the
ND280 upgrade. This includes the assistance in construction of the new SuperFGD sub-
detector; the validation of multiple parts for the Production 7 software upgrade, including
implementation of the new 47 solid-angle selection, validation of the timeslip correction
algorithm, and ECal systematics; and the very first investigation into fake data studies
that uses the new GUNDAM fitter. The P7 validation has been able to preserve the
efficiency and purity of the main CCOr sample (P6 Eff: 47.49+0.13 P7 Eff: 46.84 +0.13;
P6 Pur: 78.99 £+ 0.13 P7 Pur: 79.89 £ 0.13) despite major changes to the reconstruction
algorithms introduced in P7. The GUNDAM work has show a high quality of fitting
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across almost all fake data sets, with the majority of postfit x? values being < 10.
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Appendix A

NIWGReWeight Fake Parameters

This appendix lists the parameter values set for each fake data set. These are applied to
the nominal MC flattree files via NIWGReWeight.

SF To LFG:
SF_toLFGTwkDial = 1

MS9¥ = 1.21 GeV?, EB_bin_C_nu = 0, EB_bin_C_nu = 0 is applied during the
GUNDAM fit

Non-QE:

nonQETwk_Low(Q2recWeight 1 = 0.881677
nonQETwk_Low(2recWeight 2 = 0.998662
nonQETwk_Low(Q2recWeight 3 = 1.3174
nonQETwk_LowQ2recWeight 4 = 1.48727
nonQETwk_LowQ2recWeight 5 = 1.57654

nonQETwk_HighQ2recWeight_1 = 1.80654

nonQETwk_HighQ2recWeight 2 = 1.74901
nonQETwk_HighQ2recWeight 3 = 1.4276
nonQETwk_anu_Low(Q2recWeight_1 = 0.658032
nonQETwk_anu Low(Q2recWeight 2 = 0.742947
nonQETwk_anu_LowQ2recWeight 3 = 1.21484
nonQETwk_anu_LowQ2recWeight 4 = 1.21891
nonQETwk_anu_LowQ2recWeight 5 = 1.37637

non(QETwk_anu HighQ2recWeight_ 1 = 1.85244
nonQETwk_anu HighQ2recWeight 2 = 1.63018
nonQETwk_anu HighQ2recWeight 3 = 1.49767
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Appendix A — NIWGReWeight Fake Parameters

SPP Matrix Element —10:

ROM3M3 = -30
ROM1M1 = 30
ROMIM3 = -30

MDLSPiERj = 1

SPP Matrix Element +10:

ROM3M3 = 30
ROMIM1 = -30
ROMIM3 = -30

MDLSPiERj = 1

SF to CRPA:
SF_toCRPASuSAv2HybridTwkDial = 1

MgE = 1.21 GeV?, EB_bin_C_nu = 0, EB_bin_C_nu = 0 is applied during the
GUNDAM fit

Z-Expansion —1o:
Ax1FFCCQE = 5

FAZExp Al = 2.28
FAZExp_A2 = 0.5403666485
FAZExp_A3 = -3.601593719
FAZExp_A4 = 2.350915679

MgE = 1.21 GeV? is applied during the GUNDAM fit

Z-Expansion Nominal:
Ax1FFCCQE = 5

FAZExp Al = 2.28
FAZExp A2 = 0.26
FAZExp A3 = -5.2
FAZExp A4 = 2.6

MgE = 1.21 GeV? is applied during the GUNDAM fit

Z-Expansion +1o:
Ax1FFCCQE = 5

FAZExp_Al = 2.231420552
FAZExp_A2 = -0.514799999
FAZExp_A3 = -9.829468312
FAZExp_A4 = 5.506347821

MgE = 1.21 GeV? is applied during the GUNDAM fit
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LQCD Z-Expansion Nominal:
Ax1FFCCQE = 5

FAZExp Al = 2.28

FAZExp A2 = 0.26

FAZExp A3 = -5.2

FAZExp A4 = 2.6

MgE = 1.21 GeV? is applied during the GUNDAM fit

LQCD Z-Expansion —1o:
Ax1FFCCQE = 5

FAZExp_Al = 2.069086266
FAZExp A2 = -0.8883496854
FAZExp_A3 = -6.024137229
FAZExp A4 = 2.332464989

MgE = 1.21 GeV? is applied during the GUNDAM fit

SF to SuSAv2:
SF_toSuSAv2TwkDial = 1

M%P =1.21 GeV?, EB_bin_Cnu = 0, EB_bin_C_nu = 0 is applied during the
GUNDAM fit

2p2h Eb Correction:
MECTwkDial _Eb_C12_nu 1
MECTwkDial _Eb_016_nu 1
MECTwkDial_Eb_C12_nubar = 1
MECTwkDial Eb_016 _nubar = 1
FAZExp_ A4 = 2.332464989

SPP Adversarial:
SPPTwk_SPPAdversarial2022 = 1

RS to Martini:
RS_toMartiniTwkDial = 1

MultiPi Multiplicity:
MultiPi Multiplicity FDS = 1

Low Q? SPP:
SPPTwk_LowQ2Suppression = 1
SPPTwk_Low(Q2SuppressionForm = 0
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3-Component —1o:

Ax1FFCCQE = 4

FAx1CCQEAlpha = 0.1584532369
FAx1CCQEBeta = 1.092163679
FAx1CCQEGamma = 0.4165094425
FAx1CCQETheta -0.6049211041

MEE = 1.21 GeV? is applied during the GUNDAM fit

3-Component Nominal:
Ax1FFCCQE = 4
FAx1CCQEAlpha = 0.23
FAx1CCQEBeta = 1.22
FAx1CCQEGamma = 0.44
FAx1CCQETheta = -0.26

M%P =1.21 GeV? is applied during the GUNDAM fit

3-Component +10:

Ax1FFCCQE = 4

FAx1CCQEAlpha = 0.1351120969
FAx1CCQEBeta = 1.229616897
FAx1CCQEGamma = 0.409450104
FAx1CCQETheta = -0.133810261

MgE = 1.21 GeV? is applied during the GUNDAM fit
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Figure B.1: Prefit (top 16) and postfit (lower 16) results for the SF to LFG fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.2: Prefit (top 16) and postfit (lower 16) results for the SF to LFG fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.3: Prefit (top 16) and postfit (lower 16) results for the Low Q? SPP fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.4: Prefit (top 16) and postfit (lower 16) results for the Low Q? SPP fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.6: Prefit (top 16) and postfit (lower 16) results for the SPP MatrixEl M1sig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.7: Prefit (top 16) and postfit (lower 16) results for the SPP MatrixEl Plsig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.8: Prefit (top 16) and postfit (lower 16) results for the SPP MatrixEl Plsig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.9: Prefit (top 16) and postfit (lower 16) results for the SF to CRPA fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.10: Prefit (top 16) and postfit (lower 16) results for the SF to CRPA fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.11: Prefit (top 16) and postfit (lower 16) results for the AXFF ZExp M1sig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.12: Prefit (top 16) and postfit (lower 16) results for the AXFF ZExp M1sig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.13: Prefit (top 16) and postfit (lower 16) results for the AXFF ZExp Nom fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.14: Prefit (top 16) and postfit (lower 16) results for the AXFF ZExp Nom fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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(top 16) and postfit (lower 16) results for the AXFF ZExp Plsig

fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.16: Prefit (top 16) and postfit (lower 16) results for the AXFF ZExp Plsig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Prefit (top 16) and postfit (lower 16) results for the LQCD Nom fake data

set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.18: Prefit (top 16) and postfit (lower 16) results for the LQCD Nom fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.19: Prefit (top 16) and postfit (lower 16) results for the LQCD Plsig fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.20: Prefit (top 16) and postfit (lower 16) results for the LQCD Plsig fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.21: Prefit (top 16) and postfit (lower 16) results for the SF to SuSAv2 fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.22: Prefit (top 16) and postfit (lower 16) results for the SF to SuSAv2 fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.23: Prefit (top 16) and postfit (lower 16) results for the 2p2h Eb Correction
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.24: Prefit (top 16) and postfit (lower 16) results for the 2p2h Eb Correction
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.25: Prefit (top 16) and postfit (lower 16) results for the SPP Adverserial fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.26: Prefit (top 16) and postfit (lower 16) results for the SPP Adverserial fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.27: Prefit (top 16) and postfit (lower 16) results for the RS to Martini fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.28: Prefit (top 16) and postfit (lower 16) results for the RS to Martini fake
data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.29: Prefit (top 16) and postfit (lower 16) results for the MultiPi Multiplicity
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.30: Prefit (top 16) and postfit (lower 16) results for the MultiPi Multiplicity
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.31: Prefit (top 16) and postfit (lower 16) results for the Low Q2 SPP fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.32: Prefit (top 16) and postfit (lower 16) results for the Low Q2 SPP fake data
set, showing the ratio of the angular and momentum distributions between the fitted
MC and the nominal fake data across 47 selection samples.
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Figure B.33: Prefit (top 16) and postfit (lower 16) results for the AXFF 3comp M1sig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.34: Prefit (top 16) and postfit (lower 16) results for the AXFF 3comp M1sig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.36: Prefit (top 16) and postfit (lower 16) results for the AXFF 3comp Nom
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Figure B.37: Prefit (top 16) and postfit (lower 16) results for the AXFF 3comp Plsig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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Appendix B — GUNDAM Fit Comparisons Across All Fake Data Studies
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Figure B.38: Prefit (top 16) and postfit (lower 16) results for the AXFF 3comp Plsig
fake data set, showing the ratio of the angular and momentum distributions between the
fitted MC and the nominal fake data across 47 selection samples.
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