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Abstract

The field of neutrino oscillation physics has yielded numerous significant results in recent decades. The
Japan-based long-baseline accelerator neutrino oscillation Tokai-to-Kamioka (T2K) experiment, renowned
for its contributions to accelerator neutrino oscillation studies, is undergoing several upgrades to further
advance high-impact measurements. Among the newly constructed subdetectors of the T2K off-axis near
detector ND280 is the Super Fine-Grained Detector (SuperFGD), which was installed in 2023. It is a
high-resolution particle tracker that is made up of approximately two million plastic scintillating cubes.
Its novel design allows the detector to measure neutrino interactions with high precision, an essential key

to reducing uncertainties of current and future neutrino experiments.

This thesis includes a brief summary of the SuperFGD design and the related calibration tasks.
In particular, the charge and pedestal calibration for the Multi-Pixel Photon Counters (MPPCs) are
described in detail. A neural network based on a Transformer architecture developed for general voxelised

3D detectors was utilised to increase calibration tolerance.

Finally, this thesis presents the development of a Standard Model three-neutrino oscillation global fit
study within the GAMBIT software framework, where the incorporation of the likelihood functions of
the NOvA, MINOS, and KamLAND experiments are detailed. Their validation results demonstrate good
agreement with the experimental counterparts, but the limited public data and experiment information
negatively affect the accuracy of the implementations. A preliminary scan, which included eight neutrino
oscillation experiments that covered a wide range of measurement technologies, was also performed.
In general, the early results are consistent with the existing neutrino global fits, and some noticeable

deviations are discussed.
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Chapter 1

Introduction

Physics is a subject concerning the motion and interaction of matter. It has always been the most reliable
approach to explain and predict the evolution of matter through space and time, from the ancient study of
astronomy to the revolutionary Newtonian mechanics and Einstein’s theories of relativity. Among these
powerful theories, it was quantum mechanics that gave birth to the Standard Model (SM) of particle
physics, to date, the most successful theory that describes all known elementary particles and three of
the four forces (electromagnetic, weak, and strong forces) that govern the interactions between them.
It predicts the existence of W and Z bosons, and explains the origin of the masses of the elementary
particles. Until a few decades ago, all particle physics experimental results had agreed with the Standard
Model to an incredibly high accuracy. Despite the great predicting power of the Standard Model, there is
strong evidence hinting at the existence of Physics Beyond the Standard Model (BSM). For example, the
inadequate theory of quantum gravity, the severe parameter fine-tuning caused by the hierarchy problem,

and the lack of Dark Matter candidates.

Another mysterious yet fascinating BSM evidence comes from the observation of the phenomena of
neutrino oscillations. Many experiments have demonstrated that a neutrino of a particular flavour has
a probability of changing type after propagating in spacetime, which was previously disallowed by the SM.
Moreover, for this to be true, at least two of the three neutrino types must be massive. Neutrino oscillation
is thus far the first and only definitive example of BSM physics. The phenomena of neutrino oscillation
were first observed with high statistical significance by the Super-Kamiokande (Super-K) experiment in
1998 [1] in the study of cosmic-ray-produced neutrinos (‘atmospheric neutrinos’), and the theory was
used in explaining the deficit of solar electron neutrinos by the Sudbury Neutrino Observatory (SNO) in
2001 [2]. For their contributions to neutrino physics, the spokespersons of the two experiments, Takaaki
Kajita and Arthur B. McDonald, were awarded the 2015 Nobel Prize in Physics. Furthermore, the recent
observations which suggest a non-zero CP-violation phase [3] may also explain the observation of matter-
antimatter asymmetry in the Universe, which further increases the urgency and importance of neutrino

research, making it one of the most actively researched areas in high-energy physics.

Neutrino physics has experienced remarkable progress over the past few decades. Since Bruno Pon-



tecorvo’s groundbreaking 1957 proposal [4] to extend the Standard Model to include neutrino oscillation,
a multitude of experiments have been designed to investigate this phenomenon, and the six parameters
that describe neutrino oscillation have been measured with varying levels of accuracy. Despite over twenty
years of experimental effort, some critical questions remain unresolved, such as the precise value of the
CP-violating imaginary phase, denoted as dcp, and the hierarchy of neutrino masses. A brief review of

the topics in neutrino physics is found in Chapter 2.

Apart from the new experiments such as Hyper-Kamiokande (Hyper-K) [5] and the Deep Underground
Neutrino Experiment (DUNE) [6], which are two large next-generation neutrino experiments currently
being built in Japan and the US, upgrades to the existing experiments are also beneficial. In particular,
the upgrades to the near detector ND280 of the Tokai-to-kamioka (T2K) experiment [7], a current long-
baseline accelerator neutrino oscillation experiment in Japan, is now entering an exciting phase where
several subdetectors have been installed and are being validated. Among the new subdetectors is the
Super Fine-Grained Detector (SuperFGD), a plastic-scintillator-based novel detector. It is a fully-active
target tracker that aims to perform precise particle momentum reconstruction and identification. With
the upgraded subdetectors, we expect to significantly reduce the systematic uncertainties and assist in
pushing the non-zero dcp measurement beyond 50. In Chapter 3, the design of the T2K experiment and

its ND280 upgrade programmme are covered.

Chapter 4 and Chapter 5 are dedicated to topics related to the SuperFGD, including its detector
design, the various calibration tasks, and a study on the reduction of charge calibration uncertainties
utilising a Tranformer-based machine learning algorithm. A Transformer neural network is a type of
machine learning algorithm designed to handle sequential input. It is widely adopted in many modern
natural langauge processing tasks, such as translation, text summarisation, and text generation. Its
unique feature, ‘attention’; allows the network to retain long-range awareness and is therefore also suitable

for processing particle detector event images.

The full exploitation of the collected data is crucial to the advancement of neutrino study. Among
the numerous methods of investigation, global fits can be performed to study the neutrino oscillation
experimental results in a unified and coherent approach. Since each neutrino experiment is specifically
sensitive to a subset of neutrino oscillation parameters, by combining a wide range of different experimen-
tal data, it is possible to set constraints on the neutrino oscillation parameters with an accuracy no one
individual experiment has alone. However, as the field grows in scope and complexity, the interpretation
of the experimental data and systematic errors become challenging. Furthermore, the limited availability

of publicly accessible experiment information also adds to the difficulty.

The success of a global study relies on several factors. The accuracy of the experiment modelling,
the efficiency of the parameter space exploration, and the eventual statistical interpretation are some
examples of vital importance. To achieve this, we perform a neutrino oscillation global study utilising

the ‘Global And Modular BSM Inference Tool’ (GAMBIT) fitting package [8, 9], of which the methods and



results are shown in Chapter 6. GAMBIT is an open-source global fitting software package for studying
generic particle and astronomical physics models. Its modular design allows easy implementation of
likelihood functions and models. The built-in scanners also provide concrete and efficient statistical

sampling techniques.



Chapter 2

Neutrino Physics

2.1 A Brief History of Neutrino Physics

The postulation of a new, electrically neutral, spin-1/2 particle * was proposed by Wolfgang Pauli in 1930 to
explain the continuous B-decay spectrum P. He called it neutron, a name first coined by Ernest Rutherford
in 1920 for his proposed neutral nucleon to explain the discrepancy between the mass numbers of atoms
and their atomic numbers. To avoid confusion, later, the name of Pauli’s new particle was changed to
‘neutrino’ ¢ by Enrico Fermi after the definitive discovery of Rutherford’s neutron by James Chadwick
in 1932 [11]. The hypothetical neutrino allowed Fermi to successfully develop a theory of 5-decay [12] in
1934.

2.1.1 Discovery of the Three Types of Neutrino

It was not until 1956 that the first direct detection of neutrinos (specifically 7.) was confirmed ¢ by
F. Reines and C. Cowan. The Reines-Cowan experiment [14] utilised a detector that had multiple
alternating water and liquid scintillator layers to detect neutrinos emitted from a nuclear reactor °© via
the inverse beta decay process, U, +p — n+e. Not many years later, the muon neutrino was observed by
the Lederman—Schwartz—Steinberger experiment in 1962 [15] where a spark chamber was used to detect
the muon neutrinos produced from pion decays. However, the wait for direct tau neutrino detection took
a little more time. It was announced 38 years later, in 2000, by the DONUT collaboration that a total of
four tau neutrino interactions originated from the decays of strange D mesons (Dg) were detected from
the proton beam dump at the Fermilab [16]. This completes the discovery of all leptons as we know

today, leaving the Higgs boson as the only remaining unobserved Standard Model particle (Figure 2.1)
at that time.

2Pauli also speculated that the mass of the new particle should be of the same order of magnitude as that of an electron.

PTt was proposed in an open letter [10] to the attendees of the Tiibingen meeting in December 1930. At the end of the
letter, Pauli also explained that his absence was due to a ball held in Ziirich.

€A ‘small neutron’ in Italian.

dA tentative result was published earlier in 1953 [13].

€¢The neutrino source was initially proposed to be an atomic bomb.
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Figure 2.1: A chart [17] showing the elementary particles predicted by the Standard Model

2.1.2 Neutrino Phenomena Outside the Standard Model

Our story starts with the puzzling ‘solar neutrino problem’. It refers to the observed deficit of neutrinos
produced by the Sun, reported by a series of experiments tracing back to the Homestake experiment by
R. Davis [18] in the late 1960s all the way to the 1990s [19, 20, 21]. At the time, it was unclear whether
the problem was caused by an incomplete solar model or by some unaccounted-for flavour-converting

mechanism in the leptonic sector f.

The solar neutrino problem was definitively shown by the SNO collaboration [2] to be of a particle
physics origin. The experiment result can be precisely explained by the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [22, 23]. The interactions with surrounding matter create an effective potential that
affects the neutrino’s propagation. When neutrinos travel through the Sun, they encounter regions where
the matter density changes. At specific points where the density matches the condition for resonance
enhancement, the oscillation effect is strengthened. This, in combination with the adiabatical change of
matter density, allows the neutrino to smoothly convert from one flavour to another, maximising the effect
of the resonance. The 7, oscillations were also confirmed in the laboratory by the KamLAND experiment
in 2002 [24], which in addition also showed that v, and 7. oscillate in a consistent way without the

dependency on enhancement through matter.

On the other hand, the atmospheric neutrino experiments & [25, 26] also hinted at a discrepancy

between the observed and simulated number ratios, (p/€)data and (u/e)mc, where g and e correspond to

= (N/e)data

the number of p-like and e-like neutrino candidates. In other words, the asymmetry ratio R DN

fNote that the SM does not provide explanations for leptonic flavour-changing processes.
&Many of these experiments started as proton decay searches.



was reported by some experiments to be less than one. Despite the early tension between the water
Cherekov experiments and the calorimetry experiments [27], the anomaly was convincingly shown to
exist by the Super-K experiment in 1998 [1] at a significance level of 6.20. In the paper, all the different
v,, samples displayed a strong zenith angle dependency—the deficit only occurred in the upward-travelling

h

angles. This is strong evidence suggesting flavour-changing processes *, and very excitingly, the result

was consistent with the two-flavour v, — v, oscillations.

With the ability to explain both the solar neutrino problem and the atmospheric neutrino anomaly,
the three-flavour neutrino oscillation framework became a viable and convincing extension to the SM.
The remaining oscillation between e <+ 7 was hinted to be small but none-zero by early reactor neutrino
experiments [28, 29, 30] and also supported by an early global fit study [31] in 2006. In 2011, T2K [32] and
MINOS [33] both reported some electron neutrino excess. Further global studies [34, 35] using the results,
although inconclusive, found 613 > 0 at 30. It was the short-baseline reactor neutrino experiments that
were able to precisely measure 613 [36, 37, 38], with the Daya-Bay experiment publishing the first 5o

result in 2012 [37]. By then, all three-flavour mixing processes had been discovered.

2.2 Neutrino Oscillations

In this section, the standard three-flavour neutrino oscillation framework is briefly summarised.

Neutrino oscillation is a quantum-mechanical phenomenon ' where a neutrino of a given ‘flavour’
(electron, muon, or tau), after propagation in spacetime, can be measured to be of a different flavour.
It is caused by the fact that the neutrino flavour eigenstates |v,),« = e, u, 7 in weak interactions do
not correspond to neutrino mass eigenstates |v;),i = 1,2,3 exactly one-to-one, but rather are each a

superposition of the three.

2.2.1 The PMNS Matrix

The mixing between the flavour and mass eigenstates is a simple change of basis and can be described

by a unitary leptonic mixing matrix U,; as

|Va> = Uai |Vi> . (21)

A generic 3 X 3 unitary matrix can be parameterised by nine real parameters (three mixing angles
and six phases). However, one can redefine each state by |4, x) — €= |{,,z) (lepton states) or |v;, x) —
€' |u;, ) (neutrino states) without altering the probability |(vs|ve, )|, removing five (not six due to
the neutrino mass term) phases assuming Dirac neutrinos J. In the case of Majorana neutrinos, one
cannot rotate a neutrino state by an arbitrary phase because it will make the mass a complex number.

In summary, there are three mixing angles plus a CP-violating phase dcp assuming Dirac neutrinos, but

hThis cannot be explained by the absorption of vy, in the Earth because the interaction rate is too small

iIn this chapter, only a simplified derivation of the neutrino oscillation probability is shown. For proper treatments
such as the wave-packet formalism, please see [39].

JFrom here on, this assumption holds implicitly throughout the thesis unless otherwise specified.

6



there are six (three angles plus three phases) assuming Majorana neutrinos ¥. Therefore, the leptonic

mixing matrix can be conveniently parameterised as

1 0 0 C13 0 813€_i6CP C12 s12 0
Uai: 0 C23 S923 0 1 0 —S12  C12 ol, (22)
0 —s93 a3 7813672’601} 0 C13 0 0 1

where ¢;; = cos0;; and s;; = sin ;;. For Majorana neutrinos, the mixing matrix is formed by multiplying
Equation (2.2) by an additional matrix containing the two Majorana phases, diag(e?”,e2,1). Without
loss of generality, the domains can be defined to be 0 < 6;; < 7/2 and 0 < dcp < 2w. This is the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) parameterisation of the leptonic mixing matrix [4, 40]. It is
a unitary 3 X 3 matrix parameterised by three mixing angles 612, 613, and 023 and the CP-violating phase

dcp-

2.2.2 Three-Neutrino Oscillations in Vacuum

At x = 0, we start with a pure flavour eigenstate |v(z = 0)) = |v,). It is a superposition of the three

mass states,

[Va) Z Usilvi) - (2.3)

For relativistic neutrinos, after propagating a distance L ~ ¢ (using the conventional i = ¢ = 1), the

mixture of the three mass states changes as

|VOé Z a1|1/2 9 (24)

and the probability for observing the state to be |vg) is therefore

ZZ s ilva) | - (2.5)

2
P(vy = vg) = ‘ (vg|va(t) ‘

Since the mass states are eigenstates of the Hamiltonian in vacuum, they propagate as plane waves,

ie

lvi(t)) = e i) s (2.6)

where the energy of the neutrino mass eigenstate |v;) of mass m; and momentum p; is E; = \/p? + m? =~
p+ mi/26. In the approximated energy expression, we assumed that all momenta are sufficiently large
so that all p; & p & E where p is some momentum in the relativistic regime. Therefore, Equation (2.5)
becomes

P(vo — vg) = Z Z U Uk " Fit (u|1;)

j=1i=1

(2.7)

KNote, as we will show later, the measurement of the neutrino oscillation probability is insensitive to the choice of the
Majorana phases.



Note that in the last step, we used the identity (v;|v;) = J;; and summed over the j index. Finally,

expanding Equation (2.7) yields the expression

3
L
P (Vo — vg) = dap — 42Re{UMU5iU;jUBj} sin? (Am?iw)

—
Y (2.8)
L
* * : 2
+2 Z Im{UaiUﬁanjU,gj} sin (Am“?E) ,
1<)
where Am?i = m? — m? are the ‘mass splittings’. In the case of antineutrino oscillations, transition

probability P(Dg — 7,) takes a similar form to Equation (2.8), but with the U replaced by U* and with

the sign of the last term inverted. There are a few observations worth noting,

1. A total of six parameters are required to describe the phenomena of neutrino oscillations (three

mixing angles, two mass splittings, and one phase).

2. The probability is insensitive to the choice of Dirac or Majorana neutrinos due to the combinations

of U elements cancelling out the phases.

3. There must exist at least two massive neutrinos and non-vanishing mixing for the flavour oscillations

to happen.

Physically speaking, due to the mass differences between neutrino mass states, they each oscillate
at a different phase. This causes the linear combination of mass eigenstates to alter and hence changes
the probability of observing a certain neutrino flavour. Macroscopically, this results in changes in the

neutrino population of a given species measured at source and at a distance.

2.3 Open Questions

With the advancement of the experimental techniques and theoretical calculations, the field of neutrino
physics were able to solve many mysteries, such as the detection of these highly elusive subatomic particles,
the successful identification of the root cause of the solar neutrino problem, and the precise measurements

of the neutrino oscillation parameters.

However, many fundamental questions about neutrinos remain open despite the relentless efforts from
many angles for more than 90 years since the proposal of neutrino [41]. Here, I provide a short discussion

on a non-exhaustive list of the current open questions in neutrino physics.

Neutrino absolute mass scale. There are some approaches to gaining insight into the absolute
mass scale of neutrinos, but thus far, no conclusive measurements have been made. Neutrino oscillation
experiments can set lower bounds on neutrino masses by measuring the mass splittings |m;| > Am?j for
Am?j > 0, but they give no information about the upper bounds. A direct neutrino mass measurement
is to exploit energy-momentum-conservation by observing the electron spectrum in a S-decay process

where (anti)neutrino is involved. Since this method is purely concerned with kinematics, it is therefore

8



model-independent. For example, the KATRIN experiment [42] studied the [-spectrum from tritium
decay and obtained

mff < 0.8 eV, (2.9)

at 90% CL. Another indirect neutrino mass measurement comes from astrophysical measurements, in
particular regarding the freeze-out of stable neutrinos ! in the early Universe, which contribute to the

total energy density. This, however, only gives constraints to the sum of neutrino masses miot = >, m,.

Neutrino mass ordering. Although it was experimentally determined that Am32; > 0 = m; < ms
thanks to the Mikheyev-Smirnov-Wolfenstein (MSW) effect [43, 44], whether the mass ordering is ‘normal’
(m1 < mg < mg3) or ‘inverted’ (ms < my < mg) is still unknown. Current global fit results [45, 46, 47]
moderately support the normal ordering, but none exceeds 3o. A Bayesian study claims decisive evidence
for the normal ordering by combining cosmological observations and oscillation experiment results [48],
but the result is contested [49]. Future experiments such as JUNO [50] and further combined studies may
be able to solve the problem [51].

CP-violation and matter-antimatter asymmetry. CP-symmetry is the symmetry between mat-
ter and antimatter. Although a recent study by the T2K collaboration [3] has ruled out dcp = 0 at 30
for both mass orderings, further experiments with higher sensitivities and larger statistics are required
to confirm the result at a higher significance. dcp is the least constrained parameter of all oscillation
parameters since the neutrino oscillation probability is a highly degenerate multi-variable function, which
means that the determination of the CP-phase requires the remaining parameters to be understood well.
On top of it, since the CP-phase is only associated with the imaginary part in Equation (2.8), disap-
pearance measurements, which measure cases where o = 3, will cancel out the imaginary part and hence
are insensitive to dcp. Therefore, the contributions from future generation experiments such as Hyper-
Kamiokande [5] and DUNE [6], which will produce much larger statistics for the appearance channels,

will be crucial to the precise measurement of the CP-phase.

Since the PMNS matrix is the only remaining possible source of CP-violation in the current SM
framework (assuming neutrinos are Dirac), the experimental outcome will be significant and paradigm-
defining. If substantial leptonic CP-violation is confirmed experimentally, it could provide strong evidence
for leptogenesis as the origin of the matter-antimatter asymmetry. Alternatively, if CP-violation in the
lepton sector is determined to be insufficiently small, then it is a strong hint at the existence of some

BSM physics that generates the imbalance.

Are neutrinos Majorana? There are many experiments that are searching for the evidence of
Majorana neutrinos by looking for the hypothetical process of neutrinoless double S-decay [52, 53, 54].
These experiments can provide stringent constraints on many BSM models that require Majorana neu-
trinos. Furthermore, a positive result automatically implies the violation of lepton number conservation,

which is in and of itself a BSM phenomenon.

10r neutrinos with mean lifetimes comparible to some cosmological timescale.
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Chapter 3

The T2K Neutrino Oscillation Experiment

3.1 The T2K Experiment

The Tokai-to-Kamioka (T2K) experiment [55] in Japan is a long-baseline neutrino experiment designed
to study the phenomena of neutrino oscillation. It utilises a near-far detector configuration to measure
neutrino energy spectra at two different locations (see Figure 3.1). From the discrepancy, one can measure
the oscillation behaviour and extract oscillation parameters.

( ) Cear Detectors

Mt. Noguchi-Goro
2,924m

Mt. Ikeno-Yama
1,360 m .
a , 1,700 m below sea level
< N q
Neutrino Beam

295 km

Figure 3.1: The T2K experiment beamline. A beam of v, produced by a proton accelerator at the Japan
Proton Accelerator Research Complex (J-PARC) is directed at the Super-K detector 295 kilometres
down the beamline. The near detector suite ND280 is located 280 metres away from the neutrino source,
providing valuable measurements about the neutrino beam.

The initial physics goals, as listed in the original T2K proposal [55], include the discovery of v,
appearance in a v, beam * and the precision measurements of AmZ, and 623 by studying v, disap-
pearance. Within around two decades, from the first physics data taken by both the ND280 and the
Super-Kamiokande (Super-K) in 2010, both goals have been achieved [56, 57]. Now, the experiment is
focusing on the measurement of the CP-violating angle dcp, which attempts to answer one of the most
fundamental questions in physics—is there an asymmetry between neutrino and antineutrino oscillations?
And if so, can the CP-violation in the leptonic mixing explain the matter-antimatter imbalance in the
Universe? The outcome of this study will be of significant importance regardless of the answer. If the
answer is positive, the result will sufficiently explain the mystery P. However, if the answer is negative

since it was experimentally shown that the CP-violating processes in the quark sector are insufficient to

2By confirming the mixing angle 613 # 0.
b Albeit somewhat boringly fail to defeat the thus far impeccable Standard Model once again.
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explain matter-antimatter imbalance, it would require something outside the SM—convincing evidence

of BSM physics.

3.2 The T2K Neutrino Beam

' DA s
p e I R PR\ e I . Su er‘K
Target & horns Decay tunnel # EKSQS P
0 116 280
beam dump urrnnonitor INGRI!J“ m
on-axis

Figure 3.2: An illustration of the T2K neutrino beamline [58]

An illustration of the the T2K neutrino beamline is shown in Figure 3.2. A beam of protons are
accelerated to 30 GeV at the Japan Proton Accelerator Research Complex (J-PARC) in Tokai on the
east coast of Japan. In the proton beam is a graphite rod with a diameter of 2.6 cm and a length of
91.4 cm, corresponding to about two interaction lengths, serving as the target. The protons collide with
the carbon nuclei, producing an abundance of mesons composed primarily of pions and kaons. These
mesons are then focused and charge-selected by the three magnetic horns installed in the beamline and
subsequently are allowed to decay in a decay tunnel, producing an intense neutrino beam. The produced
neutrinos are predominantly p-flavoured with a purity of 99% thanks to the helicity suppression in meson
decays. While the neutrinos continue travelling towards the near and far detectors, the hadronic and

charged-leptonic by-products are stopped by the beam dump.

Figure 3.3 shows the latest publicly available nominal unoscillated neutrino flux predictions. The data

release ¢ corresponds to the T2K 2020 neutrino oscillation physics result [59].
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Figure 3.3: The T2K neutrino flux predictions at the Super-K detector for the Forward Horn Current
(FHC, left) and Reverse Horn Current (RHC, right) modes [60, 61].

An off-axis beam design is adopted [62]: ND280 and the far detector Super-K are located along an
axis that is 2.5° away from the central axis of the neutrino beam. This configuration brings several

benefits. As shown in Figure 3.4, the T2K flux maximum is tuned to peak at 600 MeV to achieve an

¢Data available to download at https://t2k-experiment.org/result_category/flux/.
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oscillation maximum at Super-K 295 km downstream; the high energy tail of the neutrino spectrum is
also suppressed, lowering the occurrence of complicated neutrino-nuclear interactions, hence increasing

the reconstruction accuracy.

sin*20,,= 1.0
Am?, =2.4x107eV?

i OA 0.0°
% 0A2.0°

E, (GeV)

Figure 3.4: T2K detectors are located 2.5° off-axis, achieving a neutrino spectrum that peaks at 600 MeV,
coninciding with an oscillation minimum. [62]

3.3 The ND280 Near Detector after the 2020 Upgrade

The near detector ND280 is a hybrid detector composed of several subdetectors of different types. The

detector configuration before the Upgrade [7] is shown in Figure 3.5 (left).

ND280 is placed downstream 280 metres from the carbon target, as shown in Figure 3.2. It is used to
understand the neutrino fluxes, electron neutrino pollution, and energy spectra of the incoming neutrino
beam. Using the data from the near detector, one can estimate the expected interaction rates at the far
detector Super-K in the absence of oscillation. In addition to the monitoring duties, ND280 supports

various neutrino-nuclear interaction measurements [63, 64, 65] and BSM physics searches [66].

3.3.1 Components of ND280

Several significant modifications have been brought to the ND280 suite since 2020, thanks to the ND280
Upgrade programme [7]. The Upgrade programme replaced the upstream 7°-detector (POD) [67] with
a new detector group consisting of six Time-of-Flight planes and a highly-granular scintillator detector
SuperFGD sandwiched by two High-Angle TPCs, as illustrated in Figure 3.5 (right). The Upgrade aims
to improve the sensitivity to both new and established neutrino interactions. The ability to measure
the properties of incoming neutrinos that are important to the oscillation analysis, such as beam flux,

energy spectrum, and electron-neutrino contamination, will also be enhanced. With the Upgrade, ND280
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UA1 Magnet Yoke

Downstream
ECAL

Figure 3.5: An exploded view of the ND280 detector suite prior to the 2020 Upgrade (left), showing the
constituent subdetectors. The v, beam enters from the left of the figure along the z-axis. The detector
coordinate system is right-handed, as shown by the origin at the geographical centre, which lies near the
downstream end of the first TPC. The POD was replaced by a group of new detectors (right) as part of
the Upgrade [7], and the installation was completed in 2024.

will be able to study the neutrino-matter interactions with high accuracy, which will help improve the

complicated nuclear interaction models and future efforts for the next-generation neutrino detectors.

Magnet and Side Muon Range Detector

The ND280 detector is surrounded by a 900-tonne magnet repurposed from the CERN UA1 experiment,
which provides a 0.2 T magnetic field parallel to the z-axis. The magnet is crucial for identifying particle

charges and measuring particle kinematics.

The Side Muon Range Detector (SMRD) [68] consists of plastic scintillators inserted into the gaps in
the magnet yoke. It is used to measure the muons that escape the inner detectors. It can also be used as

an active veto for events coming into the detector from outside, for example, as a trigger for cosmic rays.

Fine-Grained Detectors

In the downstream part of the ND280 detector, there are two Fine-Grained Detectors (FGDs) [69],
which serve as targets for neutrinos to interact with and high-resolution trackers. Both the upstream
and downstream FGDs consist of plastic scintillator bars arranged in criss-crossing planes perpendicular
to the z-axis. The scintillating light signals produced from neutrino interactions are read out by the
Wavelength-Shifting (WLS) fibres to reconstruct particle tracks. Figure 3.6 shows reconstructed particle
tracks passing through TPCs and FGDs.

Additionally, the downstream FGD also contains water layers between the scintillator planes for the

purpose of understanding neutrino interactions with water.
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Figure 3.6: An example event display showing particle tracks in the three TPCs and the two FGDs [70]

Time Projection Chambers

Also in the downstream part are the three argon-based gaseous Time Project Chambers [70], which are

separated by the two FGDs. A schematic diagram of a TPC can be found in Figure 3.7.

As the charged particles produced from neutrino interactions traverse through the TPCs and ionise
the gas molecules, tracks of ionisation electrons are formed. These electrons drift towards the outer sides
of the TPCs due to the electric fields produced by a cathode (on the centre y-z plane of TPC) and two
fine mesh anodes (one on each side, y-z plane). A stronger field is applied in the region between the
anode and the Micro-Mesh Gaseous Structure (MicroMegas, 12 per side) modules. As the electrons cross
through the anode mesh, they are accelerated even more and gain the ability to ionise the gas molecules,
causing an avalanche effect. The arrival time and position are recorded by the readout planes, which
respectively provide the information on the x and y-z positions of the track. Based on the information,
the particle tracks and kinematics can be determined. Figure 3.6 shows reconstructed particle tracks

passing through TPCs and FGDs.
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field cage
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Figure 3.7: A schematic diagram of a TPC [71]. The detector volume is separated by the central cathode
into two mirrored regions. With the two anodes installed at each side of the detector, two mirrored
electric fields are generated, pointing from the side anodes at the central cathode. The direction of one
electric field is illustrated in the diagram.
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Electromagnetic Calorimeters

The electromagnetic calorimeters (ECals) [72] are divided into several parts, each surrounding different
ND280 subdetectors. The POD-ECal encloses the original space occupied by the replaced POD; the
Barrel-Ecal forms a tube and surrounds the downstream detectors; and the Downstream-Ecal closes off

the downstream end of the ND280 like an end-cap.

The ECals are designed to detect and measure the escaping electromagnetic showers. They are made
up of layers of scintillator bars interleaved with lead sheets to increase the probability of electromagnetic

showers.

Super Fine-Grained Detector

The Super Fine-Grained Detector (SuperFGD) [7] is a novel, highly-granular plastic scintillator detector
designed for the ND280 Upgrade. The detector is made up of approximately two million 1 cm? cubes
woven together by the WLS fibres. These fibres collect and direct the scintillation signals produced
by neutrino interactions in three orthogonal directions, measured by the Multi-Pixel Photon Counters

(MPPCs) at the fibre ends.

SuperFGD not only provides an additional 2-tonne active mass, due to the high spatial resolution of
the detector design, it also improves the detector acceptance and lowers the detection energy threshold,

enabling the reconstruction of short particle tracks that could not be resolved before.

More information on SuperFGD can be found in Chapter 4.

High-Angle Time Projection Chambers

Two High-Angle Time Projection Chambers (HATSs) [7] are installed as part of the ND280 Upgrade,
stacking on top and below the SuperFGD. Their primary purpose is to precisely track charged particles
at high angles relative to the neutrino beam direction. Because of the positioning, the HATSs are expected
to significantly improve the ND280 acceptance and increase the selection efficiency, especially at higher

angles (see Figure 3.8).

The HAT's utilise similar technologies to those used on the existing TPCs. However, one design dif-
ference lies in the use of Encapsulated Resistive Anode MicroMegas (ERAM) [73]. This new MicroMegas
has an additional resistive layer that serves as spark protection and helps distribute the incoming charge

across neighbouring channels, improving the spatial resolution.

Time-of-Flight Detectors

There are six Time-of-Flight detector planes (ToFs) [74] surrounding the HATs and SuperFGD, and each
ToF plane is composed of 20 scintillating plastic bars. The scintillating light signals emitted are read out

by silicon photomultipliers (SiPMs) attached to both ends of each bar.
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Figure 3.8: The expected selection efficiency for u, charged-current (CC) events originating from different
detectors as a function of the angle between the product muon and the beam axis [7]. The v, CC event
selection efficiency in SuperFGD is significantly improved, particularly at higher angles.

The excellent timing resolution of 0.14 ns enables the ToF detectors to tag the entering and outgoing
charged particles by measuring the time of flight for each particle track [75]. This feature can be utilised
to help veto background events originating from outside the detector, such as cosmic rays and sand

muons.

3.4 The Super-Kamiokande Detector as the T2K Far Detector

The Super-Kamiokande (Super-K) detector? was initially proposed to study the subjects related to proton
decay, but the lucky detection of a neutrino burst (a total of 11 neutrinos) from the supernova SN1987A
by the Kamioka IT detector® right after its modification completed near the end of 1986 [77] heavily shifted
Super-K’s primary focus to neutrino astronomy and solar neutrinos. The construction of the Super-K

detector started in 1991 and was completed in 1996.

The Super-K detector is a large water Cherenkov detector built to study neutrinos of various sources,
including those produced by the solar nuclear processes, cosmic-ray interactions with the atmosphere,
and the hypothetical proton decays. It is also used as the far detector of the T2K experiment to observe

neutrinos generated from the particle accelerator at J-PARC.

The Super-K detector is located 295 km away from J-PARC and about 1000 m underground in the
old Kamioka mine in Hida City of Gifu, Japan (see Figure 3.9 left). It consists of a 40 m tall and
40 m wide cylindrical tank holding rough 50 kt of water. In 2020, the Super-K water became doped
with gadolinium (gadolinium sulfate octahydrate, Gd(SOy4)s-Hy0) at a concentration of 0.03% f for

dInterestingly, the collaboration was initially proposed under the name ‘JACK’ (Japan America Collaboration at
Kamioka) [76].

©The observation was somewhat ‘reversed’; where the search of the neutrino burst came after the optical sighting of the
supernova event on 24 February 1987 [77].

fThe first and second Gd loadings happened in 2020 and 2022, respectively.
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an increased neutron capture efficiency [78, 79]. The tank is divided into an inner detector (ID) and an
outer detector (OD). The OD has 1,885 8-inch PMTs to identify incoming cosmic rays, while the ID wall
is mounted with 11,146 20-inch photomultiplier tubes (PMTs, see Figure 3.9 right) which are designed

to detect the Cherenkov light produced by neutrino interactions with the water.

Contral room
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Figure 3.9: A schematic diagram of the Super-Kamiokande detector and its location underground in the
Kamioka mine (left, [80]). A photo showing the PMTs mounted on the inner wall of the Super-K detector
during maintenance (right, [81]).

The Super-K detector distinguishes the flavour of a neutrino charged-current (CC) interaction by
identifying what leptonic particle is produced. If the resulting lepton of the interaction travels at a speed
B = v/c > 1/n 8 where n is the refractive index of water, a cone of Cherenkov light will be generated
and subsequently observed by the PMTs. Due to the lower mass, the electrons are more susceptible to
scattering and produce electromagnetic showers, resulting in rings that are ‘fuzzier and noisy’ visually
compared to those emitted by muons. Combining with the charge and timing information, Super-K
exploits a likelihood-based particle identification (PID) algorithm [82] to tell apart muons and electrons,
as illustrated in Figure 3.10.

The most common neutrino interaction for the T2K experiment is the charged-current quasi-elastic
(CCQE), where a neutrino weakly interacts with a bound nucleon and outgoes a lepton and a different
nucleon, vy + N — ¢+ N’. An example of such interactions is v, +n — p~ + pT. In this case, T2K
reconstruct the neutrino energy solely based on the outgoing lepton kinematics, assuming stationary
nuclear target with a known binding energy Ej, using the formula,

m?v/ - (mN — Eb)2 — m% + 2Eg(mN — Eb)

E, =
2((my — Ey) — E¢ + pgcosby)

: (3.1)

where the m’s are the masses, py is the charged lepton momentum, 6, is the angle between the beam axis
and py. Due to final state interactions (FSIs), re-absorption, and other nuclear effects, the CCQE events
cannot be directly selected. Instead, they are selected on the topological level by selecting events with no
final state mesons (CCOm). The formula also does not consider the Fermi motion of the nucleon, leading

to further deviation.

2The kinetic energy thresholds for an electron and a muon are 0.264 MeV and 54.6 MeV, respectively.
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Figure 3.10: Super-K utilises a likelihood-based particle identification algorithm to distinguish between
a p-like candidate and a e-like candidate [3]. Visually, a p-ring is sharper because muons are less prone
to scattering in water.

3.5 T2K Oscillation Ananlysis

For the T2K beam energy and baseline, if the matter effects are ignored, the probability of a muon

(anti)neutrino to oscillation to an electron (anti)neutrino is approximately given by

AmZ,L 1.27Am2, L AmZ,L
P(v, — v.) = sin®(203) sin®(fa3) sin” ( ZL;; ) F ! Em21 8.Jop sin? <Z%2> , (3.2)

where the second term is negative for neutrinos and positive for antineutrinos, F is the neutrino energy,
Am?j =m? - m? are the mass squared differences, L is the baseline, and Jgp is the Jarlskog invariant

[83] that measures the strength of CP-violation. It is defined as

1
Jop = 3 cos(f13) sin(2612) sin(26,3) sin(2613) sin(dcp). (3.3)

On the other hand, an approximation for the muon (anti)neutrino survival probability for the T2K

experiment can be written as

AmZ,L
P(v, — v,) & 1 — [cos®(613) sin®(2023) + sin®(20;3) sin®(623)] sin® ( TEZ ) , (3.4)

where the symbols have the same meanings as those in Equation (3.2). Note, Equation (3.4) can be

rearranged into

2
P(v, — v,) & 1 — 4cos®(613) sin®(fa3) [1 — cos®(013) sin®(6a23)] sin® (AZLEQL) 7 (3.5)

which is symmetrical under the change of sign (cos2(013)sin2(923) —3) = — (cos?(613) sin?(fy3) — -3).
~ 1h
2

This means that the constraints on sin?(fy3) will be symmetric with respect to the value m

hThis degeneracy also occurs in other neutrino oscillation long-baseline accelerator experiments such as NOvA and
MINOS.
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If O93 > 7/4, it is said that the mixing angle is in the ‘upper octant’ (UQO), and if 023 < 7/4, it is said to be
in the ‘lower octant’ (LO). However, the measurements of the v, and 7, appearance channel can break

the degeneracy.

In the oscillation analysis, while marginalising all systematic uncertainty parameters, the oscillation

parameters are fitted to data by minimusing the log-likelihood

: o Npbs
—In(L) = [fop — NP+ Npbs 1n< N;Xpﬂ : (3.6)

i
where the summation runs over each 2D bin of reconstructed neutrino energy and muon scattering angle,

NP and NP are the numbers of predicted and observed events in bin i.
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Chapter 4

The Super Fine-Grained Detector

The Super Fine-Grained Detector (SuperFGD) is a novel plastic scintillating detector, newly incorporated
into the existing ND280 detector suite along with the two High-Angle TPCs (HATS) and the six Time-
of-Flight planes (TOFs) as a part of the T2K ND280 Upgrade [7]. The majority of the detector consists
of 192 x 56 x 184 = 1,956,864 plastic scintillator cubes with a size of 1 x 1 x 1 em?. A schematic mock-up

of some SuperFGD cubes can be found in Figure 4.1.

Scintillator cube

WLS fibers

Figure 4.1: A 3D concept model of a 19 x 6 x 13 cube segment of the SuperFGD [7]. A zoom-in view of
a cube, including the WLS fibres, can be seen on the right.

The SuperFGD is capable of measuring particle tracks with a spatial resolution of ~ O(1 c¢m), thanks
to its fine granularity. The on-detector LED calibration system also ensures the detector is well-calibrated
at all times, preventing the particle energy measurements from time and temperature drifts. Furthermore,
the detector also provides an additional two-tonne active target. With the help of the two HATSs, the

geometrical acceptance and efficiency of the ND280 detector are significantly improved.

In this chapter, the basic SuperFGD design and specifications are presented. In addition, the Super-
FGD calibration items are described, and in particular, the charge calibration methods, which include

the gain and pedestal algorithms, are described in detail.
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4.1 SuperFGD Components

4.1.1 Plastic Scintillator Cubes

The scintillator cubes used in the SuperFGD are manufactured by UNIPLAST Co. in Vladimir, Russia,
using injection moulding. The cubes are made of transparent polystyrene doped with 1.5% para-terphenyl
(PTP) and 0.01% POPOP 2, and coated with a chemical agent, resulting in a reflective white micropore
deposit shell designed to reduce light leakage from one cube to the neighbouring ones. After the processes,

the average cube width is measured to be 10.26 mm, with a standard deviation of less than 30 pm [84].

Three orthogonal holes of 1.5 mm diameter are drilled through each cube, and the position precision
of the holes is controlled to be less than ~ 40 um. With the manufacture precision, the holes are able to

accept the 1 mm WLS fibres to be threaded through, as shown in Figure 4.2.

Figure 4.2: A photo showing a SuperFGD cube and three WLS fibres, one threading through each
orthogonal holes.

4.1.2 Wavelength-Shifting (WLS) Fibres

The WLS fibres are used to collect and transport the scintillation light emitted by the SuperFGD cubes
by absorbing the light and re-emitting it at a longer wavelength (see Figure 4.3 left). The SuperFGD
uses the Y-11(200) variant produced by Kuraray Co., Ltd, which is the same as those used by the other
ND280 detectors.

The Y-11 WLS fibre has a round cross-section with a diameter of 1 mm. It is also multi-cladded, with

each layer having a different refractive index and chemical composition [85].

4.1.3 Multi-Pixel Photon Counters (MPPCs)

The SuperFGD MPPC (S13360-1325PE, [86]) is a type of silicon photomultiplier (SiPM) designed and
manufactured by Hamamatsu Photonics. Compared to the MPPCs used by other ND280 subdetectors,

the SuperFGD MPPC has a larger sensitive area of 1.3 x 1.3 mm? and contains more pixels (2668). It

aPOPOP stands for 1,4-bis(5-phenyloxazol-2-yl) benzene.
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Figure 4.3: The left plot shows the normalised absorption and emission spectra of the WLS fibres [85]
and the right plot shows the photon detection efficiency, defined as the ratio of the detected photons to
the incident photons, of the SuperFGD MPPC (S13360-1325PE, [86]). Note that the POPOP emission
peak wavelength at ~ 430 nm roughly coincides with the Y-11 absorption spectrum peak, and the Y-11
emission wavelength is close to the MPPC efficiency peak.

also has the advantages of possessing a lower dark count rate at 70 KHz and a lower crosstalk probability
of 1%. The SuperFGD MPPCs are bundled as an 8 x 8 array on an MPPC-PCB (Figure 4.4), which,

when mounted on the detector, will be in optical contact with 64 fibre connectors, as shown in Figure 4.5.
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Figure 4.4: An MPPC-PCB containing an 8 x 8 array of MPPCs [87].

An MPPC is essentially a 2D array of photon-counting ‘pixels’ each made up of an avalanche pho-
todiode (APD) in Geiger mode and a quenching resistor®. Each pixel generates only one pulse whose
amplitude is independent of the number of incident photons; it is therefore possible to saturate an MPPC
when a large quantity of photons arrive at the same pixel within a very short acquisition time window,

causing the measured pulse charge to respond non-linearly to the number of incident photons.

b A quenching resistor is a resistor in series to an APD, preventing the continuous Geiger discharge that would otherwise
occur upon detecting an incident photon.

22



Figure 4.5: Left photo showing the side panel of the SuperFGD detector. The bottom black square shows
64 WLS couplings (three of which are shown in the right photo [88]) pinning a thin black elastic foam to
the red detector panel. The foam will ensure good optical contact with the 64 MPPCs mounted on an
MPPC-PCB, as shown by the top black square. Note the protruding white fibres are fishing lines, which
were used as placeholders that provided structural stability, waiting to be replaced by WLS fibres.

The MPPC charge gain M is defined as the number of charge carriers in a pulse when a photon is
detected,

M= Q (4.1)

Qe

where @ is the charge in one pulse, and Q. is the electric charge of an electron [89].

4.1.4 SuperFGD Read-Out Electronics

At the level of information processing, the most fundamental unit is the ‘Front-End Board’ (FEB). Each
FEB houses and processes the data transmitted from eight Cherenkov Imaging Telescope Integrated Read-
Out Chips (CITIROCs), and two CITIROCs are connected to one MPPC-PCB (64 MPPC channels).
Up the information processing chain is the Optical Concentrator Board (OCB), which connects 14 FEBs
forming a ‘crate’. In total, there are 16 OCBs on the SuperFGD, and all of them are connected to
the data-acquisition computers (DAQ PCs). The 16 OCBs are also connected to a Master Clock Board
(MCB) responsible for triggering, timing, and synchronisation, as shown in Figure 4.6. The maximum
channel capacity is therefore 16 x 14 x 4 x 64 = 57,344 channels, and the total number of fibres is
192 x 184 + 184 x 56 + 56 x 192 = 56,384.

In a CITIROC, each MPPC signal is split into two paths defined by their starting adjustable pre-
amplifier: the High Gain (HG) path and the Low Gain (LG) path. The amplification of each pre-amplifier
is controlled by a digital-to-analogue converter (DAC) parameter between 0 and 63 (inclusive), and it is

denoted as HG40 when the HG amplification is set to 40, and similar for the LG path, for instance.

Both the HG and the LG paths are equipped with a slow shaper (SSH) which is responsible for
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Figure 4.6: A diagram showing the hierarchical structure of the SuperFGD electronics. A Master Clock
Board (MCB) controls 16 Optical Concentrator Boards (OCBs), and each OCB connects to 14 Front-
End Boards (FEBs), which contains eight Cherenkov Imaging Telescope Integrated Read-Out Chips
(CITIROCs). Two CITIROCS are required to process one MPPC-PCB, each contains 64 MPPC channels.

transforming the incoming pulse into a suitable waveform. After the shapers, the analogue signals are
sampled and digitised by the 12-bit analogue-to-digital converter (ADC) on the FEB, and finally sent off
to the FEB Field Programmable Gate Array (FPGA).

The timing information of a signal is managed by the Time-over-Threshold (ToT) data path in a
CITIROC, which takes in either the HG or LG pre-amplified information and passes it through a fast
shaper (FSH), followed by a threshold-adjustable discriminator. The FEB FPGA directly samples the
signal at a frequency of 800 MHz by recording the times when the signal rises above and falls below the
discriminator threshold. Additionally, the difference between the rising and falling timestamps provides

a third charge amplitude measurement. All three read-out paths are illustrated in Figure 4.7.

CITIROC FPGA

-------------------------------------------------------------------------------------- P
One LG multiplexed output . I
SSH Peak detector P P * ADC. —LG
x32 channels : 12-bit '
SiPM
One HG multiplexed output
SSH Peak detector P L ADe HG
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Trigger SiPM_D
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Figure 4.7: The three read-out paths of the CITIROC [90]. The fast shaper (FSH) can be configured to
either the LG or the HG path.

4.1.5 LED Calibration System

A dedicated LED calibration system is installed on the opposite walls to those where the MPPC-PCBs

are. It provides a controlled light source for the calibration of HG and pedestal®.

¢The calibration methods will be described in detail in Section 4.2.

24



The LED calibration system comprises a set of light guide plates (LGPs) and LED driver boards,
which control the LED pulse shape. Each driver board is connected to the DAQ system via an ethernet
board. The LGPs are made of acrylic plates laser-etched with arrays of notches at which the LED light
is scattered. The notches are distributed correspondingly to every WLS fibre, as illustrated in Figure 4.8.

The calibration light is produced by a strip of blue LED bulbs spaced at 1 cm intervals at the end
of the LGPs. The LED light passes through a collimator, scatters off the notches, and passes through a
diffuser layer made of a translucent white acrylic plate before entering the fibres. The diffuser sacrifices
the peak LED intensity but ensures that the off-centred fibres can receive sufficient calibration light. On
average, the LGP modules provide ~ 2.5 photoelectrons (p.e.) A visual comparison between the LGP

modules with and without a diffuser can be found in Figure 4.9.
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Figure 4.8: An illustration of the SuperFGD LED calibration system [91]. Each fibre is paired with a
LED diffuser notch that is etched directly onto the LGP.

LGP &
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Figure 4.9: A comparison showing the effect of the diffuser layer on the LGP light [92]. The diffuser
increases the tolerance on the horizontal WLS fibre displacement.
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4.2 SuperFGD Charge Calibration

This section includes both original calibration methods and those improved from the prototype study [90].
Unless otherwise specified, the results presented here are produced by the software package developed by
me, but the ND280 software framework which the package belongs to is the work of many ND280 group

members.

The scintillation light received by an MPPC is transmitted as an electric pulse to a CITTROC, where
the signal is processed through three paths: the HG path, the LG path, and the ToT path. The HG
path has the finest resolution but saturates? quickly; the LG path has a wider dynamic range but loses
the fine resolution. The signals are amplified respectively before being digitised by the ADC. These
processes introduce a digitisation dead-time of 9.7 um following each acquisition window whose duration
is of comparable length (~ 40 um). And since each acquisition window can only record one HG and one
LG value, the ToT path, which utilises only the timing information, can be exploited to overcome the

blackout.

‘Calibration constants’ need to be extracted for each of the three read-out paths and for each MPPC
individually to ‘translate’ the ADC values into the more physically meaningful unit of photoelectrons
(p.e.). The formula to convert an HG ADC reading to the corresponding p.e. is

_ADC-P

: 4.2
Gra (4.2)

Np‘e‘

where Np . is the number of p.e., P is the pedestal®, and Guc is the ‘circuit gain’ (or simply ‘the gain’),

distinct from the MPPC gain. Note that all quantities on the right are in the scale of HG ADC.

With the three read-out channels, we can potentially produce three different N, .. measurements of a

hit by following the calibration routes below:

e HG: HG — N, .. (the HG calibration),
e LG: LG — HG — Np .. (the LG calibration),

o ToT: ToT — HG — N, (the ToT calibration).

The processes of converting the read-out values to the measurements of V.., along with the pedestal
calibration, which will also be described, are collectively referred to as the SuperFGD charge calibration.
In the following subsections, the fitting methods for obtaining the calibration constants of the above

calibration routes are described.

dNote, this saturation is not caused by multiple incident photons hitting the same MPPC pixel, but rather, by the finite
current supplied by the capacitors on the CITIROC.
€A pedestal is formed by events with O p.e. signals, which are data read out when no charge is deposited.
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4.2.1 Extracting HG Calibration Constants

To measure the charge deposition using the HG ADC path with Equation (4.2), one needs to find the
HG gain Gug and the pedestal P. Gug can be extracted from the HG ADC distribution, which shows
the charge deposition (measured in HG ADC) of the LED light hits generated by the calibration system.

An example distribution can be seen in Figure 4.10.

The number of LED photons detected follows a Poisson distribution, and each Poisson bin is also
smeared roughly following a Gaussian distribution. Therefore, multiple evenly-spaced peaks can be seen
in an ADC distribution. Such a plot is colloquially called a ‘finger plot’. Gyg is obtained by measuring

the spacing between two consecutive p.e. peaks, denoted as G in Figure 4.10.
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Figure 4.10: An illustration of a mock finger plot with a gain of G = 70 ADC/p.e. The pedestal (zero-p.e.
peak) is, in general, not visible in a SuperFGD MPPC finger plot due to the threshold effect.

The ‘Multi-Peak’ Method

The current algorithm in use is the ‘multi-peak’ method, which looks for all suitable peaks and fits each
with a Gaussian function to find the peak centres. These peak centres, when plotted against the peak

numbers, can be described by a linear function whose slope gives the gain.

Several factors are considered when selecting suitable peaks to include in the fit. The first step of
the selection process is to pick out the peak candidates using a 1D high-resolution peak search tool
provided by the ROOT library [93, 94, 95]. The algorithm is based on smoothed second derivatives® and
the ratios to their standard deviations. The search algorithm can optionally replace the source spectrum
with a new spectrum obtained from a method [96] that is based on discrete Markov chains inspired
by the quantum-tunnelling effect where two points on each side of a peak are compared, achieving a
smoothing and enhancing effect of the peaks. Next, the peak candidates are subsequently subjected to

various examinations to weed out potential misidentified noise and real peaks with poor quality. The

fSpecifically, it is based on the second ‘differences’ where the quantities dd; = niy1 — 2n; + n;—1 (n; being the number
of events in bin ¢) are considered.
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peak features, such as the amplitude, width, distances between neighbours, and neighbours’ amplitudes,

are considered in the selection process. An example of a typical fit result can be found in Figure 4.11.
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Figure 4.11: An example of a fit result using the ‘multi-peak’ method on a typical LED calibration finger
plot. The last three peaks are discarded and not used in the gain fitting, according to an algorithm that
takes the fit quality and the spacing between neightbouring peaks into account.

With the identified peak position in the ADC unit, we can relate them with the peak number and fit a

linear function through the points. The slope gives an estimation of the gain G, as shown in Figure 4.12.
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250} HG gain = 38.3 + 0.1 ADC/pe_—*
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Figure 4.12: A plot showing a linear fit to the ‘peak number-ADC’ plot. The slope of the linear function
is the gain (ADC/p.e.) of the channel. The errorbars are included but too small to be seen.

The ‘Autocorrelation’ Method
In addition to the aforementioned ‘multi-peak’ method, an autocorrelation-based fitting algorithm was

developed as an alternative backup. This autocorrelation algorithm is described here.

The autocorrelation algorithm first starts by selecting a subsegment from a finger plot called the
‘sampler’. The sampler at minimum includes two fingers within its range and it is typically selected from

the low ADC region where the fingers are more distinct, as shown in Figure 4.13. Starting from the low
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ADC end of a finger plot, the selected sampler is shifted towards the high ADC direction one bin at a

time. After shifting ¢ bins, the correlation p; between the sampler, denoted as X, and the finger plot

segment covered by the sampler, denoted as Y, is computed using the formula

~ Cov(X,Y)

OX0y

4

(4.3)

where Cov(X,Y) is the covariance, and o’s are the standard deviations. In terms of expected values E,

Equation (4.3) can be rewritten as

E(XY) — E(X)E(Y)
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Figure 4.13: A plot showing a shifted sampler segment. When the peaks align, the correlation between
the sampler and the original finger plot is high. Note the first two peaks are affected by the threshold

and are therefore discarded.

When the peaks in the sampler segment match those in the original finger plots, the correlation score

will be large, and when the peaks in the sampler coincide with the troughs, the correlation score is small.

Plotting the correlation score %(pl +1) as a function of the shift ¢ produces a correlation finger plot where

the smaller peaks are enhanced, as shown in Figure 4.14. The period of the fluctuation is an estimate of

the gain, but this plot can also be fed back to the multi-peak method to estimate the gain.

4.2.2 Extracting Pedestal Calibration Constant

The pedestal of a channel is the HG ADC of the zeroth p.e.
the SuperFGD, the zeroth peak cannot be directly observed in a finger plot.

peak. Due to the ADC threshold of

Instead, to locate the

pedestal, multiple finger plots collected with different HG settings (either gain or voltage) are needed in

the analysis. Since the change of HG settings should not affect where the pedestal is, by extrapolating

the peak positions linearly and shifting the apparent ‘peak number’-‘p.e. number’ & correspondence, one

can locate the pedestal by extrapolating the peak numbers back to the y-axis, as demonstrated in Figure

Figure 4.15.

€The ‘peak number’ refers to the numberings of the identified peaks in a finger plot, while the ‘p.e. number’ refers to
the actual numbers of photoelectrons corresponding to the peaks.
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Figure 4.14: The autocorrelation of the finger plot in Figure 4.13. Since the shift is of the same scale as

the finger plot (HG ADC unit), the spacing between the peaks provides a measure of the gain. Note, the

process also enhances the small peaks in the high ADC region.
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Figure 4.15: A demonstration of the pedestal search algorithm. By varying the HG setting (HG43, HG47,
etc.), one produces finger plots of different gains, which can be seen by the change of slope over different
HG settings. Since the pedestal position is not affected by the gain setting, the point at which all lines
converge should correspond to the location of the pedestal.

The pedestal algorithm conducts the search for the pedestal ADC by minimising the spread of y-
intercepts made by finger plot lines and the y-axis. It works by first assuming a ‘peak number’-‘p.e.
number’ correspondence and shifting the lines of extrapolation horizontally to minimise the spread of the
intercepts with the y-axis. The average of those y-intercepts with the configuration that minimises the

spread is taken to be the pedestal.
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Figure 4.16: A flowchart explaining the pedestal search algorithm. The algorithm returns the best
possible p.e. number corresponding to the first peak of the target finger plot, where the configuration
minimises the spread of the y-intercepts.

Figure 4.16 shows a flowchart of the algorithm steps. The algorithm first selects the first finger plot
as the ‘target’ and calculates its y-intercept (yo) under the assumption that it is the i*® p.e. peak. For
the remaining plots, it calculates the closest possible y-intercepts and the shifts required. Since the peak
numbers are strictly integers, the best shift s for each finger plot can be calculated analytically using the

formula,

/_
s = round (y Gyo) , (4.5)

where round() rounds a value to the nearest integer and y’ is any reference y-intercept (e.g. obtained by
assuming the first finger is the first p.e. peak) to which the shift is relative. Hence, the closest y-intercept
of this particular peak is

y=y —sG. (4.6)

For each configuration i, there is a y-intercept spread defined by the difference between the maximum

and minimum y-intercepts. The y-intercepts of the configuration that yields the least spread are averaged

31



and taken as the pedestal.

In some cases, the actual points of intercepts do not sit on the y-axis; hence, there exists a discrepancy
between the average y-intercept and the actual intercept. To account for this, a second value, calculated
by averaging the points of intercepts produced by all pairs of finger plots, is also provided in the pedestal

map.

4.2.3 Extracting LG Calibration Constants

The LG calibration constants are the coefficients of the function that relates the LG ADC value to the HG
ADC value of a given hit. Before saturation, the HG and LG ADC measurements are linearly correlated,
ie,

AL = c14uc + co, (4.7)
where Apg and Agg are the LG and HG ADC values respectively, and the c¢ coefficients are the desired
LG calibration constants. Therefore, to extract the LG calibration constants, a linear function is fitted
to the unsaturated region of a ‘HG vs LG plot’, as shown in Figure 4.17. This extraction process is
conducted for each channel individually, and the obtained calibration constants are applied to convert a

LG ADC measurement to HG following the equation:

Arg —c
Arg-uc = % (4.8)
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Figure 4.17: The HG and LG ADC readings of each hit on a channel, as well as the linear function that
relates the LG and HG values, are plotted. The parameters of the linear function can be used to convert
a LG measurment to HG. The non-linear region at the higher HG ADC region is a result of saturation.
The data shown here were collected from the SuperFGD prototype beam test at CERN [90].

To define the range of the unsaturated region, the result from a previous study [97] examining the

non-linearity response of HG and LG to the input amplitude was used. In this previous study, a pulse

generator is used to directly inject different amounts of charges into the FEB. The non-linearity of the
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response to the injected charges is quantified by e€,, which is defined as

~ A(ADQ)
"~ Tncluded ADC range’

(4.9)

where the denominator is the ADC range included in a linear fit and A(ADC) is the deviation from
that linear function. For each data point, the non-linearity is computed. The result is summarised
in Figure 4.18. In the LG calibration, the HG non-linearity cutoff is set to 1%, which corresponds to
~ 2500 HG ADC.
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Figure 4.18: The 1% non-linearity points (marked as magenta crosses) of different gain settings, above
which the non-linearity of ADC measurements responding to the injected charge is larger than 1% [97].
Each line shows the response of HG or LG measurement to the injected charges provided by an external
generator, given a fixed gain setting. The unit of the charge injected was converted to p.e. for the
convenience of reading. The bounds of the unsaturated region is defined according to the result.

The extraction of the LG calibration constants does not rely on the LED calibration light source.
Different from the HG calibration, the LG calibration cannot utilise on the light provided by the LED
calibration system, whose energy range is insufficient to cover the LG dynamic range®. The LG finger
plot is also not useful for calibration since the fingers are not resolved. Instead, LG calibration relies on
self-calibration, where the collected data are used to calibrate itself during each given time period. The

data source can be from the beam or from cosmic or sand muons.

4.2.4 Extracting ToT Calibration Constants

Similar to the LG calibration, ToT calibration constants needed to convert ToT values into measurements

of Np.. are extracted from detector data.

In general, each MPPC hit consists of three read-out values, the HG, LG, and ToT. Hence, in terms
of converting ToT values into N, e, it may seem natural to consider each calibration route (ToT — HG
and ToT — LG) separately. However, the approach comes with several drawbacks. For example, in both
conversion routes due to the saturation effects, ToT responds highly non-linearly to the change of ADC

value towards the end of the distribution, as shown in Figure 4.19, which makes the fits for the regions

hThe current LG setting measures up to ~ 600 p.e.
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complicated and perform poorly at high HG and low LG ADC regions. It also requires a larger storage

space since the approach produces many time-dependent calibration constants.
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Figure 4.19: An example result of a ToT calibration using two separate calibration routes [90] used in
the SuperFGD prototype beam test. The method fits each distribution with a polynomial of degree five,
and it is less effective at calibrating the high HG and low LG regions. The method also generates a large
number of calibration constants, potentially causing a storage problem in the long run.

To improve the fit quality in the transition between HG and LG, and to smoothly map the whole ToT
range to some ADC values, the ToT calibration constants can be extracted using a combined ToT —
(HG & LG) method as an alternative. In the ToT — (HG & LG) method, the LG values of MPPC hits
are first calibrated following LG — HG as described in Section 4.2.3, so they are on the same scale as the
HG values. The calibrated LG values are then combined with the HG values to produce the combined
measurements. In this study, a weighted average based on the resolution is proposed. For each MPPC

hit, if

e HG < 2500 (blue points in Figure 4.20), HG and LG are weight-averaged by the relative resolution.
Whya = 1,WrLa = #, where W’s are the weights, and m is the relative resolution. The relative

resolution can be determined from the slope of the linear function used for the LG — HG calibration.

e 2500 < HG < 3000 (green points in Figure 4.20), similar to the above procedure, but Wy drops
quadratically from 1 to 0 as HG goes from 2500 to 3000.

e HG > 3000 (red points in Figure 4.20), only the scaled LG is selected.

An example result using the combined method is shown in Figure 4.20. The combined (HG & LG)
method produces a smoothly growing response curve with ToT. The transition from heavily weighting
on the HG side in the low ADC region to gradually decreasing the importance and eventually discarding
the saturated HG completely helps reduce the calibration difficulty at the transitional region. Several fit
functions are tested, and for a smooth response curve, it is determined that a fourth-order polynomial is

sufficient, as shown in Table 4.1.
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Figure 4.20: An example of a ToT vs (HG & LG) plot using the SuperFGD prototype data. The blue
region contains hits whose HG and LG are averaged, weighted by the respective resolutions. The green
region combines HG and LG readings similar to the blue region, but the weight of HG is continuously
reduced to zero as HG increases. The red region contains only the LG readings. Note the noisy events
distributed across ToT < 7 is a result of the miss-tagging of timing information, a firmware bug unique
to the prototype data which was fixed in the later firmware releases.

Table 4.1: Reduced x? values of various fit functions

Fit function x?/N.D.F.
Polynomial (5*" degree) 4.34
Polynomial (4*" degree) 4.58
Polynomial (3*4 degree) 8.36
Polynomial (2°¢ degree) 10.56
Exponential (AeP+C¢T 4 D) 14.16

4.3 Other SuperFGD Calibration Tasks

Apart from the MPPC and CITIROC charge calibration described in Section 4.2, various other SuperFGD

properties need to be measured to ensure the correct operation of the detector.

4.3.1 High-Voltage Trimming

The HG gain is sensitive to the ambient temperature, with a rate of change of approximately —0.1 ADC/p.e.
per 1°C increase. As the temperature increases, the vibrations of the MPPC crystal lattice become
stronger, which increases the difficulty of a charge carrier accelerating and triggering the avalanche effect.
Consequently, the MPPC gain is reduced. Therefore, during the detector’s operation, the HG gain needs
to be tuned to maintain a suitable value that balances the dynamic range and the sensitivity. This is
achieved by performing a ‘high-voltage (HV) trim’, where the MPPC operating voltage, Vo, is adjusted.

This operation will be described in this section.
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For a channel that is initially tuned to 22 ADC/p.e., over time the gain will typically drift within a
+2 ADC/p.e. window due to the fluctuation of temperature. Within this typical drift window, Gug
Vop, as shown in Figure 4.21. It is therefore straightforward to determine the correct V;, at a given
temperature by performing a ‘HV scan’ where the V, is sampled about a typical value and interpolating
the measurement. The desired V;, value can subsequently be configured during detecter maintenance’.

A comparison before and after performing a HV trimming can be seen in Figure 4.22.
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Figure 4.21: The HG gain responds to the change of operating voltage linearly with the typical gain
range created by temperature fluctuation. The data points on the left side of the figure show inaccurate
results due to the unrealistic V;, setting.
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Figure 4.22: A comparison between Gpg distributions before and after the HV trimming. The target
gain is set to 15 ADC/p.e. in this example.

IMore specifically, all 32 MPPCs belonging to a CITIROC share a common Vi,,se, but they can be additionally configured
with a channel-specific £2.5 V voltage shift AV to achieve the desired Vip, which equals the sum Via5e + AV
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4.3.2 Cube-Related Calibration

How a scintillator cube responds to the energy deposition is one of the most fundamental properties that
directly impact the performance of the detector hence the correct calibration of the scintillation efficiency,
S, is vital. The scintillation efficiency is the proportionality constant that links the light yield L to the
energy deposited. It is usually measured by selecting cosmic muon tracks of different orientations, which
are used to obtain an intermediate quantity of p.e. per minimum ionising particle (MIP). This can then

be converted to the desired quantity of p.e./MeV.

The measured light yield is affected by the scintillator quenching effect. The quenching effect is a
detector-specific property due to its intrinsic light production saturation, where the light yield % is no
longer proportional to the energy deposition per path length ‘fi—f. The effect is especially prominent in
high-energy loss cases, where the light production efficiency is decreased due to the high ionisation density
leading to saturation. Empirically, the quenching effect can be described by the Birks’ law [98],

dL &
—=9—dz __ i (4.10)
dx 1+ kg

where S is a linear constant that characterises the relationship in the low energy regime, and k is the Birks’

constant specific to the scintillator material. For the SuperFGD simulation software, k = 0.0208 cm/MeV.

The optical crosstalk, which refers to the light leakage from one cube to its neighbours, is also a
factor that needs to be considered. Despite the white coating applied to the SuperFGD cube surfaces,

preliminary measurements showed that the effect is at the level of ~ 3.5% and, therefore, is not negligible.

4.3.3 Fibre-Related Calibration

There are two main WLS fibre factors that affect the performance of SuperFGD: attenuation along the

fibres and reflection at the fibre ends.

The light attenuation as photons travel along the WLS fibres is characterised by a long- and a short-
distance decay with an attenuation length of Dy, and Dg, respectively. The attenuation affects both the
direct and the reflected light signals. Specifically, the light yield L(d) (measured in number of p.e.) at a

distance d away from the hit cube, where a signal of light yield L is emitted, is given by the equation

D—d 2D—d

L(d) = Lo{ (a0 + (1= a)e B5 ) +R (ac” P2 +(1—a)e” 75 ) } (4.11)

direct light reflected light

where the coefficient 0 < « < 1 is introduced to weight the contribution, the R is the fraction of light
reflected, and D is the fibre length.

These parameters are determined from fits and will be applied to correct for the fibre effects on the

charge measurements.

IThis is occasionally called the ‘light yield’. The term ‘light yield’ can refer to a multitude of different but similar

properties. It could sometimes refer to the ‘simple’ light yield L which refers to the amount of light generated (often
measured in Np.e.), the light produced per particle track length d—f, or the light produced per energy deposition g—é

Instances where potential confusion can occur, the mathematical symbol will follow the mention of ‘light yield’ for clarity.
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4.3.4 Timing Calibration

The two dominant timing-related effects are the time offset and the time-walk effect. The time offset
is concerned with the synchronisation difference between the channels. This discrepancy between the
time origin can originate from different sources, such as the varying cable lengths and the variation in
wavelength-shifting processes. Single muon track data are typically used to measure the offset. The time
offset between channels can be observed after removing the muon travel time and the photon propagation

time.

The time-walk is mainly caused by the applied electronics threshold, without correcting this effect,
the hit time will show a dependency on the hit amplitude, where the large signals being registered earlier

than those with smaller amplitudes due to their steeply rising waveform.

4.3.5 Detector Geometry Calibration

The inter-detector and inter-cube alignment are important, so the measurements and corrections on
the relative positions and orientations of the detectors with respect to SuperFGD and the cube sag are

required. The calibration procedures for these geometric effects are currently under study.
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Chapter 5

Particle Activity at the Neutrino
Interaction Vertex in the SuperFGD

Presented in this chapter is a private feasibility study, the content of which is not reviewed by the T2K
collaboration, hence may not reflect or represent the views or findings of the T2K collaboration and should

not be considered as an official T2K result.

At the T2K beam energy, the most common way for neutrinos to interact with the detector is via the
charged-current (CC) interaction without outgoing pions (CCOm events). The interaction topology of a
v,, CCOm event can be written as

vy+N—=u +X, (5.1)

where N is the target nucleon, and X is the outgoing hadronic system. In the SuperFGD, such an event
can be identified by a long curved track (u) and a relatively short track (p) originating from the same

vertex. An example of a CCOm event candidate is shown in Figure 5.1.

Run number : 16070 | SubRun number :8 | Event number : 190200 | Spill : 4429 | Time : Thu 2023-12-21 03:19:30 JST | Partition : 61 |Trigger: Beam Spill

Figure 5.1: A CCOr event candidate inside the ND280. It is likely an event where a muon neutrino (track
invisible) entering from the left interacts with the SuperFGD (the magenta box on the left) and produces
a long muon track and a shorter proton track.
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Apart from the primary products, a neutrino-nucleus interaction can also produce multiple short
tracks near the interaction vertex. The energy deposition from such short tracks in proximity to the
interaction point is called the vertex activity (VA). A poor understanding of the vertex activity can lead

to inaccurate event reconstruction or even misidentification.

Despite the fine granularity of the SuperFGD, the reconstruction of the vertex activity remains in-
herently challenging. As the short tracks overlap, the number of particles involved cannot be determined
with confidence, and due to the short track lengths, traditional track fitting algorithms often perform
poorly. Combined with the uncertainties in charge calibration, it is well-motivated to explore modern

machine learning (ML) algorithms, such as a Transformer.

5.1 Transformer Neural Network

A deep learning neural network (NN) is a type of computation algorithm that was inspired by the structure
and function of the human nervous system. It consists of multiple layers of interconnected ‘neurons’, which
are the fundamental units that store and process data in a hierarchical manner. Each layer applies specific
weights and biases to the input data and passes it to the next layer. The backpropagation feature allows
the network to learn and identify how the weights and biases need to be modified after each step. A

review of the topics related to deep learning can be found in reference [99].

A Transformer NN is an ML algorithm that utilises a neural network architecture designed to handle
sequential data that possess complex short- and long-range dependencies. The architecture was first
proposed by Google in 2017 [100] and has been widely adopted in various fields of computer vision and
natural language processing. Examples such as machine translation and large language models, to name

a few, ChatGPT [101] and BERT [102], are some of the most well-known applications of the algorithm.

A Transformer network consists of an encoder and a decoder, and each contains multiple identical
layers. The encoder is responsible for transforming an input sequence of ‘tokens’®, (z1, 2, , %), into
an intermediate differentiable sequence z = (z1, 29, - - - , 2,,) called an ‘encoding’®. On the other hand, the
decoder takes the encoding sequence z as an input and iteratively generates an output sequence of tokens

(y1,Y2, - ,Ym), with each iteration taking the previously generated tokens as additional inputs®.

Several features of the Transformer NN contribute to its effectiveness:

e token embedding: each token is converted into an embedding, which is a vector that captures the
meaning of a token such that the embeddings of the tokens that share similar meanings are close
in a vector space. For example, in language processing, the ‘husky’ vector would be closer to the

‘beagle’ vector than the ‘bagle’ vector.

2A sequence of tokens can be, for example, a sentence of words, a time sequence of signals, or a sequence of pixels
flattened from an image.

b An encoding is sometimes called a ‘representation’.

°The generation process which takes the previous results as additional inputs is said to be ‘auto-regressive’.
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e positional encoding: the order of the tokens in a sequence is also encoded because the tokens ordered

differently may have a different meaning.

e attention: this helps the NN understand which input tokens are significant when generating an
output token. A translation task in the paper by Bahdanau et al. [103] highlights the significance
of the attention mechanism, where the translation model was able to correctly translate ‘European
Economic Area’ into French ‘zone économique européenne’ by focusing on the important input

words (see Figure 5.2).

e self-attention: contrary to the attention mechanism, the self-attention is the output-to-output and
input-to-input attention where the model can learn the dependencies of a token on the surrounding
neighbours. In the natural language translation example, the self-attention features help the model

understand the context of a wordd.
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Figure 5.2: An attention heat map shown in [103]. When generating ‘zone économique européenne’,
the language model has its attention non-monotonically on ‘European Economic Area’, shown by the
non-diagonal appearance of the heat map, and is able to correctly identify the word order and gender.

The Transformer architecture holds many advantages over conventional network designs [104, 105,
106], such as Convolutional Neural Networks (CNNs), which are widely used in image analysis tasks, and
Recurrent Neural Networks (RNNs) for language processing. Transformers excel at identifying long-range
token dependencies, while CNNs struggle to understand correlations outside of the kernels and RNNs
also face challenges in keeping distant dependencies due to vanishing gradient issues during training.
Transformers are much more context-aware thanks to the attention features. Additionally, CNNs are
limited by kernel size, and the sequential processing of RNNs restricts the possibility of a non-monotonic
understanding of the input tokens. Moreover, Transformers are able to process the tokens in parallel,
which makes them much more efficient and easy to train. CNNs and RNNs, in contrast, are slow to train

due to their sequential nature and recurrent design.

dFor example, a bat can refer to sports equipment or an animal in a different context.
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The Transformer is particularly suitable for tackling the VA fitting problem. The possibility for
accepting variable-length inputs enables the compression of sparse event images, while the attention
features help provide contextual interpretation of the hits. Moreover, the ability to effectively retain
long-distance memories is necessary for understanding the 3D-geometrical relationships between hits

from the flattened images.

5.2 Vertex Activity Fitting Utilising Transformer Network

The first Transformer NN utilised in VA fitting in a general voxelised 3D detector demonstrated the
feasibility of the method [107]. The NN was shown to be effective at reconstructing short proton tracks
produced in CCOm events. In this section, we will start by summarising the design of the NN used in the
paper, and end by presenting an alternative training process the NN trained with which demonstrated

good robustness against calibration inaccuracies.

5.2.1 The Transformer Neural Network Design

In the original paper [107], the Transformer NN consists of 10 encoder and 10 decoder layers, and each
layer has a total number of 192 neurons. A total of 16 attention heads are employed. All these sum up to a
total of 10,393,165 trainable model parameters. At the training stage, the accumulation strategy is used,
where the gradients of 4 batches of 512 samples are processed and accumulated, optimising memory
usage and parallelism. The optimisation algorithm used is LAMB [108], which combines large batch
optimisation, layerwise adaptive (learning) rate scaling (‘LARS’, [109]), and Adam [110], a well-known
stochastic gradient descent (SGD) method.

A classic SGD updates the weights at the t*" iteration, wy, as
Wy = W1 — QGt, (5.2)

where « is a (constant) learning rate and g; = V¢ (w;—1) is the gradient of the loss function ¢, which is
a metric measuring the performance of the network. In the original study [107], the mean squared error
was used, i.e. {; ~ (z; — y;)? for some prediction z; and label y;. Adam improves from the classic SGD

by introducing the concept of ‘momentum’. It works by computing the first and the second moments,
me = 1 -mi—1 + (1 — B1) - g (first moment, the ‘mean’), (5.3)
and
v; = Bo - vi_1 + (1 — Ba) - g7 (second moment, the ‘momentum’), (5.4)

where two hyperparameters, 31, B2 are added, and g? = g;-g;. The weights are updated using the formula,

my
Vo + €

where the mean and the momentum are bias-corrected via m; = m:/(1 — 1) and 0; = v:/(1 — 52), and

(5.5)

Wt = W1 — &

a small number ¢ is added to avoid numerical singularity. Qualitatively, the momentum captures the
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overall trend of the gradients, which increases the rate of convergence in many situations. A comparison
illustrating the effect of Adam can be found in Figure 5.3. In the study, the default values 8; = 0.9 and
B2 = 0.999 were used.

Parameter 2
Parameter 2

\,4‘\'},'\‘\\\,»“\\\‘\

\‘\H‘\H‘H\‘JH‘HL

\‘\H‘\H‘H\‘JHH\

T N S B O s PR IR S PR B O i i S B s U S e S AR e
44 12 10 -8 6 -4 =2 0 2 4 14 12 10 -8 6 -4 =2 0 2 4
Parameter 1 Parameter 1

(a) Classic SGD (b) Adam

Figure 5.3: A possible scenario illustrating the improvement of Adam compared to the classic SGD. The
two optimisers initially start at the same point in a 2D parameter space (marked with a black star).
Each line segment denotes one algorithm iteration. The momentum feature helps the Adam optimiser
converge onto the global minimum (marked with a red star) more efficiently.

Motivated by the observation that the ratio of L2-norms, ||w;||2/||g:||2, can change significantly from
one layer to another, the LAMB optimiser scales the learning rate by a factor ¢ that depends on the
ratio for each layer. Empirically, this treatment improves many challenging training tasks, as shown in

the LAMB paper.

The NN workflow is illustrated in Figure 5.4. It is able to decompose 7 x 7 x 7 VA images, each
including a vertex from which one muon track and one to five protons originate. Due to the sparseness,
the images are pre-processed into lists of non-empty pixels containing the hit coordinates and the energy
deposition (Npe ). It is assumed that the muon track is reconstructed from some other means, for
example, methods based on track length and track curvature, so the reconstructed kinematic parameters
for the muon track are also included as input. The encoder transforms the input into embeddings and
passes the embeddings to the decoder, which is designed to decompose the embeddings iteratively in
descending order according to the reconstructed kinetic energies (KEs) of the short proton tracks. By
doing so, it is more transparent for a human to interpret the fitting mechanism. Starting from the proton
track with the highest kinetic energy, the decoder outputs the kinetic energy, track direction, as well as
a boolean value indicating whether the decoder thinks there are more proton tracks. The decoder also

predicts the vertex position in the process.

A Generative Adversarial Network (GAN) [111] is incorporated into the training workflow. This
generative model utilises the reconstructed kinematic variables from the decoder to generate particle
tracks, which are then combined to form a replica of the original input VA image. By comparing this

replica to the original, the decomposition result can be evaluated. Furthermore, based on the evaluation,
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the algorithm performs an additional optimisation on the kinematic parameters by minimising the loss

function.
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Figure 5.4: The workflow of the vertex activity neural network [107]. The neural network takes VA
images as input and predicts the vertex positions and proton kinematic variables iteratively.

The original result shows that the Transformer network is able to identify the number of proton tracks
correctly at an accuracy of ~ 70%, and is able to reconstruct proton tracks with kinetic energies under
60 MeV, which were previously not reconstructed by the SuperFGD using traditional fitting methods
(see Figure 5.5). The direction and position reconstruction accuracy is also impressive, achieving a

sub-centimetre level.

5.2.2 A New Training Process

The work presented in this chapter is built on top of the original study described above. Compared to
the original study, two new features are added. The dataset preparation method was inherited from the
original paper [107], but the proton track simulation used for training was done in the ND280 software

suite. Also, two random scaling effects were added to decrease calibration dependency and overfitting.

A CCOm VA event is contained within a 7 x 7 x 7 SuperFGD cube region, where the centre has the
coordinate (0,0,0). At run-time, each event is generated by randomly assembling one muon track and one

to five proton tracks that originate from the same ‘sub-voxel’, where a sub-voxel is a 0.2 x 0.2 x 0.2 mm?
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Figure 5.5: Short proton track kinetic energy (left) and directional reconstruction (right) accuracy of
the Transformer neural network [107]. The results show that the Transformer network performs well in
reconstructing proton tracks that are difficult to do with other conventional methods.

volume formed via equally subdividing a cube into 50 x 50 x 50 sub-cubes. In each training run, five
million proton tracks and five million muon tracks were generated, so on average, each sub-voxel contains
40 proton tracks and 40 muon tracks that can be selected from, dramatically increasing the variety of
events in the dataset. Subsequently, after the assembly, this event has a chance to be shifted randomly
by +1 cube length in each direction, so the final event vertex can reside anywhere within the central
3 x 3 x 3 cube region. This is to account for realistic reconstruction errors. Finally, the image is processed

into a list of non-empty pixels storing the hit coordinates and numbers of photoelectrons.

The proton tracks were generated using the Monte Carlo (MC) simulation tools within the ND280
software suite (version 14.21), but the muon dataset was taken from the original study. The simulated
protons had kinetic energies distributed uniformly from 5 MeV to 60 MeV, while the muons had kinetic
energies ranging from 300 to 1000 MeV. The vertices of the tracks were evenly spread across the central
cube volume, with initial momentum vectors pointing in all directions. The proton simulation followed

the steps:

Step 1: ND280 GEANT4 simulation: simulates the proton interactions within the SuperFGD volume
using a GEANT4-based [112] package

Step 2: Detector response simulation: simulates the detector electronics response to the proton hits

Step 3: Calibration: corrects and converts the electronic signals into Np ..

Two modes of running are included in the ND280 software suite, as shown in Figure 5.6, where either
the ‘real data’ (MIDAS® files) or the ‘MC simulation’ of neutrino interactions is processed into files

suitable for purposes such as neutrino oscillation analysis. In the current SuperFGD MC simulation, the

¢MIDAS is an abbreviation of ‘Maximum Integrated Data Acquisition System’, a common data acquisition package
used in experimental particle physics.
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number of photons produced per energy deposited tuned to 320 p.e./MeV, and after all corrections, the
energy deposition per track length is set to 20.7 p.e./mm for a minimum ionising particle (MIP). The

Birks’ quenching factor is 0.0208 cm/MeV.

The ND280 oaRawEvent

4 : ; oaChaninfo MYSQL
Of'"l ne (di:z:‘eszg nggml‘lll:;?ry (channel mapping) database
Software
Suite oaUnpack tpc‘i:;g’::?;ca"b’ MINOS-DBI

(MIDAS unpacking (routines tolpr.c.J.duce (database
W into “oaEvent” format) calibration constants) interface)
data *
Digitised oaCalib/tfbApplyCalib/...
data/MC (routines to apply

output calibration constants)
nd280mc/elecSim - oaEvent
(Geant4-based MC) ROOT *.. Format | oaRecon/fgdRecon/...
Geometry S (reconstruction)
T .~
] 7 eventDispla K
r%oe'll':la:%k:r pay Reconstructed A oaAnalysis
. : events (oaEvent reduction)
interaction format
Neutrino oaAnalysis oaAnalysis
Interaction (macros to analyse simple
Generators oaAnalysis format) ROOT trees

Figure 5.6: A schematic diagram [113] showing the process chain of the ND280 software suite. Two main
purposes of the suite are to process Data (starting from the MIDAS data) and to generate Monte Carlo
events (starting from ‘Neutrino Interaction Generators’), the output of which is compared and studied.

In total, two datasets, each containing five million proton tracks, were created. One of the two
datasets was introduced additional noises, in order to emulate calibration defects. A similar treatment

to the dataset was employed by NOvA during the training of a CNN [114, 115].

The calibration noise was introduced to the dataset according to the following procesure. Each hit
(energy deposition) ¢ of a proton track was multiplied by a random scaling factor (1 + €,ps), where the
absolute energy scale €, is a random varible that is shared by all hits of the same event. €, follows a
normal distribution with a mean of 0 and a variance of 0.05, which we denote as €,ps ~ N (0, 0.05). Then,
each hit of the same event was multiplied by a second scaling factor (1 + ¢;), where the relative energy
scale ¢; is also a normally distributed random varible, ¢; ~ A(0,0.05). The magnitude of the relative
energy scaling is applied on a per-hit basis, hence the value may differ from hit to hit. The absolute
scaling aimed to capture the effects contributing to the SuperFGD channel-to-channel variation, while

the relative scaling represented the measurement resolution of number of photoeletrons per hit, Np ...
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5.3 Results

In this section, the results of the two Transformer models that were trained on different datasets are

compared:

e configuration (a): trained on SuperFGD simulation dataset;

e configuration (b): trained on SuperFGD simulation dataset with the additional noise described

in Section 5.2.2.

Both models predicted vertex position accurately, as shown in Figure 5.7. All three orthogonal axes,
x,y, z, were accumulated in the histograms. The absolute difference, T eco — Ttrue, Where x can be any of
the three axes, was calculated, and the statistics, including the mean, pg4ig, and the standard deviation,
odiff, are shown. A slight improvement can be seen between the two, but the difference is small. The
plots also demonstrated the ML algorithm can achieve sub-centimetre resolution when it comes to vertex

reconstruction, a scale that is smaller than the physical detector pixel.
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Figure 5.7: 2D histograms showing the true vs reconstructed vertex positions (in all three orthogonal
directions), produced by the two Transformer models. The mean differences between the true and the
reconstructed coordinates are included. The apparent boundaries at £5 mm are caused by the physical
separations between cubes.

Figure 5.8 shows the confusion matrices for the number of protons in each event, as predicted by both
model configurations. The bins were normalised in each column, where given a true number of protons,
the reconstructed numbers summed up to one. Configuration (b) displayed a higher ability to correctly

identify the number of protons in each event.
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Figure 5.8: Confusion matrices for reconstructing the number of protons in each event. Configuration
(b) has a slightly enhanced ability to determine the number of protons in each event.

Figure 5.9 and Figure 5.10 compare the proton kinetic energy resolutions for single-proton events and
those with any number of protons respectively. The upper panel in each plot shows the fractional error,

defined as,
KEreco - KEtrue

KEtrue ’

as a function of true proton KE, and the error bars are the +1o0 intervals, which are separately shown
in the lower panel. The difference between the two figures, especially in the low energy regions, showed
that the reconstruction of short proton tracks in multi-proton events remained difficult, while within each
figure, the use of the noisy dataset in training improved the accuracy of the Transformer model. The
reconstruction resolution, however, did not see significant improvement. As a reference, a proton with
kinetic energy of 30/50/60 keV roughly creates a track of 1/2/3 cube-length(s) inside the SuperFGD
[116].

The total proton KE of the events was also studied, the results of which are summarised in the truth
vs reconstruction 2D histograms in Figure 5.11. Configuration (b) model had the better accuracy, but

the resolution is similar.

Finally, the direction reconstruction performance of the two models can be found in Figure 5.12,
where the initial track direction, parameterised by the polar angle 6 and the azimuthal angle ¢, was
measured. The means, u, and the standard deviations, o, of the absolute angle differences ¢,eco — Ptrue
and 6,eco — Birue, were also included. Both angles were measured more accurately using configuration (b)

model.

In summary, the configuration (b) model, which was trained using the dataset simulated by the
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ent Transformer models. All possible numbers of protons per event (1-5) were included. Configuration
(b) produced more accurate results. The error bars represent 1o intervals.

ND280 software suite with additional calibration defects, performed noticeably better in the testing. It
consistently produced results that were more accurate compared to the configuration (a) model. However,
the models were not tested with real data collected by the SuperFGD; therefore, the results should be
interpreted with caution. Nonetheless, this feasibility study has demonstrated promising performance
that a deep learning neural network can achieve, and future work is encouraged to fully explore the

potential of such a reconstruction method.
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Chapter 6

Neutrino Oscillation Global Study within
GAMBIT

Since the theoretical prediction of neutrino oscillation was proposed by Bruno Pontecorvo in 1957, various
experiments have been conducted to study the phenomena. Due to the variations in design, including
the detection techniques, the neutrino sources and energies, and the baseline, each experiment can be
particularly sensitive to a subset of neutrino oscillation parameters. Table 6.1 contains the current
dominant and important experiment contributions to the different neutrino oscillation parameters as

reported by the Particle Data Group (PDG) [117].

Table 6.1: A table summarising the current sensitivities of the neutrino oscillation experiments [117].

Experiment Dominant Important
Solar Experiments 012 Am3,, 013
Reactor Long-Baseline (KamLAND) Am3, 012,013

Reactor Medium-Baseline
(Daya-Bay, RENO, Double Chooz)

Atmospheric Experiments
(Super-K, IceCube)

Accelerator Long-Baseline v, 7, Disappearance
(K2K, MINOS, T2K, NOvA)

Accelerator Long-Baseline v., v, Appearance 5
(MINOS, T2K, NOvA) or

013, |Am3, o]
- Oa3, |Am3, 3,013, dcp
|Am3; 3], 023

013,023

Given the clear strengths and weaknesses of each neutrino experiment, it is natural to wonder what
insights a combined study can reveal. Global fitting is an effective tool for studying neutrino oscilla-
tion experimental results in a unified and coherent approach. By combining the results from different
experiments which are sensitive to different parts of the neutrino oscillation parameter space, stricter

constraints that cannot be achieved by the experiments separately can be set.

For the success of a global fit study, the accuracy of the experiment modelling, the efficiency of

the parameter space exploration, and the eventual statistical interpretation are of vital importance.
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However, as the field grows in scope and complexity, performing such a combined study presents some
difficult and complicated challenges. First, the experiment simulations are highly tailored and specific to
the experiment; therefore, it is often the case that the error modellings for these simulations need to be
simplified. Alongside the modelling errors, each experiment also introduces several parameters related
to the detectors, neutrino sources, and reconstruction methods, increasing the computation cost rapidly.
Furthermore, the limited availability of publicly accessible experiment information and data also adds to

the difficulty.

In this chapter, we will start with a short summary of the current progress of the Standard Model
three-flavour neutrino oscillation global fit studies. This will be followed by an introduction to the Global
and Modular Beyond-the-Standard Model Inference Tool (GAMBIT) [8, 9] and the functions and tools
it provides that are useful in our study. Furthermore, the progress of the Standard Model three-flavour
neutrino oscillation study within GAMBIT, namely the development of the NOvA, MINOS, KamLAND
likelihood functions, their validation results, and preliminary global fits, will be described and shown.
Finally, we will end the chapter by discussing the importance and benefits of data openness, proposing a

list of data essential to global studies and challenges related to data sharing.

6.1 A Brief Review of the Current Neutrino Oscillation Global Fit Studies

For the reasons mentioned above, it is not surprising that there exist several neutrino oscillation global
fit studies. In fact, the earliest global study within the hierarchical three-flavour neutrino framework
dates back to the 90s by the ‘Bari group’ [118], tackling the tricky ‘solar neutrino problem’ and the
‘atmospheric neutrino anomaly’. The paper also produced bounds on neutrino masses (reduced form,

assuming m? = 0 and dcp = 0) and mixing angles within the three-flavour scheme.

The Bari group remains active in the field of neutrino global fit. In the latest paper from the group [47],
apart from dcp, all oscillation parameters are determined with an accuracy of or smaller than 6%. The
paper supports the lower octant (LO) solution o3 < 7/4 at 90% confidence level (C.L.) and NO at the
level of 2.50.

The ‘Valencia group’ also publishes global studies on neutrino mass and neutrino oscillations. In their
latest update [46], which employed both Bayesian and frequentist approaches, the group found a mild
preference for the NO at the level of 2.50 in agreement with the Bari result. However, the upper octant

(UO) (b3 > 7/4) solution is favoured at ~ 2.4, in contrast to the LO that the Bari result supports.

Another neutrino oscillation result comes from the NuFIT group®. Their 2020 paper [45] weakly
supports NO at the 1.60 level or at the 2.70 level if taking the Super-K atmospheric neutrino data
analysis x? map into account. Interestingly, the solution of 63 changes from the UO supported by the

2020 paper to the lower in their latest version 5.3 release in March 2024 [119], where IO is increasingly

2The Valencia group website can be found at https://globalfit.astroparticles.es/.
PThe NuFIT group website can be found at https://www.nu-fit.org/.
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disfavoured at the level of 3.00 (Ax?_no = 9-1).

The latest results of the mentioned three neutrino global fit groups can be found in Tables 6.8 and 6.9.
Also in the tables are preliminary global fit results within GAMBIT, and the methods from which the

results are produced will be described in depth in the following sections.

6.2 The GAMBIT Package and the NeutrinoBit Module

The GAMBIT software was published in 2017 by the GAMBIT collaboration [8]. It is an open-source
global fitting software package for studying generic particle and astronomical physics models, designed
with an emphasis on modularity and flexibility. The package also comes with a built-in module which
provides a number of robust and efficient statistical sampling methods. With all these features, the
GAMBIT package allows users to easily implement new BSM models and new experimental datasets.
New analyses can also be incorporated thanks to the extensibility and the framework’s ability to interface

with external software packages, making GAMBIT a valuable resource for conducting global analyses.

Apart from the BSM collider and dark matter studies [120, 121, 122], which were their initial focus, the
GAMBIT collaboration also published papers on neutrino physics. The results include the determination
of an absolute mass upper bound for the lightest neutrino using robust cosmological and terrestrial
data [123], and a global study of the three right-handed neutrinos extension of the Standard Model [124].
Recent GAMBIT development on neutrino physics also includes a Standard Model three-flavour neutrino
global fit, which has been in development for a few years. A record of the early progress, including the
development of the T2K likelihood functions, can be found in the thesis by W. Shorrock [125]. By the time
of writing, several potential BSM neutrino studies have also been suggested, including a non-unitarity

fit.

Inside GAMBIT, calculations of theory predictions and experimental likelihoods are performed by a
series of ‘module functions’, which are grouped into ‘physics modules’ according to relevance, as illustrated
in Figure 6.1. Each module function is tagged with its ‘capability’, the quantity it is able to calculate,
and ‘dependencies’, the required inputs. To implement a new physics model, one needs to define the
model parameters and the necessary functions to calculate the physics quantities and implement a set
of likelihood functions for the comparisons to experimental data. The functions can depend on other
parent models, which may also have their own parameters. The hierarchical structure of the framework
simplifies the implementation of new modules, which enables an efficient way to subject a new physics

model to the constraints of many experimental results.

The NeutrinoBit module is responsible for the neutrino oscillation calculations. Currently, a total of
eight neutrino oscillation experiments are included in the NeutrinoBit module. The eight experiments
and the corresponding reference papers that are included in this project can be found in Table 6.2. Out
of the eight, the NOvA, MINOS, and KamLAND likelihood functions will be described in detail in the

later sections.
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modules
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calc_HS_LHC_Loglike() compute_BBN_LogLike() calc_vEb_KamLAMND_InL() functions

Figure 6.1: The hierarchical structure of the GAMBIT software package

Table 6.2: The neutrino oscillation experiments currently included in NeutrinoBit and the associated
papers

Type Experiments

Solar SNO [126]

Reactor (SBL, LBL) Daya-Bay [127], KamLAND [128, 129]
Atmospheric Super-K [130], IceCube [131]

Long-Baseline Accelerator T2K [61], NOvA [114, 132], MINOS [133]

To run a likelihood scan of a set of parameters, one needs to specify all the necessary parameters,
either as fixed values or their respective ranges for GAMBIT to scan over, and the module functions
required to carry out the calculation. A wide range of sampling methods and statistical options are also
included in the GAMBIT software. These scan specifications are stored as a text file, and because of

this, it is simple to switch in and out the modules to produce the desired scan configurations.

6.3 Methodology

Here, we describe how the neutrino oscillation parameter optimisation is performed within GAMBIT.

6.3.1 General Procedure

In a nutshell, to locate the best-fit parameters in a parameter space constrained by a set of experiment

observations, the following steps are roughly followed:

Step 1: For each experiment observation, and given a set of parameters, predict the GAMBIT counter-

part. In this project, an observation is a neutrino energy spectrum.
Step 2: Compare the GAMBIT prediction to the experimental observation and calculate the likelihood

Step 3: Update the parameter hypothesis according to a sampling algorithm
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Step 4: Repeat starting from Step 1 until the convergence condition is met

The exact calculation for each experiment varies and will be described in the following sections sepa-

rately.

Note that, as important to the values of the best-fit parameters, the region of the parameter space

close to the best-fit point should also be sufficiently explored in order to produce accurate constraints.

6.3.2 Likelihood Method

Suppose there is an observed spectrum {O;} and a theoretical spectrum {N;}, where O; and N; denote
the number of events in bin ¢ and ¢ = 1, - -- ,n. Given that each observed bin is independent and follows a
Poisson distribution whose expected value is predicted by the respective bin in the theoretical spectrum,

the likelihood £ associated to this sample is

n Nioi,e—N,-
i=1
and the log-likelihood is
In(£) =Y 0;In(N;) = N; — In(O:)). (6.2)
i=1

The likelihood is maximised if the theoretical prediction matches the observation exactly, ie when N; = O;

for all possible i. Therefore, the maximal likelihood is given by

n ~0; —O,
O;e™
Emax - 071' (63)
i=1
The maximum log-likelihood ratio ¢ is calculated following the formula,
/=1 L‘,Emax = Oi—Ni—Oil - . 6.4
2L/ o) = Y 2 (%) (6.4

i=1
This quantity is chosen over the simple log-likelihood, In(L£), because it avoids computing log-factorials,
and the quantity is easier to interpret, since £ = 0 corresponds to a perfect fit to the observed spectrum.
The quantity can also be related to a x2 distribution following Wilks’ theorem, providing an approximate

statistical test.

6.3.3 Scanner

The GAMBIT module ScannerBit [134] provides the necessary statistical sampling and scanning algo-
rithms to search for the point of the highest likelihood in the parameter space of a physics model. In this
project, unless otherwise mentioned, the Diver [134] sampler is used. In this section, we will only briefly

describe the algorithm, and for a detailed explanation, refer to the original ScannerBit reference.

Diver is a sampler performing a self-adaptive \jDE optimisation, a variant of the differential evolution
(DE) algorithm [135, 136]. The class of algorithms are known for their robustness in operating in high-
dimensional spaces, and because of this, they are well-suited for exploring the vast and complex parameter

space of many physics models.
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The three main steps common to all DE algorithms are mutation, crossover, and selection. Here, we
describe the original DE proposed by Storn and Price in 1995 [135]. The algorithm is controlled by three
hyperparameters: the parent population size NP, the learning rate 3, and the crossover rate CR. The
choice of the hyperparameters is essential to the effectiveness of a scan. Too small of a learning rate or

crossover rate, although providing a finer search, leads to a slow convergence speed.

The optimisation starts with an initial population of NP parents {x1,X2,--- ,Xxp}, where each x;
is a vector of parameters relevant to the concerned physics model that are randomly selected from the
allowed parameter space. NP should be large enough so that the whole parameter space is sufficiently

covered.

Mutation Inthe mutation step, a donor vector u; is generated for each parent x; wherei =1,2,--- | NP.
For each parent x;, three other members of the parent set, X;1,X;2, X;3, are uniformly and randomly se-

lected (the target vectors), and the donor vector u; is then computed using the equation,
u; = X1 + /B(XiQ - Xig), (65)

where 3 is the learning rate between 0 and 1. In the equation, x;; undergoes mutation by adding to it
a scaled difference vector. It is, therefore, evident that the value of NP is crucial to the algorithm since
it directly impacts the density of parents and, consequently, the distance between the target vectors. A

large N P will sample the parameter space finely but, as a result, decrease the exploration speed.

Crossover Based on the crossover rate CR (0 < CR < 1), which dictates the degree of influence of the
donor vectors, the crossover step produces a set of offspring vectors {x/, x5, - ,x?v pt- This crossover is

performed element-wise, per parent, according to the formula

, u; if r <CR
Ty = . , (6.6)
Tij ifr>CR
where the subscript j denotes the j* element of a vector and r is a random number between 0 and 1.

With a high C'R, an offspring vector will inherit more mutated elements from the donor and vice versa.

A high CR also implies that the algorithm will have a wide exploration of the parameter space.

Selection In the selection step, each parent x; and the offspring x will compete to survive and become
a member of the next generation based on some predefined criteria. In our case, the point with the higher

likelihood is chosen.

A complete cycle of the three steps produces a new generation of parents, and the process is repeated
until some convergence conditions are met. In this study, the j*" generation reaches convergence when
the ‘smoothed fractional improvement’ in the population over successive n generations (including the ;%)

[134],

1—
i=j—n+1 Epopulation ln(ﬁi) ’

(6.7)

6smooth =

zj: Zpopulation ln(‘cifl )

3=
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drops below a threshold of 1072, n = 10 was set in the study.

The aforementioned DE algorithm is denoted ‘DE/rand/1/bin’, where

the first parameter specifies the algorithm type,

the second specifies how the mutated vector x;; in Equation (6.5) is chosen,

the third specifies the number of difference vectors that are included in the mutation,

and the fourth specifies how the crossover is decided (‘bin’ for binary).

Diver utilises a variant of the original DE algorithm called a self-adaptive A\jJDE algorithm ‘DE/rand-to-
best/1/bin’, which evolves the algorithm parameters at run time, aiming to optimise the exploration and
convergence time. Compared to the original DE (Equation (6.5)), the Diver algorithm takes the current

best-fit vector into account when computing the donor using the equation,
W; = MXpest + (1 = A)xi1 + B(xi2 — X43), (6.8)

where A controls how influential the current best-fit point Xpest is.

6.4 The NOvA Likelihood Functions in GAMBIT

Similar to the T2K experiment, the US-based ‘NuMI® Off-axis v, Appearance (NOvA) experiment’ is
also a long-baseline accelerator neutrino oscillation experiment that utilises a near-far detector setup [137,
138]. The two NOvA detectors, the Far Detector (FD) and the Near Detector (ND), are functionally
identical, but they are distinct in their sizes. Images of the FD and the ND can be found in Figure 6.2.
The FD has a weight of 14 kt, which is approximately 47 times heavier than the ND, which weighs in at
300 t. Both detectors are made up of criss-crossing planes of long rectangular PVC cells containing the
liquid scintillator (LS), perpendicular to the incoming beam. The scintillator lights are read out by the

wavelength-shifting fibres, the measurements from which can be used to reconstruct particle tracks.

g il | ‘. N \tﬁ\ 35 3 f — e
Figure 6.2: The NOvA Far Detector (left [139]) and Near Detector (right [140]). The two liquid scintillator
detectors are separated by a distance of 810 km.

°NuMI stands for the ‘Neutrinos at the Main Injector’, which is a neutrino beam at Fermilab.
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The NOvA detectors are separated by a distance of 810 km and are located at 14 mrad off-axis away
from the NuMI beamline, with the ND located at Fermilab ~ 1 km away from the neutrino source and
the FD in Ash River, Minnesota. Consequently, this setup produces a narrow neutrino energy spectrum
that reaches its maximum flux at E, = 2 GeV, as shown in Figure 6.3, roughly coinciding with the

maximal neutrino disappearance.

— —
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Figure 6.3: The NOvA FD neutrino flux predictions for the Forward Horn Current (left) and Reverse
Horn Current (right) modes [141].

For the NOvA beam energy and baseline, the neutrino oscillation probabilities can be approximated
using the same equations for T2K (Equations (3.2) and (3.4)). Note that when calculating the oscillation
probability in GAMBIT, the full oscillation probability formalism was used, instead of the approximated

expressions.

The NOvA experiment measures the neutrino oscillation parameters by comparing the neutrino energy
spectrum predictions to the observations at the FD. To generate an FD energy spectrum prediction for
a specific sample, NOvA transforms the ND data using a Near-to-Far extrapolation method constrained
by external data such as the detector model, neutrino flux, and neutrino interaction model. The neutrino
oscillation parameters can then be inferred from fitting the extrapolated FD spectrum to the experimental

data.

As opposed to the T2K experiment [142], NOvA does not simultaneously fit the ND and the FD
data, and hence, the oscillation fit is not directly constrained by the high-statistics ND data. However,
since both the ND and the FD are functionally of the same type, NOvA’s oscillation fitting method

significantly reduces the uncertainties on neutrino flux and neutrino cross-sections.

The publicly accessible NOvA data is limited. Ingredients such as Near-to-Far ratios are unavailable,
making the ND-to-FD propagation in GAMBIT an impossibility. As a consequence, the FD neutrino
energy spectra are predicted directly from the truth energy spectra (without oscillation) produced by
NOvA (Figure 6.3) scaled by POT. In (anti)neutrino mode, the beam flux consists of 93% (92%) v,, (7,)
between 1 and 5 GeV.
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In GAMBIT, there are four NOvA likelihood functions 4; each respectively corresponds to one of the
vu(Py) = v,u(v,) ‘disappearance channels’ or the v,(7,) — v.(7.) ‘appearance channels’. There is an
additional function for constraining the nuisance parameters °. The current NOvA likelihood functions
utilise the NOvA ‘2020’ results [114] that include the data of 13.6 x 10%° protons-on-target (POT) in
neutrino mode and 12.5 x 102° POT in antineutrino mode. All channels, including the peripheral samples,

are considered.

In the likelihood functions, the energy spectra are predicted using Equation (6.9), a method modified
from that proposed in [143]. For an oscillation channel vg — v,, and for a specific neutrino-nuclear
interaction channel ch, the expected number of v, events in bin i of the energy spectrum is given by

ch,B,a Bitt * dq)ﬁ
Ni = / dErec/ Rchﬁa (EI'GC|EV) dTUch,a (Eu) €ch,a (El/) PV[;*H/Q (EV) dEl/v (69)
E; 0 v

where E; and F;1, are the left and right bin limits, E... and E, are the reconstructed and true energies
of neutrino v,, Rch,qo is the reconstruction function for interaction channel ch and neutrino v,, ®g is the
flux of vg at the FD without oscillation, ocp,« is the cross-section for interaction channel ch of neutrino
Va, €ch,a is the selection efficiency, and P,,_,,, is the oscillation probability. So, the total predicted

number of events in bin 7 is

Ne = NPK8 4> " N (6.10)
ch,p

where Nibkg is the number of expected background events in bin 4, and the sum runs over all interaction
channels ch and source neutrino types 5. The background spectra are difficult to predict with our GAM-
BIT calculation since they are strongly influenced by the experiment designs and background modelling.

Therefore, the likelihood calculation uses the values estimated by the NOvA experiment directly.

The NOvA experiment uses different methods depending on the neutrino flavour to reconstruct neu-
trino energy, E,. For v, charged-current (CC) candidates, the reconstructed neutrino energy, given by
Equation (6.11), is the sum of the muon energy E,, (measured based on the track length) and the total
energy of the hadronic products FEyag,

E‘uH = E,u + Ehaq. (611)

As for the v, CC candidates, on top of the electromagnetic (EM) shower energy Ewy and the hadronic

energy Epa.q, a second-order term is introduced for each component, as shown in Equation (6.12),
E,. = cem1Eem + chad1 Enad + e 2By + Chad 2 B, (6.12)
where the ¢ coefficients are determined from simulation.

The GAMBIT representations cannot reconstruct neutrino energies following the above methods.

This is caused by the limited information about the hadronic and the extensive use of large-scale machine

dIn GAMBIT, a likelihood function is responsible for predicting an experiment outcome for a given set of parameters
and calculating the likelihood by comparing the GAMBIT prediction to the experimental observation.

€A nuisance parameter is a parameter that has an impact on the final neutrino spectrum prediction but is not one of
the six oscillation parameters. An example could be the neutrino flux normalisation.
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learning techniques such as boosted decision trees (BDT) and convolutional neural networks (CNN).
Instead, GAMBIT works with binned data, and the predictions are generated directly starting from the

neutrino fluxes.

6.4.1 Reconstruction Functions

A reconstruction function represents the reconstruction effects, for instance, of those originating from
the finite detector hardware energy resolution. In some experiments, migration matrices are usually
generated from simulation to quantify the energy smearing. Each element e;; of the migration matrix
indicates what fraction of events in true energy bin 7 end up in reconstructed energy bin j, and if there is
no smearing, the migration matrix will be equivalent to an identity matrix diag(1,---,1), assuming the

true and reconstructed bin numbers are equal.

There is no release of migration matrices for the NOvA experiment, so a smearing function is assigned
to each interaction channel. The smearing functions are chosen to be Gaussian f (area-normalised to 1)
characterised by two parameters, a reconstruction width oye. (shared between each neutrino type) and an
energy offset from the true energy A, (per interaction channel), collectively called the ‘reconstruction

parameters’ (see Equation (6.13)).

1 1 [ FErec — (EV + Avec,ch (X) ?
Rc « Er El/ = =€ D) — 019
hy (Frec Ev) Urec7a\/ﬁ p{ 2 ( Orec,a | |

Apart from the o,ec, which are related to the constant NOvA nominal resolution values & as oyec =
Tnominal oy, the central values of the reconstruction parameters are obtained from y? fits to the respective

predicted energy spectra by NOvA while fixing the oscillation parameters to the NOvA best-fit values.

6.4.2 Efficiency Functions

The efficiency functions for different neutrino species at the FD were sourced directly from the NOvA
collaboration. Each bin represents the fraction of events of a given neutrino type that are selected, defined

by
(Selected true v, or v, CC events);
€ =

14
(All true v, or v, CC events); (6.14)

where the value is for the entire 14 kt FD, meaning that the denominator does not account for the true

fiducial volume.

The selection efficiency plots for the remaining samples can be found in Appendix A.1.

fOther functions, such as a log-normal distribution, were tested but were found to have little difference from a Gaussian
distribution.
€These can be found in the NOrvA main reference. Note that the combined resolutions are used for all neutrino samples.
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Figure 6.4: The v, selection efficiency at the NOvA FD

6.4.3 Neutrino Interaction and Cross-sections

The NOvA experiment simulates neutrino interactions using a custom configuration of GENIE version
3.0.6 [144, 145]. The modification ! includes different choices of interaction models for the charged-current
quasi-elastic (CCQE), CC two-nucleon two-hole (2p2h '), baryon resonance (RES), and deep inelastic
scattering (DIS) interactions. The default neutrino coherent scattering (COH) J is kept unchanged.

The NOvA MEC model is a variation based on the Empirical MEC model in GENIE. The NOvA
modification tunes the original model in a 2D space of (qo, |q|), the energy and momentum magnitude
transferred from the neutrino to the target ¥, to account for the difference between simulation and the

ND data after all adjustments to the other interaction channels are made.

Final state interactions (FSI) are also simulated in NOvA. Similar to the 2p2h, NOvA’s FSI model
is adjusted in a data-driven approach to fit the NOvA interaction models. The detailed treatment is
described in the main NOvA paper and the paper [146] dedicated to the tuning of NOvA neutrino

interaction models.

In GAMBIT, the NOvA likelihood functions consider five interaction channels, CCQE, RES, MEC,
DIS, and COH, which sum up to the total neutrino energy spectrum for a given species. For all apart

from the MEC channels, the NOvA cross-section splines are directly used. FSI are not considered.

hNOvA use the N18_10j-02_11a tune in the study. The cross-section spline files are published at https://scisoft.
fnal.gov/scisoft/packages/genie_xsec/v3_00_06/.

iSometimes called the ‘meson exchange current, MEC’, an interaction between a neutrino and a short-range correlated
nucleon pair. They are used interchangeably in this work.

JCOH is a rare process where a neutrino scatters off from the whole nucleus.

kg0 experimentally is measured as Fj,,q while |q| is reconstructed from the quantity /Q2 + E2_, where Q? = 2E,(E, —

Pucosby)) — mi is the four-momentum transfer.
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Unlike the NOvA method, the MEC reweight in GAMBIT is only one-dimensional since it is difficult
to decouple the hadronic and leptonic components in Equations (6.11) and (6.12) without the necessary
information. Within GAMBIT, the reweight process introduces a scaling factor to each MEC energy bin.
These weights are per-bin and are obtained from fits to NOvA best-fit MEC spectra. In addition, we

require that the weights must be greater than one to reproduce the enhancement effect.

6.4.4 Neutrino Oscillation Probability Calculations

Neutrino oscillation probabilities are calculated using the Prob3++ package [147]. The open-source
software uses the methods based on [148], which calculates the probabilities analytically and includes
matter effects! during neutrino propagation through the Earth. Unless it is specifically mentioned, this

package is used in other likelihood functions for the neutrino oscillation probability calculations.

6.4.5 v, and v, samples

Several modern machine learning algorithms are used throughout the NOvA reconstruction chain to
achieve high sensitivity. After a data quality cut and a containment check, all event candidates are
separated into v, CC, v, CC, neutral current (NC), or cosmogenic background using a CNN labelled
‘CNNgyt’. An additional CNN; in parallel to BDTs also for cosmic background recognition, are used to
further reject the FD cosmogenic background events, reducing the contamination to less than 5%. The

results of these algorithms are combined to select v, CC and v, CC samples of high purity.

For the v, samples, further treatments are applied to enhance the sensitivity of the oscillation fit.
These fully contained events, named the ‘core’ events, are further divided into two purity sub-samples
based on the CNNgt score. On top of this, some events are selected from those that fail the cosmic
rejection or containment check but score highly at the CNNg,; and BDT stage to form the ‘peripheral’

sample. This helps increase the FD selection efficiency.

There is no precise treatment to emulate the NOvA peripheral sample within GAMBIT. Instead, an
energy-independent fraction, 7peri, of events from each bin is migrated to the pretended peripheral bin.
The fraction is calculated from the NOvA best-fit simulation using the formula,

Nperi

: 6.15
Ncore + Nperi ( )

Tperi =

where Nperi is the total number of peripheral events, and Ncor is the total number of core events.

For the v, candidates, the sample is further divided into four equal subsets based on the hadronic
energy fraction, FEgac = Ehaq/FE,. Based on the subsets, binning F, in different bin sizes can further
increase the sensitivity to the oscillation parameters since the hadronic energy fraction is correlated to

the energy resolution and the fraction of background contamination.

IThe Earth density for NOvA is 2.84 g/cm?® and is approximately constant during neutrinos’ traverse through the Earth.
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Attempts were made to model the sample-dependent energy resolution for the v, samples within
GAMBIT, but the effects were found to be marginal and, in some configurations, could even cause

over-fitting. It is therefore decided to leave out the procedure in the production runs.

After obtaining the energy spectrum, the NOvA likelihood is calculated by summing the likelihood

ratio (Equation (6.4)) for each neutrino samples.

6.4.6 Validation of NOvrvA Likelihood Functions

In the validation runs, both the neutrino oscillation parameters and the reconstruction widths are var-
ied. The reconstruction widths are additionally constrained by Gaussian penalty terms. The remaining

nuisance parameters are held at their respective central values™.

Following the NOvA experiment, the following solar and reactor neutrino oscillation parameter values

and constraints obtained by the PDG [149] are used,

Am2, =7.53 x 107° eV? (fixed),
sin? 015 = 0.307 (fixed),
sin? @13 = 0.0210 % 0.0011 (varied but constrained),
while the remaining oscillation parameters are freely varied. Some nuisance parameters are held at the
central values since they are found to have only a small impact on the parameter constraints. The 2D

lo and 30 constraints on the relevant neutrino oscillation parameters produced by GAMBIT and NOvA

are shown in Figures 6.5 and 6.6.
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Figure 6.5: Plots comparing the lo and 30 C.L. contours produced by NOvA [114] and GAMBIT,
assuming normal mass ordering.

™It was found that the fixed parameters only marginally affect the final results. They are, therefore, kept constant to
reduce the number of nuisance parameters.
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Figure 6.6: Plots comparing the lo and 3¢ C.L. contours produced by NOvA [114] and GAMBIT,
assuming inverted mass ordering.

Table 6.3 summarises the best-fit points obtained by NOvA and GAMBIT. The results generally are
consistent. The largest deviation between the two is the asymmetrical error bars of the mixing angles
in both NO and 1O, which extend into the LO. This is likely caused by the suboptimal modelling of the
appearance channels in GAMBIT, which suffer from the low signal-to-background ratios and the inability

to incorporate the peripheral samples accurately.

Table 6.3: Comparison of the best-fit neutrino oscillation parameters between GAMBIT and NOvA [114]

Normal ordering Inverted ordering
Parameters
GAMBIT  NOvA GAMBIT  NOvA
sin? (63) 0.5719:% 0571003 0.5719-9 0.56
Am3, [107%eV?] 2401007 2.41+£0.07 243+£0.06 245
Scp [7] 0.66102 0821037  1.427038 1.52
AXZS o (0) 0.38 (0.610)  0.90

Figure 6.7 shows the energy spectra of the v, = v, v,, = v, U, = U, and ¥,, — U, channels predicted
by GAMBIT and NOvA, with all parameters held at the respective best-fit values. The predicted spectra
are also compared to the observed spectra at the NOvA FD. The peripheral samples are shown without
an energy scale since they are only used as a rate constraint. For each sample, Table 6.4 includes the
predicted total numbers of events by GAMBIT and NOvA, the expected background events by NOvA,
and the observed numbers of events at the NOvA FD.
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Figure 6.7: The GAMBIT and NOvA predicted FD neutrino energy spectra at their respective best-fit
parameters. The peripheral samples are shown as rates and without energy scale.

Table 6.4: GAMBIT and NOvA predicted [114], and NOvA observed numbers of events at the NOvA
FD at the respective best-fit points

v-mode r-mode

v, CC 1».CC p,CC v CC

GAMBIT predicted 2231 839 1019 354
NOvA predicted 222.3 85.8 105.4 33.2
NOvA background ~ 8.2712  26.871% 21707 14.0707

NOvA observed 221 82 105 33

In summary, the validation of the NOvA likelihood functions within GAMBIT demonstrates good
agreement with the NOvA counterparts, but minor discrepancies are still present. Both the GAMBIT
and the NOvA results show a preference for the UO 653 solution and NO, although the GAMBIT result

does not rule out the LO solution at 1o.
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6.5 The MINOS Likelihood Functions in GAMBIT

The Main Injector Neutrino Oscillation Search (MINOS) experiment [150] was another long-baseline
neutrino oscillation experiment in the US. The experiment started data collection in 2005 and was de-

commissioned in 2012.

Similar to the NOvA experiment, a near-far detector setup was adopted to observe the neutrinos
from the NuMI beam produced at Fermilab. The 980 t near detector (Figure 6.8 right) was situated at
Fermilab, a few hundred metres away from the neutrino source, while the MINOS 5.4 kt far detector
(Figure 6.8 left) was located 735 km away under the Soudan Underground Laboratory in Minnesota.
Both detectors were made up of alternating octagonal layers of steel calorimeter and plastic scintillator.
Additionally, both detectors were magnetised, allowing the experiment to reconstruct event energy and
topology with high accuracy. Different from NOvA and T2K was that the MINOS detectors laid on-axis
to the neutrino beam. As a result, MINOS received a higher flux of neutrinos, which produced a broader

and higher energy spectrum, as shown in Figure 6.9.

Figure 6.8: Images of the far detector (left, [151]) and the near detector (right, [152]) of the MINOS
experiment. The magnetised steel-plastic far detector with a length of 30 m and a diameter of 8 m
was located 735 km away from the neutrino beam source and 705 m underground inside the Soudan
Underground mine. The near detector, using a similar technology, sat a few hundred metres downstream
from the neutrino source at Fermilab.

Neutrino events detected by the MINOS far detector were classified into three samples: v,(7,) CC,

ve(7.) CC, and NC. For the v, (7,) CC candidates, the neutrino energy was reconstructed as the sum

E,, = Eu + Eaower, (6.16)

Vu

where E, is the muon energy, and Egpower is the hadronic shower energy. E,, was determined from the
track length if the muon track is contained or from its curvature if it is not. The hadronic shower was
measured using a k-nearest-neighbour library-matching algorithm that took a few shower characteristics

into account. For v, (7,) CC and NC candidates, the neutrino energy was measured through calorimetry.

For the MINOS baseline and beam energy, in the two-flavour formalism, the v, survival oscillation
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Figure 6.9: The on-axis setup of the MINOS detectors produced a much broader and higher energy
spectrum compared to the NOvA off-axis design [153].

can be approximated as

Am?L
P(v, — v,) =~ 1 —sin?(26) sin* ( ZTE ) ) (6.17)

where E is the neutrino energy, and L is the baseline. Since 6;3 is not zero, v, can appear in the beam,

and it is therefore necessary to use the full three-flavour formalism [154], where
sin®(260) = 4sin®(0a3) cos®(013) (1 — sin®(fa3) cos®(613)) , (6.18)

and

Am? = Am3, + Am3, sin®(012) + Am3, cos(dcp) sin(f13) tan(faz) sin(260;). (6.19)

The v, appearance probability is given by the approximation

2
P(v,, — v.) = sin®(fa3) sin?(26,3) sin® (AZLL> . (6.20)

6.5.1 GAMBIT Prediction of MINOS Neutrino Energy Spectra

In the current GAMBIT version, only the v,, — v, channel is incorporated due to the limited information
availability. For instance, the MINOS exptected v, flux was not published. The neutrino energy spectra
are predicted using the same equation as that used for NOvA (Equation (6.9)). The background spectrum
is extracted from the MINOS prediction [155].

One single Gaussian reconstruction function is used, which introduces two nuisance parameters: the
reconstruction width and the reconstruction energy offset. The unoscillated v, CC energy spectrum
and the selection efficiency function at the far detector are extracted from [155]. The energy spectrum
is integrated with the cross-sections, which means that the related systematic uncertainties cannot be

accounted for.
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6.5.2 Validation of MINOS Likelihood Functions

Figures 6.10 and 6.11 show the GAMBIT and MINOS 2D constraints on the relevant neutrino oscillation
parameters at the level of 1o and 90%. Two MINOS results are included in the comparisons [133,
154]; while the former assumed two-flavour oscillation, the latter assumed three-flavour. Both, however,
used the same dataset. In the MINOS three-flavour analysis, the 63 parameter was constrained by
sin? (013) = 0.0242 + 0.0025, a value derived from a weighted average of the results from the Daya-Bay,
RENO, and Double Chooz reactor experiments [154].

The comparisons between GAMBIT and MINOS contours are imperfect, so it is difficult to draw any
conclusion. This is because the MINOS constraints were produced utilising both the atmospheric and the
beam data. The MINOS beam dataset also included both the neutrino and antineutrino disappearance

and appearance channels, while within GAMBIT, only the v, — v,, channel is incorporated.
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Figure 6.10: A two-flavour comparison between the GAMBIT and MINOS [133] 2D contours. For both
results, the 013 was a free parameter without an external constraint. Note, the GAMBIT result only
includes the v, — v, channel.

Figure 6.12 shows the comparison between the MINOS spectra predicted by GAMBIT and MINOS,
with the parameters set to the best-fit values. The observed energy spectrum, marked as discrete data
points, is also included. The two spectra do not match exactly due to the imperfect representation of the

MINOS experiment within GAMBIT.

Table 6.5 contains the best-fit points determined by GAMBIT and MINOS. The large asymmetrical
error bars on the Sin2(923) are caused by the octant degeneracy. The absence of v, appearance channels
further reduces the ability of the MINOS likelihood function within GAMBIT to predict the octant, as
shown by the difference between the 1o contours. The dcp parameter is not well-constrained by either

study, so the error bar is omitted.
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Figure 6.11: 2D contour comparisons between GAMBIT and MINOS [154] in three-flavour, where the
external constraint sin? (013) = 0.0242+0.0025 based on a weighted average of the results from the Daya-
Bay, RENO, and Double Chooz experiments was applied. Note, the GAMBIT result only includes the
v, — v, channel.
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Figure 6.12: Comparison of GAMBIT and MINOS [133] spectra at their respective best-fit points

Table 6.5: Comparison of the best-fit neutrino oscillation parameters between GAMBIT and MINOS

[154]

Parameters

Normal ordering

GAMBIT

MINOS

Inverted ordering

GAMBIT MINOS

5CP [71']

sin2 (923) (90% CL)
Am3, [1073eV?]

0.30
0.40%575s
2.417013

1.00

0.41703!
2.37+0.09
0.44

0.40555
—(2457517)
1.00

0417038
—(24170:53)
0.62

AX2N0710 (o)

0.008 (0.090)

0.23 (~ 0.480)
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6.6 The KamLAND Likelihood Functions in GAMBIT

The Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) experiment is a neutrino oscillation
experiment designed to detect neutrinos generated from nuclear power reactors. The detector is located at
the underground Kamioka Observatory in Hida, Japan. The KamLAND detector, as shown in Figure 6.13,
is composed of two parts: the Outer Detector (OD) and the combination of the LS balloon and PMTs

forming the Inner Detector (ID).

Chimney Calibration Device
Liquid Scintillator ](_é1sa n]?z}gl?n?n
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Containment

Vessel
(diam. 18 m PhOIO-_ )
4 Multipliers
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Quter Detector
PMT

Figure 6.13: A schematic diagram of the KamLAND detector [24]

The KamLAND OD is a 3.2 kt cylindrical water Cherenkov detector consisting of 225 20-inch PMTs
designed to study and suppress background events generated from cosmic muons and the surrounding
radioactive processes. The water layer of the OD also acts as additional muon shielding. The Inner De-
tector volume is dominated by a 13-m-diameter balloon filled with 1 kt of liquid scintillator. This balloon
is supported by the buoyancy of the buffer oil layer and is contained in an 18-m-diameter containment

vessel, on which 1325 17-inch PMTs and 554 20-inch PMT's are mounted.

The KamLAND experiment measures the 7, flux originated predominantly from 56 nuclear reactors

in Japan ™ via the inverse 8-decay (IBD) channel,
Vetp—et +n. (6.21)

The IBD events in KamLAND can be distinctly selected thanks to the delayed coincidence (DC) of the
positron annihilation (the ‘prompt event’) and the following signal from the neutron capture on a proton

or a 2C nucleus.
The threshold neutrino energy FEyy, of the IBD process is
Ewn = me+ +my, —my = 1.804 MeV, (6.22)

where we assume no nucleon recoil®. In the detector, the product e™ annihilates and produces a pair of

photons (a ‘prompt event’). Roughly speaking, any extra energy provided above the threshold energy

" This number fluctuates over time as old reactors are decommissioned and new reactors are activated.
°The average neutron recoil energy is O(10 KeV) [128].
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goes into the kinetic energy of the positron, T' ~ E, — Eyy,; therefore, the scintillation light is then detected
to have an energy of

Eprompt - 2me + T = 2me + Eﬁe - Eth7 (623)
and hence the electron antineutrino energy can be measured by
E;, = Eprompt + My, — Me — My = Eprompt + 0.782 MeV. (6.24)

The 7, disappearance is the only channel that is observed because the reactor neutrinos do not have

sufficient energy to produce heavier final state products.

In GAMBIT, there are two module functions representing the KamLAND experiment, one for pre-
dicting the 7, energy spectrum and the other for constraining the related nuisance parameters. Similar

to the case of NOvA, the expected number of 7, events in bin ¢ is given by the equation P

. Bit1 o0 do
NIBD / dE,ee / R (Buec| By) - o160 (Ev) € (Ey) P, oo, (Ey) dE,, (6.25)
E; 0 v
and the total expected number of events in bin 7 is
N; = N8 4 N/PP7e (6.26)

where the symbols inherit the same meanings from Equations (6.9) and (6.10).

The KamLAND likelihood functions in GAMBIT use data from the fourth official data release [129],
corresponding to reference [128], which includes data collected from March 2002 to November 2009,

summing to a total live-time of 2135 days.

6.6.1 Neutrino Fluxes at KamLAND

The 56 commercial nuclear power reactors across Japan contribute the majority of the total 7, flux at
the KamLAND detector. The baseline of each reactor differs, ranging from the shortest of 88 km (Shika
Nuclear Power Plant) to the longest of 830 km (Sendai Nuclear Power Plant). The flux-weighted average
baseline is around 180 km. The Korean nuclear reactors also contribute to the 7. flux, accounting for
(3.4 £0.3)% of the total neutrino flux at KamLAND. The remaining nuclear reactor contribution across

the globe and the few Japanese nuclear research reactors is (1.0 £ 0.5)%.

The 7, flux S(F,) is related to the thermal energy output, Ey,, by the equation,

E dn;

where

e the sum runs over possible fission fuel elements,

e f; is the effective 9 fractional fission yield of fission fuel ¢, Y, f; =1,

PHere, for simplicity, v is used to denote quantities related to electron antineutrino.
9Here ‘effective’ means averaged over a certain operational time.
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dN;

® 3E,

is the U, energy spectrum of species i per fission,

o (Efssion) = »; fiE; is the (yield-weighted) average effective thermal energy per fission, E;.

Equation (6.27) can be understood as a yield-weighted average of 7. spectra per fission and scaled by the
total number of fission in a time period. And, at the KamLAND detector, assuming 100% efficiency and

no oscillation, the reactor 7, flux is

d®, < S;(E)
dE, Z ArL2 (6.28)

where the sum runs over all relevant reactors, and L; is the distance between reactor j and the detector.

For the nuclear power reactors relevant to KamLAND, 99% of the energy output comes from the
fission of 23°U, 238U, 239Py, and 2*'Pu. The effective fractional yield over the live-time corresponding
to the KamLAND result [128] is (0.571 : 0.078 : 0.295 : 0.056) respectively. The thermal power output
Py = [ Ewdt is related to the electric power output P.; by an efficiency factor of 0.33, Pey = 0.33 Py, [156].

The neutrino fluxes per fission in GAMBIT for the KamLAND likelihood functions are from [157],
which is an update to those used in the KamLAND paper. The recalculation achieved good improvements
on the predictions of 23°U, 239Pu, and ?*'Pu spectra, but 233U prediction remained largely theoretical
due to the lack of total S spectra measurement. Compared to the spectra used in the KamLAND paper,

the recalculation introduced an average +3% shift to the normalisation.

Within GAMBIT, the publicly available operational records of the nuclear facilities published by the
Japan Nuclear Energy Safety Organization [158] and the Japan Atomic Industrial Forum [159] are used
to calculate the reactor neutrino flux at KamLAND. These records, however, contain only monthly power
output, compared to the weekly temporal information during stable operation and sometimes even down

to sub-hour granularity that the KamLAND experiment has access to.

Despite the powerful background suppression, some processes can mimic the DC signals and be-
come indistinguishable from the reactor neutrino events. The dominant background comes from the
13C(@,n)%0 reactions, where a neutron and an '°0 are generated when an « particle is captured by a
13C atom. The main source of the « particles is the a-decays of 2'°Po in the LS. The 3C(a,n)0O was
reduced significantly after the LS purification programme in 2007. In GAMBIT, time-dependent energy
resolution was introduced as an attempt to capture the difference before and after the LS purification,
but it was found to have little impact on the final parameter constraint; therefore, the feature was not

enabled in the validation process.

In GAMBIT, a flux normalisation parameter is added to account for the absent flux contribution
from nuclear reactors outside Japan. The parameter also accounts for the uncertainty in fiducial volume
and other sources of error, such as the non-equilibrium correction and spent nuclear fuel correction. The
conversion efficiency from thermal power to electric power also contributes to this uncertainty. Due to the

lack of detailed information on how these are estimated in the paper, their effects on the neutrino energy
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spectra are highly degenerate. We therefore use only one energy-independent normalisation parameter

to represent the overall impact.

GAMBIT calculates the background spectrum by multiplying each contributing background source by
a scaling factor then summing the adjusted spectra into one. These background scaling factors are treated
as nuisance parameters and profiled away in the scanning process. Figure 6.17a shows the comparison of

the unoscillated 7, fluxes at KamLAND, produced by GAMBIT and KamLAND.

6.6.2 Reconstruction Functions

The KamLAND experiment does not publish migration matrices, so a Gaussian smearing function is used
to emulate the effect. There are two parameters that control the smear effect: the energy offset A . and

the energy-dependent reconstruction width ... where
Urec(Eu) = Oconst. VV Eus (629)

and O¢ongt. 18 energy-independent. Both A,e. and oconss. are treated as nuisance parameters. The Gaussian

smearing function is written as

1 1 Erec - (Ey + A1rec) > 2
R(Eiec|By) = ——=—¢e —= . 6.30
( | ) Urec\/ﬂ Xp{ 2 < Orec ( )

6.6.3 Efficiency Function

The selection efficiency is published as a function of Epromps in [128], and each data point is an average
across the detector live-time. The efficiency plot was digitised and converted to that as a function of

neutrino energy, as shown in Figure 6.14.
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Figure 6.14: The KamLAND selection efficiency function digitised from [128]. The data points close to
the energy threshold were added for interpolation.

6.6.4 IBD Cross-sections

The total IBD cross-section is tabulated using the method described in [160], and the result is shown in

Figure 6.15. The calculation includes the correction terms that are first order in 1/M, where M is the

73



nucleon mass.
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Figure 6.15: The IBD total cross-section used in the KamLAND likelihood functions.

6.6.5 Validation of KamLAND Likelihood Functions

In the validation of the KamLAND likelihood functions within GAMBIT, all nuisance parameters were
varied and constrained by Gaussian penalty terms. The neutrino oscillation parameters 612, 613, and
Am3, were free, while the rest were held constant at the following values:
023 = 0.83,
Am3, = 2.45 x 1072 eV?,
5CP = Oa
in accordance to the method adopted by KamLAND ([128], parameter values are not specified). Fig-

ure 6.16 shows the resulting 2D 1o and 30 C.L. contours for the relevant neutrino oscillation parameters,

and the best-fit points are listed in Table 6.6.
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Figure 6.16: The 1o and 30 C.L. contours set by GAMBIT and KamLAND [128]. A noticeable shift in
the high Am3, direction is present, but size is small.

At the best-fit points, the prompt energy spectra at KamLAND as predicted by GAMBIT agree well

with the KamLAND prediction and observation, as can be seen in Figure 6.17. The numbers of events
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Table 6.6: Comparison of the best-fit neutrino oscillation parameters between GAMBIT and KamLAND
(KamLAND-only, 3-v, free 63, [128])

Parameters GAMBIT KamLAND

tan2 (612) 0.43875:195  0.43610- 592
Am3, [107%eV?]  7.6240.18  7.49 +0.20
sin? (613) 0.0305:933  0.032 +0.037

under different categories are summarised in Table 6.7. The GAMBIT predicted numbers are consistent

with the KamLAND results.
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Figure 6.17: The unoscillated (left) and oscillated (right) prompt energy spectra predicted by GAMBIT
and KamLAND, using the respective best-fit parameter values. The GAMBIT predictions are consistent
with the KamLAND results and fit well with the KamLAND observation.

Table 6.7: GAMBIT and KamLAND predicted [128], and KamLAND observed numbers of events at the
respective best-fit points. Note, the background counts include the oscillated geo-neutrinos from U and
Th decays.

GAMBIT KamLAND

Reactor (no osc.) 2868 2879
Reactor (signal) 1636 1634
Background 464.4 431.9
Total expected 2101 2066
KamLAND Observed 2106

The KamLAND likelihood functions within GAMBIT produce results that are consistent with those
of KamLAND. However, a minor systematic Am3, shift towards the higher value is present. This is likely
caused by the difference in the choice of 7, spectra per fission. Specifically, the updated spectra [157]

introduce an average +3% normalisation originating mostly from the low energy region.
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6.7 Preliminary Global Fit Results

Preliminary global scans were performed to prepare for the final complete neutrino oscillation global fits,

and in this section, the results from these preliminary scans are shown.

In the preliminary scans, all eight neutrino experiments listed in Table 6.2 were included. All neutrino
oscillation parameters were free to vary, but all nuisance parameters were held constant at their best-
fit points. By doing so, it is possible to validate the reliability of the software and look for potential
issues that could emerge in a complete scan. It is worth stressing that the production scans, which are
under preparation, will be different from the preliminary scans shown here, where, most importantly, the

nuisance parameters will be varied and profiled away.

In these preliminary global fits, the experiments included were assumed to be independent with no
correlation. This was mainly due to the fact that the nuisance parameters were held constant, prohibiting
accounting for any cross-experiment correlations. However, in production runs, certain correlations,
particularly those related to neutrino fluxes and neutrino-nuclear interactions, may become significant
and require closer scrutiny. We in addition foresee those related to detector designs and reconstruction
to be small and negligible. Background correlations may also be neglected due to the lack of detailed

modelling methods, but we expect this to be a minor effect.

Figures 6.18 and 6.19 show the preliminary GAMBIT 2D neutrino oscillation parameter constraints
at the levels of 1o, 20, and 30, assuming normal mass ordering and inverted mass ordering, respectively.
The best-fit neutrino oscillation parameters found by GAMBIT in the preliminary scans are listed in
Tables 6.8 and 6.9 and are compared to other neutrino oscillation global fit studies. The comparisons

between the best-fit points are visualised in Figures 6.20 to 6.25 and discussed in the following subsections.

It is particularly interesting to point out that the preliminary GAMBIT results, which did not examine
the nuisance parameter effects, show a preference for I0. This conclusion may change when the nuisance
parameters are taken into account, as suggested by the validations of NOvrA likelihood functions in

GAMBIT in Section 6.4, for example.

76



Am3, [1073 eV?]

dop [m rad]

Am3; [1075 eV?]

Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

* Best fit

0.3 0.4 0.5 0.6 0.7
sin2(923)

2 0 Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

* Best fit

1.5

1.0

0.5

e\

0.3 0.4 0.5 0.6 0.7
sin2(923)

Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

* Best fit

0.25

0.30 0.35

sin2(912)

0.40  0.45

AmZ, [1073 eV?]

dop |7 rad]

Am2, [107° eV?]

Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

* Best fit Tl‘o

7 Y
i =
]
—Hos =
n @
] =
—Ho6 T
1 2
] =
04 ©
&>

I

&

02 ~

0.015 0.020

SiIl2 (913)

0.025 0.030

Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

2.0

* Best fit

1.5

1.0

0.5

[\

0.020
sin?(6;3)

0.015 0.025 0.030

Normal ordering. 1o, 20, and 30 CL regions. GAMBIT preliminary

* Best fit

0.015

0.020
sin?(013)

0.025 0.030

Figure 6.18: Two-dimensional 1o, 20, and 3o C.L. contours for the neutrino oscillation parameters within
GAMBIT, assuming normal mass ordering
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Figure 6.19: Two-dimensional 1o, 20, and 3o C.L. contours for the neutrino oscillation parameters within
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Table 6.8: The best-fit parameters of different neutrino oscillation global studies [45, 119, 46, 47], assuming
normal mass ordering

Neutrino oscillation global fits (assuming normal ordering)

Parameters
NuFIT Valéncia Bari GAMBIT (preliminary)
sin? (612) 0.30715:012 0.318 £0.016  0.303 +0.013 0.341 + 0.008
sin? (013) 0.0222410-09055 0.0220010-0908  0.022310-0907 0.021710 5052
sin? (6a3) 0.454 75019 0.574+0.014  0.45570918 0.5507503%
Am3, [1075 eV?] 7.4175:2 7.5075:22 7.36701¢ 7.667018
Am3, [1073 eV?] 2.437002 2.487002 2.457092 2.40 £ 0.03
Scp [ rad 1297622 1087513 1247818 1.0475:33

Table 6.9: The best-fit parameters of different neutrino oscillation global studies [45, 119, 46, 47], assuming
inverted mass ordering

Neutrino oscillation global fits (assuming inverted ordering)

Parameters
NuFIT Valéncia Bari GAMBIT (preliminary)
sin? (612) 0.30710012 0.3184+0.016  0.303 +0.013 0.340 + 0.008
sin? (013) 0.0222210-00069 (022257 5-09053  0.0223 + 0.0006 0.0217 + 0.0007
S (0)  O56STE 0aTSIRN 009 b0l 05584041
Am3, [107%V?] 741703 7505 7367018 7.66751
Am3, [1073eV?]  —(2487T0-020)  —(2.537502)  —(2.4940.03) —(2.46 4 0.04)
Scp [ rad) 1.52%513 1.58%015 1.52%013 1.52%528
Ax3y no (0) 9.1 (3.00) 6.4 (2.50) 6.5 (2.50) ~1.7 (1.30)
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6.7.1 Comparing Best-fit sin?(f;)
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Figure 6.20: Comparison of the best-fit values and 1o C.L. for sin?(615) by GAMBIT (red), the dominant
experiments (orange, reference listed in Table 6.2), and global fits (blue, [45, 119, 46, 47]), assuming NO.

Figure 6.20 shows the best-fit values for sin?(f;5) determined by GAMBIT, the dominant experiments
SNO and KamLAND (refer to Table 6.2 for the main citations), and the global fit studies [45, 119, 46,
47].

A large discrepancy can be seen between the GAMBIT value and other results in Figure 6.20. This is
suspected to be the result of the adaptation of a different solar model. Two main factors are important
when it comes to the configuration of a solar model; one is the ‘generation’ of the model, and the other is
the solar abundance. In GAMBIT, the B16(AGSS09) solar model, which is based on a new generation of
solar models [161] and the revised solar abundance study [162], is used. Compared to the preceding solar
models, such as the GS98 (high metallicity) model based on [163], the AGSS09 model yields a substantially
lower solar metallicity. Although the AGSS09 model has become the new standard for the determination
of the element abundances for astronomical objects that are solar-dependent, several problems related
to solar properties have also been introduced’. It is currently not possible to experimentally determine

which metallicity is correct due to the large uncertainties in the solar flux measurements.

The result published by SNO was obtained using the BS05(OP) solar model [164] for its conservative
model uncertainties. The Super-K solar experiment (not included in this study) used the SNO mea-

surement to constrain the 8B flux, which explains why the Super-K result also prefers a lower value of

sin?(012) [165)].

A separate study is in progress to quantify the dependency of the global fit on the choice solar model.

'For a comprehensive review of solar models, refer to [161].
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6.7.2 Comparing Best-fit sin?(f;3)
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Figure 6.21: Comparison of the best-fit values and 1o C.L. for sin?(6;3) by GAMBIT (red), the dominant
experiment (orange, reference listed in Table 6.2), and global fits (blue, [45, 119, 46, 47]), assuming NO.

The resulting constraint on the mixing angle 63 estimated by GAMBIT agrees with the Daya-Bay
experiment and other global fit studies well, as shown in Figure 6.21. The small divergence from the
rest of the global fits can be explained by the fact that the Daya-Bay experiment is the only dominant
experiment included in GAMBIT.
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6.7.3 Comparing Best-fit sin?(fs3)
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Figure 6.22: Comparison of the best-fit values, 1o (coloured), and 20 (black) C.L. for sin?(fy3) by
GAMBIT (red), the dominant experiments (orange, reference listed in Table 6.2 except T2K for which
the values are sourced from [166] for the T2K-only values), and global fits (blue, [45, 119, 46, 47]),
assuming NO.

The data points in Figure 6.22 are separated into two groups, one in favour of the LO solution and the
other in favour of the UO. This grouping is mainly caused by the difference in the Super-K atmospheric
data included®. Since the latest Super-K atmospheric data [167] exhibits a stronger preference towards
the LO solution, the NuFIT (ver. 5.3) and Bari results, which included the latest dataset, both support
the LO. The Valencia and the GAMBIT results prefer the UO since the 2018 Super-K dataset [130] was

used.

The black bounds in Figure 6.22 indicate the 20 intervals. They show that apart from the Valencia
result, which excludes the LO option at a level of ~ 2.40, none excludes the LO solution at 20. The GAM-
BIT preliminary scan did not exclude the LO solution at 1o, hence the GAMBIT result in Figure 6.22 is

shown with two disconnected regions.

SNote that the octant degeneracy is slightly broken by the atmospheric data due to the matter effects as neutrinos travel
through the Earth.
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6.7.4 Comparing Best-fit Am3,
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Figure 6.23: Comparison of the best-fit values and 1o C.L. for Am3, by GAMBIT (red), the dominant
experiment (orange, reference listed in Table 6.2), and global fits (blue, [45, 119, 46, 47]), assuming NO.

Figure 6.23 compares the GAMBIT constraint on Am3; to those set in other studies. The dominant
experiment that produces the most stringent limits on Am3; is the KamLAND experiment. And because
of the slight systematic upward shift seen in the left panel of Figure 6.16, the GAMBIT best-fit value

also sits slightly higher than the other results. But overall, all measurements are decently consistent.
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6.7.5 Comparing Best-fit Am3,
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Figure 6.24: Comparison of the best-fit values and 1o C.L. for Am3, by GAMBIT (red), the dominant
experiments (orange, reference listed in Table 6.2 except T2K for which the values are sourced from [166]
for the T2K-only values), and global fits (blue, [45, 119, 46, 47]), and global fits (blue, [45, 119, 46, 47]),

assuming NO.

The Am3, best-fit value is slightly smaller than the results obtained in other studies, as seen in

Figure 6.24. There are two reasons for this issue. First, the nuisance parameters were not scanned but

rather were held constant at the best-fit values, reducing the freedom greatly. Second, there was an

inconsistency between the default and the the production settings for the MINOS likelihood function. It

further amplified the problem, pulling the GAMBIT best-fit Am2, value lower. The inconsistency was

corrected in subsequent runs; however, the results could not be generated in time due to computational

resource constraints.
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6.7.6 Comparing Best-fit icp
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Figure 6.25: Comparison of the best-fit values, 1o (coloured), and 20 (black) C.L. for dcp by GAMBIT
(red), the dominant experiments (orange, reference listed in Table 6.2 except T2K for which the values
are sourced from [166] for the T2K-only values), and global fits (blue, [45, 119, 46, 47]), and global fits
(blue, [45, 119, 46, 47]), assuming NO.

The comparison of the best-fit dcp values determined by GAMBIT and other studies is shown in
Figure 6.25. All results are relatively consistent and provide strong support for dcp # 0, except NOvA
which does not rule out cp = 0. Combining the results, GAMBIT cannot reject écp = 0 at the 20-level.
GAMBIT also sees two likelihood peaks, both of which are above the 1o threshold and can also be seen
in the sin?(0a3) vs dcp plot in Figure 6.18.
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6.8 A Discussion on Data Sharing

The technique of global fit, which combines the strengths of multiple experiments to constrain the theory
parameters more strongly than what each experiment can do by itself, has been demonstrated in many
areas to be a powerful method. However, in many fields, including but not limited to neutrino oscillation
physics, inefficiencies in data sharing can hinder the development process. Throughout the project, the
limited amount of publicly accessible data has been a large challenge. It not only leads to inaccuracies

in the implementations but also prevents some experiment results from being recreated altogether.

To maximise the scientific impact and to extend the importance of a research project beyond its
experiment lifetime and publication, it is vital to implement mechanisms for data and analysis sharing
and preservation in the experiment design so that they can be reused and reinterpreted® in the future

generation.

In the field of neutrino physics, there are some examples of data sharing, such as the data release
pages created by some collaborations [168, 169, 129]. These datasets, however, are not on their own
sufficient to reproduce the publication results, partly due to the experiment’s complexity and costs of
management. The data, raw or reconstructed, are often inaccessible or require analysis software that
is restricted to internal use. In some cases, the information from the data release is incomplete or
inadequate for groups external to the original research collaborations to conduct further analyses, such
as global fits that require precise and granular reconstruction and comprehensive uncertainty treatments.
Conveniently, many examples and protocols already exist that neutrino experiments can learn from and
adapt. For instance, the Large Hadron Collider (LHC) communities share supplementary material in

databases such as ‘HEPData’ [170].

There are many studies on the importance of data openness. In paper [171], the authors propose a set
of guidelines and recommendations to advocate for the reliable preservation of data and analyses. The
concepts developed in the paper focus on the reinterpretation and recasting" of the experiment results,
from which the field of neutrino oscillation can greatly benefit. The Reinterpretation Forum [172], driven
by mainly the LHC phenomenology community consisting of an even mix of theorists and experimentalists,
is another effort to ensure that the experimental results are providing continuous scientific value beyond
their original purposes. Practical examples of statistical model publishing are described and discussed in

detail in [173].

From the point of view of developing a neutrino oscillation global fit, and specifically for the devel-
opment of the likelihood functions for accelerator and reactor neutrino experiments, there are a few key

ingredients.

YA reinterpretation, for example, can be an update or an alternative to the theoretical modelling of neutrino interaction
in an existing analysis. It can also be a study that combines the results of various analyses.
WThis refers to the process of reproducing and possibly replacing the original parts of an analysis in a simulation.
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Neutrino fluxes Neutrino fluxes for all flavours at the FD without oscillation should be released as a
function of true neutrino energy. Alternatively, the combination of publishing the neutrino fluxes at the

ND along with the near-to-far extrapolation matrices is also a good option.

Neutrino cross-sections Neutrino cross-sections of different processes, on different targets, and after
the final tuning or reweight should be released as a function of true neutrino energy. FSIs can possibly
be represented as confusion matrices quantifying how many true events of each interaction (CCQE, RES,

etc.) are reconstructed to be a certain event topology.

Selection efficiencies Neutrino CC event selection efficiencies should be published as a function of
neutrino true energy for all samples. It is useful to separate the efficiency into separated contributions

based on the neutrino interaction types.

Reconstruction effects The reconstruction effects should be released in the form of 2D migration
matrices R, where the matrix element R;; is a fraction representing the portion of events in true energy

bin ¢ are reconstructed as energy bin j, for all interaction channels and for all samples.

In some cases where the above information is not practical to be released, an external group may need
to develop an in-house replacement model” that depends on a set of nuisance parameters that need to be
tuned to official data. When tuning the replacement model, it is beneficial if there exist several public
neutrino energy spectra produced with different sets of neutrino oscillation parameters to characterise

the reconstruction response.

In a broader scope, there remain several challenges to be solved.

ML-based algorithms As briefly described in Section 6.4, NOvA uses many ML-based reconstruction
algorithms in their analyses. These trained NNs are not public and are especially difficult to reproduce
in a binned analysis where event-level information is not utilised. It is therefore worth implementing a
parameterised representation of the NN, or ‘surrogate models’ for situations where the sharing of the

low-level inputs to the ML models or the models themselves are unrealistic, as proposed in [174].

Definitions and naming of parameters The importance of establishing a coherent parameter nam-
ing convention, both within an experiment and across experiments, is sometimes underestimated. An
unambiguous naming system enables comparisons of experiment parameters and the possibility for con-

sistent model combinations and global studies.

Event-level data Apart from publishing and preserving binned data, there is the possibility of re-
leasing data at the event level, for example, the data preservation project of the Main Injector Neutrino
ExpeRiment to study v-A interactions (MINERvA) experiment [175]. Accompanying the reconstructed

event data is an analysis framework built by the MINERVA collaboration, within which new analyses can

VA replacement model can be, for example, a Gaussian reconstruction function, similar to those used throughout the
neutrino oscillation project in this thesis.
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be performed. Long-term challenges such as data storage and the release of raw data are still difficult to

solve.

In a reinterpretation analysis, insufficient public information can lead to an unrepresentative recre-
ation of an experiment and distort the result. This problem can also manifest itself in the inaccuracy
of parameter estimation, highlighting the importance of data sharing. Moreover, the benefits of data
publication extend beyond the assurance of reproducibility. It also significantly magnifies the scientific
value of an experiment, allowing the results to be re-examined and re-purposed some time beyond its

original timeline.

88



Chapter 7

Conclusion

In this thesis, the T2K ND280 detector after the Upgrade was described and, in particular, the SuperFGD
design was summarised in detail. The SuperFGD is a highly granular particle tracker made up of roughly
two million 1 cm? plastic scintillating cubes. It was installed in the ND280 as a part of the general ND280
in 2023. It provides the ND280 suite not only an additional 2 t of active mass, but also the high spatial

and energy resolutions to measure neutrino interactions at an unprecedented accuracy.

The calibration items for the SuperFGD were summarised. All aspects of the SuperFGD calibration
must be robust and precise to ensure that the detector can perform to its full potential and produce
accurate measurements. The charge calibration, which includes the measurement of gains and pedestals,
was described. For the HG calibration, the ‘multi-peak’ method was implemented and was adopted as
the main HG algorithm. Alternative methods were also developed as backup, and in particular, the
‘autocorrelation” was described in detail. A pedestal search algorithm was also developed. The search
method extrapolates multiple HG finger plots of different gains to look for the best configuration which
results in the least spread in y-intercepts. A LG calibration algorithm that fits the LG ADC measurements
to the HG ADC values using a linear function within the unsaturated region was developed. The ToT
method was improved from the early version, which produced two sets of calibration constants. Instead,
the updated ToT algorithm utilises the LG — HG calibration result to produce a continuous transition
from HG to LG, lowering the number of calibration constants and reducing the fitting dependency on

the saturation region between HG and LG.

A Transformer model developed in a previous study was trained using new datasets simulated by
the ND280 software suite. Additional noise was added to a new dataset to emulate the defects in
the calibration process. Compared to a controlled model that was trained with a dataset without the
calibration noise, the one trained with a noisy dataset consistently produced results more accurately,
demonstrating resilience against inaccurate calibration. The performance of reconstructing event vertices,
topology, and kinematics was promising, and therefore, it is interesting to carry out further testing on

the training method using real data collected by the SuperFGD.
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The development of a Standard Model neutrino oscillation global fit within the GAMBIT software
package was shown in the thesis. The incorporation of the NOvA, MINOS, and KamLAND likelihood
functions was achieved, and the validation plots for these experiments containing GAMBIT-produced
contraints on the relevant neutrino oscillation parameters and their comparisons to the respective experi-
mental counterparts were included. Most validation results showed good agreement with the experiment
observations, except those of the MINOS likelihood functions, which did not precisely recreate the ex-

perimental results due to the lack of data availability.

Combining NOvA, MINOS, and KamLAND with the other neutrino oscillation experiments imple-
mented in GAMBIT, including SNO, Daya-Bay, Super-K, IceCube, and T2K, a validation global fit study
was performed. The resulting parameter constraints are emphasised here in Table 7.1. In total, this initial
study included eight experiments. All neutrino oscillation parameters were varied, but the nuisance pa-
rameters were kept constant at the best-fit points to reduce the dimension of the parameter space. While
not definitive, the combined results indicate that the likelihood functions are performing as intended and
yielding outcomes reasonably consistent with existing global fit studies. Some exceptions, such as the
inverted mass ordering supported by the GAMBIT result, were discussed. There is also disagreement on
the octant of 023, but neither is excluded at the level of 30. The accuracies of the measurements in this
initial global study are all < 5%, apart from dcp, which is still not strongly constrained by experiments.
It is expected, however, that the current constraints are not fully representative and will likely alter when

the nuisance parameters are taken into consideration in the final production runs.

Table 7.1: A summary table of the preliminary constraints on the neutrino oscillation parameters set by
GAMBIT

Parameters Normal ordering Inverted ordering
sin? (012) 0.34170:908 0.34075-008
sin? (6;3) 0.0217+5-0008 0.021710-0067
sin? (6a3) 0.550+9:919 0.5580-0%%

Am3, [1075eV?] 7.66751 7.661015
Am3Z, [1073eV?) 2.4075:03 —(2.4619:54)
Scp [7] 1.04152% 1.52+028

AX%O—NO (o)

~1.7 (1.30)

Several challenges are to be tackled before the complete neutrino oscillation study within GAMBIT
can be performed. During the trial runs, it was observed that the efficiency of exploring the full parameter
space might be insufficient. This could be improved by excluding the nuisance parameters that contribute
insignificantly from the scan based on a principal component analysis. More experiments, namely those
which provide strong constraints on the solar and reactor sectors such as RENO and Super-K, can be

implemented. Furthermore, the implemented neutrino experiments within GAMBIT can be updated.

Data sharing is crucial for advancing neutrino physics, especially as the field is progressing towards
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the precision era. The complexity and diversity of experiments generate vast amounts of data that can
be studied in different ways. An example can be seen in Chapter 6, where experiments of various designs
were combined to create stronger constraints on neutrino oscillation measurements. This openness fosters
innovation, ensures that findings are robust and reliable, and enables reproducibility, a cornerstone of
scientific development. Ultimately, the benefits of data release extend beyond a few individuals and are
shared by the physics community as a whole. After all, Science—born from humankind’s innate curiosity
about Nature—has always been a collaborative endeavour since the earliest times. And as we continue to
unravel the mysteries of the subatomic world, collaboration will prove vital, accelerating the exapansion

of the horizons of modern physics.
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Appendix A

Additional Materials for the GAMBIT

Neutrino Oscillation Project

A.1 NOvA selection efficiency functions

The FD selection efficiecy plots were directly obtained from the NOvA collaboration. Note the efficiency

plot for selecting 1, can be found in Section 6.4. The v, and 7, include the peripheral samples.
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Figure A.1: The v, selection efficiency at NOvA FD
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