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Abstract

This thesis describes a simultaneous fit to all five of the far detector oscillation samples analysed

to date (FHC/RHC 1Rµ, FHC/RHC 1Re and FHC ⌫
e

CC1⇡+) using T2K data taken from

2009-2017 with 1.47⇥ 1021 POT in neutrino mode and 0.76⇥ 1021 POT in antineutrino mode.

The aim of this analysis is to search for CP violation by setting limits on �
CP

and measure the

oscillation parameters sin2 ✓13 , sin2 ✓23 and |�m2
32|.

The T2K (Tokai to Kamioka) experiment is a long-baseline accelerator neutrino oscillation

experiment that is designed to make precision measurements of neutrino oscillation by observing

⌫
µ

disappearance and ⌫
e

appearance. A ⌫
µ

beam is produced using a 30 GeV proton beam at

the J-PARC and is detected by the near detector complex, ND280, and by the far detector,

Super-Kamiokande, which is 295 km away from J-PARC. The far detector and one of the near

detectors are located in an o↵-axis direction to the neutrino beam centre, resulting a narrow

neutrino energy peak of 0.6 GeV and where the ⌫
µ

survival probability is expected to be minimal

(or maximal ⌫
e

appearance probability).

The neutrino fluxes and their uncertainties at the near and far detector are predicted by the

Monte Carlo simulation tuned with data from external hadron production experiments. The

uncertainties of the neutrino flux parameters and certain neutrino interactions parameters at

the far detector are reduced by the measurement at the o↵-axis near detector. Since the last

analysis there has been improvement to event reconstructions at SK which results in 20%

increase in ⌫
e

statistics and increased purity in the 1Rµ samples. Using data taken from 2009-

2017, we observed 240 µ-like, 74 e-like, 15 ⌫
e

CC1⇡+-like events in neutrino mode, and 68 µ-like,

7 e-like events in antineutrino mode.

The best-fit oscillation parameter values for the T2K only fit are sin2✓13 = 0.0296+0.0066
�0.0052,

sin2✓23 = 0.511+0.036
�0.032, |�m2| = 2.458+0.058

�0.059 ⇥ 10�3eV2 and �
CP

= �1.72+1.04
�0.92. The best-fit oscil-

lation parameter values including a reactor constraint on sin2 ✓13 are sin
2✓13 = 0.0224± 0.0012,

sin2✓23 = 0.530+0.028
�0.034, |�m2| = 2.462+0.059

�0.057⇥10�3eV2 and �
CP

= �1.64±0.62. These results are

quoted from credible intervals presented in the result section. Confidence intervals for �
CP

are

produced using the Feldman-Cousins method, and confidence intervals of the other oscillation

parameters are produced using the constant ��2 method. The best-fit oscillation parameter

values are found to be consistent with previous o�cial results while giving tighter constraints.

i



There is a first indication of CP conservation in neutrino sector excluded at 2� level. The results

are also presented showing the correlations that exist between the oscillation parameters.
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Chapter 1

Introduction

Particle physics is the study of elementary structure of matter and fundamental laws of interac-

tions. Ever since the beginning of particle physics, physicists have been trying to come up with

new theories/models and underlying symmetries that can describe all the fundamental parti-

cles and their interaction. The Standard Model (SM) of particle physics has been remarkably

successful in describing the phenomenon of particles, making accurate predictions and grouping

the known particles into families/generations. With the confirmation of the existence of Higgs

bosons at CERN in 2012, the set of SM particles has been completed. However, there are

still many issues that need new theories beyond the Standard Model to explain. For instance,

gravity is not included in the SM but instead it is been treated separately usually using the

general theory of relativity. Also, the existence of dark matter and dark energy and their nature

cannot be explained by the SM, and how neutrinos acquire mass when only been observed in

left-handed states (which will be detailed in later chapter). Hence, the Standard Model must

be extended in order to describe existing observations and predict new/unobserved phenomena.

In recent years, there have been major improvements in our knowledge of neutrinos: the dis-

covery that neutrinos have masses, and di↵erent neutrinos can transform into each other; this

phenomenon is known as neutrino oscillation (or neutrino mixing). Neutrino oscillations is so

far the only observed physical phenomenon that can not be explained by the SM. Since neu-

trinos not only play an important role in the small scale of particle physics but also massive

1



2 Chapter 1. Introduction

scale of the evolution of the universe, this makes the study of neutrinos crucial to the future

development of particle physics.

1.1 Thesis Overview

This thesis describes a simultaneous fit to five far detector data samples (FHC/RHC 1Rµ,

FHC/RHC 1Re and FHC 1R ⌫
e

CC1⇡+) using data from 2009-2017 with 1.47 ⇥ 1021 protons

on target (POT) in neutrino mode and 0.76⇥ 1021 POT in antineutrino mode.

Chapter 2 describes the general properties of neutrinos and various neutrino experiments. Chap-

ter 3 describes the the Tokai-to-Kamioka Experiment (T2K) experimental setup. Chapter 4

describes neutrino event simulations and neutrino-nucleus interaction models. Chapter 5 de-

scribes each dataset that is are used as input to the oscillation analysis. Chapter 6 describes

the analysis method and the results. In particular, the constraint on �
CP

using T2K dataset

alone. Chapter 7 gives the conclusions and outlook.



Chapter 2

Neutrino Physics

The field of neutrino physics has advanced rapidly over the last two decades. It was exciting to

see that achievements in this field has gained significant recognitions when the 2015 Nobel Prize

was awarded to Takaaki Kajita and Arthur B. McDonald in recognition of their contributions

towards the discovery of neutrino oscillations, and five neutrino oscillation experiments sharing

the 2016 Breakthrough Prize in Fundamental Physics. This discovery changes our understand-

ing of matter fundamentally, and provided a key role in understanding the universe. While

there still remains many questions about neutrinos, their properties are slowly being revealed

by various neutrino experiments during recent years.

The postulate of the existence of a neutrino goes back to 1930 when Wolfgang Pauli attempted

to explain the continuous energy spectrum of � particles emitted in nuclear decays. The process

discovered by James Chadwick in 1914 [21] was thought to be a two-body decay which should

give a discrete energy spectrum. But Pauli proposed that the spectrum could be explained

if an unobserved neutral spin 1
2 particle with extremely small mass were among the decay

products [22]. It was in 1934 that Italian physicist Enrico Fermi took up Pauli’s idea and

created a theory based on this three-body decay, modelling the process as a neutron converting

into a proton, an electron and named Pauli’s postulate particle as the ”neutrino”. It is the

neutrino that carries away part of the energy released during the decay resulting a continuous

energy spectrum of electrons. The existence of (anti-)neutrino was eventually confirmed in

3
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1956 by Cowan and Reines [23] through observing detectable outputs originating from inverse

� decays. In 1962 Lederman, Schwartz and Steinberger [24] found that more than one type of

neutrino exists by detecting interactions of the muon neutrino for the first time. It was not

until 2000 that the DONUT experiment at Fermilab [25] detected ⌧ neutrinos and completed

the full third generation of lepton.

2.1 Standard Model Neutrino and its properties

The Standard Model (SM) of particle physics consist of six quarks and six leptons which are all

spin 1
2 Dirac fermions and has a corresponding antiparticle which has opposite charge. There are

three fundamental interactions in the SM which are the strong, weak and the electromagnetic

interactions, and they are mediated by spin 1 gauge bosons. The strong interaction is mediated

by massless gluons and they only interact with quarks and other gluons. The electromagnetic

interaction is mediated by massless photons and they interact with all electrically charged

particles (except neutrinos which are neutral). Weak interactions occur to all fermions and are

mediated by the massive weak bosons: W± which have ±1 electric charge and Z0 which is

neutral. Figure 2.1 (from [26]) summarises the SM.

The neutrino is an elementary particle with zero charge, which were produced abundantly from

the Big Bang. Neutrinos only participate in Weak interactions, and so the cross section of

neutrino interactions is around 10�40cm2. These features make neutrinos extremely di�cult to

detect in experiments.

The SM is a major achievement in particle physics in the last century, it has become the basic

theory describing characteristics of particles and interactions between them. So far, almost

all the experimental results support this theoretical model. In the SM, neutrinos are neutral

spin 1
2 fermions. There are three types (or so-called “flavour”) of neutrinos: electron neutrinos,

µ neutrinos and ⌧ neutrinos, corresponding to the three charged leptons. Lepton number is
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Figure 2.1: Overview of the Standard Model. The fermions in each row are identical except for
the masses.

conserved separately for each of the three lepton families:
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In 1957 there was a revolutionary discovery that parity is violated in Weak interactions [27],

which was soon followed by the observation that only left-handed neutrinos are involved in Weak

interactions [28] (no right-handed neutrinos whatsoever). In the same year, Lee and Yang [29],

Landau [30], and Salam [31] independently proposed a two-component model of the neutrino,

each of which stated that there are only left-handed neutrinos with mass strictly at zero. The

two-component neutrino Dirac theory and Weinberg-Salam weak interaction model described

in [32, 33], shows the presence of only left-handed neutrinos and right-handed antineutrinos.

Since right-handed neutrinos in this theory do not exist, neutrinos cannot acquire a mass via

a Dirac mass term, i.e. neutrino mass is zero. Moreover, this theory predicts the existence

of mixing between three generations of quarks, also known as oscillation, with the mixing
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matrix being unitary. But lepton number conservation ensures that the mixing does not occur

between three generations of neutrinos. Since neutrinos were assumed to be massless in the

SM, therefore any neutrino experiments that have found evidence of mass or oscillation will

require some form of extension of the SM.

2.2 Neutrino mixing

2.2.1 Proposal of neutrino mixing

According to the Higgs mechanism in the SM, quarks and charged leptons acquire mass as they

collide with the Higgs field and change their handedness. Therefore, if the mechanism is to

be promoted to introduce right-handed neutrino using the same method, neutrinos can have

mass. However this does not explain the fact that neutrino mass is much smaller than other

fermions. In 1958, Italian physicist Bruno Pontecorvo [34] pointed out that if the neutrino mass

is non-zero, di↵erent flavours of neutrinos can interchange between each other.

2.2.2 Discovery of Neutrino mixing

The Standard Solar Model (SSM) predicts rates and spectra of photons and neutrinos coming

from nuclear reactions in the sun. When solar neutrinos strike the Earth they can react with

atomic nuclei to produce electrons. In the 1960s, R. Davis et. al. at Homestake [35] successfully

detected solar neutrinos, but the data obtained is only ⇠ 1/3 of the SSM predictions. This is

commonly known as “the solar neutrino problem”. In 2001 the SNO experiment in Canada con-

firmed the missing solar neutrinos oscillate into other neutrino flavours [36]. This experiment is

of decisive significance, it measured both the ⌫
e

flux through Charged-current (CC) interactions

for ⌫
e

only (⌫
e

+d ! p+p+e�) and the total neutrino flux through flavour-independent Neutral-

current (NC) interactions (⌫
x

+d ! p+n+⌫
x

) as well as elastic scattering (⌫
x

+ e� ! ⌫
x

+ e�)

which happens through both charged and neutral current channels. Not only did SNO observe

the ⌫
e

flux deficit, but it was also able to measure the ratio of ⌫
e

flux to the total neutrino
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flux to be 0.301 ± 0.033, thus providing a perfect solution to the long-standing solar neutrino

problem.

Another important phenomenon is the atmospheric neutrino anomaly. The Kamiokande ex-

periment observed a large deficit in the flavour ratio (⌫
µ

+ ⌫
µ

)/(⌫
e

+ ⌫
e

) [37] which is a further

indirect evidence of neutrino mixing, In 1998, Super-Kamiokande reported a statistically signifi-

cant deficit in the upward-going ⌫
µ

events compared to the expectations assuming no oscillations

was observed [38]. Both discoveries led to the Nobel Prize being awarded to Takaaki Kajita

(Super-Kamiokande) and Arthur B. McDonald (SNO) in 2015.

2.2.3 Dirac and Majorana neutrinos

In the standard Weinberg-Salam SU (2) ⇥ U (1) electroweak theory, the neutrino mass is zero

as a result of two assumptions: right-handed neutrinos and left-handed antineutrinos do not

exist, and lepton number conservation. If either one of these two assumptions is not satisfied,

neutrinos can acquire mass. According to the SM, the charged leptons and left-handed neutrinos

form a doublet. Since the charged leptons have mass, they can have both left and right hand

states, so a Dirac mass m
D

comes naturally as:

L
D

= �m
D

  = �m
D

( 
R

 
L

+  
L

 
R

), (2.2)

We call the neutrinos described by equation 2.2 as Dirac neutrinos. Here the lepton number

is clearly conserved with the same amount of left- and right-handed states. But the situation

is di↵erent for neutrinos because neutrinos have no charge. Since the weak interaction only

couples to left-handed neutrinos, neutrino do not need to have a right-handed component that

is necessary for generating the mass term. In an extended SM, right-handed neutrinos also

exist and they interact only via coupling to left-handed neutrinos.

Furthermore, since right-handed neutrinos are neutral, according to Lorentz invariance, we may
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introduce a Majorna mass term m
M

:

L
M

=
1

2
m

M

⇣
 C

R

 
R

+  
R

 C

R

⌘
(2.3)

where  C

R

is the charge conjugated right-handed neutrino field. Neutrinos and antineutrinos

can interchange between one another through L
M

, hence violating lepton number. We call the

neutrinos described by equation 2.3 as Majorana neutrinos.

2.2.4 Neutrino oscillation theory

Since the neutrino takes part in weak interactions only, a W boson decay which produces a

lepton l
↵

(↵ = e, µ, ⌧) will also produce a neutrino of the same flavour, ⌫
↵

. However, in

the equation of motion describing neutrino propagation, the Hamiltonian depends on neutrino

energy, and the mass of such neutrino. Neutrino flavour eigenstates |⌫
↵

i and mass eigenstates

|⌫
i

i are di↵erent, they can be related by a unitary transformation matrix U:

|⌫
↵

i =
X

i

U⇤
↵i

|⌫
i

i (2.4)

where i = 1, 2, 3,... are the neutrino mass eigenstates. U is the 3⇥3 unitary leptonic mixing

matrix referred to as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [39], which is

analogous to the Cabbibo-Kobayashi-Maskawa (CKM) matrix [40] in the quark sector.

Neutrino oscillations in vacuum

When a neutrino propagate in vacuum, evolution of a mass eigenstate |⌫
i

i after traveling time

t is:

|⌫
i

(t)i = exp(�i(E
i

t� |p
i

|L)) |⌫
i

(0)i (2.5)
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where t is the time taken for the neutrino to travel distance L and p
i

is the momentum three-

vector. From equation 2.4, we can write:

|⌫
↵

i =
X

i

U
↵i

exp(�i(E
i

t� |p
i

|L)) |⌫
i

(0)i (2.6)

Since neutrino masses are very small (m2
i

⌧ E2
i

) we can use the relativistic limit:

|p
i

| =
q

E2
i

�m2
i

' E
i

� m2
i

2E
i

, (2.7)

Therefore we can write:

E
i

t� |p
i

|L ' E
i

(t� L) +
m2

i

2E
i

L, (2.8)

If we assume that all mass-eigenstates ⌫
i

composing the initial flavour state ⌫
↵

have the same

energy E, then we can rewrite equation 2.8 as:

E
i

t� |p
i

|L ' E(t� L) +
m2

i

2E
L, (2.9)

With this approximation, equation 2.6 can be written as:

|⌫
↵

i =
X

i

U
↵i

exp
⇣
� i

m2
i

L

2E

⌘
|⌫

i

(0)i

=
X

i

U
↵i

U⇤
�i

exp
⇣
� i

m2
i

L

2E

⌘
|⌫

�

i (2.10)

Notice that the phase E(t � L) has been omitted for the rest of the calculation because it is

common to all mass eigenstates and therefore it is irrelevant for neutrino oscillation. The same

energy assumption may be unjustified given that neutrinos with di↵erent masses should have

di↵erent energies and momenta. Nevertheless this assumption simplifies the derivation greatly

and the same final result can still be achieved. A more rigorous treatment and discussion of

why this simplification gives the same result can be found in [41].
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The transition probability of ⌫
↵

! ⌫
�

can then be written as:

P (⌫
↵

! ⌫
�

) = | h⌫
�

| ⌫
↵

i|2

=
���
X

i

U
↵i

U⇤
�i

exp
⇣
� i

m2
i

L

2E

⌘���
2

=
X

i,j

U⇤
↵i

U
�i

U
↵j

U⇤
�j

exp
⇣
� i

(m2
i

�m2
j

)L

2E

⌘
(2.11)

For derivation purpose, we write M ij

↵�

= U⇤
↵i

U
�i

U
↵j

U⇤
�j

and �
ij

= (m2
i

� m2
j

)L/2E. We can

split the summation and use <[a] = (a+ a⇤)/2 to write equation 2.11 as:

X

i,j

M ij

↵�

e�i�ij =
X

i=j

M ij

↵�

+
X

i>j

M ij

↵�

e�i�ij +
X

i<j

M ij

↵�

e�i�ij

=
X

i

|U
↵i

|2|U
�i

|2 +
X

i>j

h
M ij

↵�

e�i�ij +M ij⇤
↵�

ei�ij

i

=
X

i

|U
↵i

|2|U
�i

|2 + 2
X

i>j

<[M ij

↵�

e�i�ij ] (2.12)

Using the unitarity condition
P

i

U⇤
↵i

U
�i

= �
↵�

and multiply with its complex conjugate, we

have

�
↵�

=
X

i,j

U⇤
↵i

U
�i

U
↵j

U⇤
�j

=
X

i

|U
↵i

|2|U
�i

|2 + 2
X

i>j

<[M ij

↵�

] (2.13)
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Then we can rewrite equation 2.11 using equation 2.12 and equation 2.13 as:

P (⌫
↵

! ⌫
�

) = �
↵�

�
X

i>j

[M ij

↵�

+M ij⇤
↵�

] +
X

i>j

h
M ij

↵�

e�i�ij +M ij⇤
↵�

ei�ij

i

= �
↵�

�
X

i>j

[M ij

↵�

+M ij⇤
↵�

] +
1

2

X

i>j

h
(M ij

↵�

+M ij⇤
↵�

)(e�i�ij + ei�ij)
i

+
1

2

X

i>j

h
(M ij

↵�

�M ij⇤
↵�

)(e�i�ij � ei�ij)
i

= �
↵�

� 2
X

i>j

<[M ij

↵�

](1� cos�
ij

)� 1

2

X

i>j

h
(M ij

↵�

�M ij⇤
↵�

)(e�i�ij � ei�ij)
i

= �
↵�

� 2
X

i>j

<[M ij

↵�

](1� cos�
ij

) + 2
X

i>j

=[(M ij

↵�

] sin�
ij

(2.14)

Substitute M ij

↵�

and �
ij

and rewrite to obtain:

P (⌫
↵

! ⌫
�

) = �
↵�

� 4
X

i>j

<(U⇤
↵i

U
�i

U
↵j

U⇤
�j

) sin2(�m2
ij

L

4E
)

+ 2
X

i>j

=(U⇤
↵i

U
�i

U
↵j

U⇤
�j

) sin(�m2
ij

L

2E
) (2.15)

where �m2
ij

⌘ m2
i

�m2
j

is the mass-squared di↵erence. The transition probability for antineu-

trinos, P (⌫̄
↵

! ⌫̄
�

), is therefore:

P (⌫̄
↵

! ⌫̄
�

) = �
↵�

� 4
X

i>j

<(U⇤
↵i

U
�i

U
↵j

U⇤
�j

) sin2(�m2
ij

L

4E
)

� 2
X

i>j

=(U⇤
↵i

U
�i

U
↵j

U⇤
�j

) sin(�m2
ij

L

2E
) (2.16)

Looking at equation 2.15, it is immediately clear that neutrino flavour change can only occur

when at least two neutrinos are not degenerate in mass (m2
i

6= m2
j

). If m2
i

= m2
j

, �m2
ij

= 0

for all i, j, and equation 2.15 reduces to P (⌫
↵

! ⌫
�

) = �
↵�

, i.e. no flavour change. Since

U is unitary,
P

�

P (⌫
↵

! ⌫
�

) = 1 which means the total neutrino flux is constant while it

is redistributed amongst the flavours. We can also see that the probability for a neutrino to

oscillate depends on L/E; di↵erent neutrino experiments with a given baseline and energy range

can probe di↵erent oscillation parameters phase space.
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When deriving the antineutrino oscillation probability CPT invariance is assumed, therefore if U

is complex, P (⌫
↵

! ⌫
�

) 6= P (⌫̄
↵

! ⌫̄
�

) and violates CP symmetry. If U is real then there will be

no CP violation. While the oscillation probability only depends on the mass-squared di↵erence,

�m2
ij

(not the actual neutrino masses). This implies that neutrino oscillation measurements

can only probe the di↵erences between the masses of the di↵erent mass eigenstates but not

their absolute scale. Other measurements are needed to probe the absolute mass, as described

in Section 2.4.2.

Parameterisation of PMNS matrix in terms of mixing angles and phases

The PMNS matrix can be parameterised in terms of three mixing angles ✓12, ✓13, and ✓23 and

three CP-violating phases �, ↵1, and ↵2:

U =

0

BBBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCCA

| {z }
Atmospheric

0

BBBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCCA

| {z }
Cross�mixing

0

BBBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCCA

| {z }
Solar

0

BBBB@

ei↵1/2 0 0

0 ei↵2/2 0

0 0 1

1

CCCCA

| {z }
Majorana

(2.17)

where s
ij

and c
ij

(i, j = 1, 2, 3) represent sin ✓
ij

and cos ✓
ij

respectively. U is commonly

decomposed into four component matrices to make it easier to interpret. The first matrix

is known as the atmospheric matrix which includes only the mixing angle ✓23, it dominates

the mixing seen in atmospheric neutrinos. For atmospheric neutrinos, transitions of ⌫
e

can

be neglected and so this can approximated by a two-flavour neutrino oscillation; then the

atmospheric mixing angle ✓
atm

⇡ ✓23.

The second matrix is known as the cross-mixing matrix which depends on the mixing angle ✓13

and the CP-violating phase �
CP

. A non-zero �
CP

would result in P (⌫
↵

! ⌫
�

) 6= P (⌫̄
↵

! ⌫̄
�

).

The third matrix is known as the solar matrix which includes only the mixing angle ✓12, it

dominates the mixing of solar neutrinos. Similar to the atmospheric neutrinos, ✓12 ⇡ ✓
sol

if we

approximate solar neutrino mixing in a two-flavour model.
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If neutrinos are Majorana fermions then the final matrix exist in equation 2.17 which includes

the “Majorana” CP-violating phases (see Section 2.2.3). This has no impact on the oscillation

probabilities as the additional phases cancel out in equation 2.15. It is not possible to determine

whether neutrinos are their own antiparticles from observing neutrino oscillations.

Including the factors of ~ and c which have been omitted so far, the argument of the sin terms

in equations 2.15 and 2.16 give:

�m2
ij

L

4E
= 1.267�m2

ij

(eV2)
L(km)

E(GeV)

which means that an experiment with a given L and E can probe the mass-squared phase space

⇠ 1.267(L/E)�1. T2K has a baseline of 295 km and a peak neutrino energy of 0.6 GeV, therefore

it is sensitive to mass-squared splittings O(10�3eV2) � �m2
21. So the e↵ect on neutrino

oscillation due to �m2
21 can be neglected and oscillation probabilities can be approximately

described by two mixing angles ✓13 and ✓23. In T2K where ⌫
e

appearance and ⌫
µ

disappearance

are observed, their probabilites can be written (to leading order) as:

P (⌫
µ

! ⌫
e

) ⇡ 2 sin2(2✓13)sin
2(✓23)sin

2
⇣
1.267�m2

32(eV
2)

L(km)

E(GeV)

⌘
(2.18)

P (⌫
µ

! ⌫
µ

) ⇡ 1� cos4(✓13)sin
2(2✓23)sin

2
⇣
1.267�m2

32(eV
2)

L(km)

E(GeV)

⌘
(2.19)

If we write out the sub-leading terms of equation 2.19 we will find that a sin� term is multiplied

by the sine of all 3 mixing angles, therefore all mixing angles need to be non-zero to have CP

violation. Confirmation of ✓13 6= 0 has been a crucial finding since this is the smallest mixing

angle and the last to be measured. ✓13 6= 0 was first confirmed by the Daya Bay Neutrino

Experiment in 2012 at 5� [42], and then by T2K in 2014 [43].

Neutrino oscillations in matter

When neutrinos propagate through matter, they can be a↵ected by coherent forward-scatterings

with the medium. All flavours of neutrinos can undergo NC interactions with electrons and
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⌫e e�

e� ⌫e

W+

⌫e,µ,⌧ ⌫e,µ,⌧

e�, p, n e�, p, n

Z0

Figure 2.2: Feynman diagrams showing neutrino interactions in matter. Neutrinos can interact
via the charged current (CC) (left) and neutral current (NC) (right) processes. The ⌫

e

can
interact via the CC mode due to electron presence in matter, while all three flavours can couple
to the Z0 for NC interactions.

nucleons in matter, while ⌫
e

can undergo CC interactions with electrons in matter and experi-

ence an extra potential. The e↵ect results in an additional potential V
MSW

to the Hamiltonian

in vacuum:

V
MSW

= ±
p
2G

F

n
e

(2.20)

where G
F

is the Fermi coupling constant and n
e

is the number density of electrons. This matter

e↵ect was realised by L. Wolfenstein, S. Mikheyev and A. Smirnov and is also referred to as

the MSW e↵ect [44, 45]. Since matter itself is CP asymmetric (no anti-matter), neutrinos

and anti-neutrinos experience opposite signs of the potential V
MSW

in equation 2.20. The

matter e↵ect adds an extra source of CP violation into the oscillation probabilities resulting

in a degeneracy with the intrinsic CP violation discussed in Section 2.2.4. A CP asymmetry

can be observed in experiments with neutrinos passing through a significant amount of matter

even if �
CP

= 0. This degeneracy can be lifted by combining several experiments with di↵erent

baseline to measure both ⌫
e

and ⌫
e

appearance.

2.2.5 Mass hierarchy

While the mass squared di↵erences between the neutrino mass states have been measured with

high precisions, the sign of �m2
32 (or �m2

31 ) is still yet to be determined since the oscillation
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Figure 2.3: Relationship between neutrino mass and flavour eigenstates for normal and inverted
hierarchy. The di↵erent colour indicates the flavour content of each mass eigenstate. Figure
taken from [2].

probability in the leading order does not depend on the sign of �m2 (the sign of �m2
21 has been

determined through observing matter e↵ect in solar neutrinos). As shown in Figure 2.3, positive

�m2
32 is referred to as “normal hierarchy” (NH or normal ordering) with the mass eigenstate

m3 having the largest mass, while negative �m2
32 is referred to as “inverted hierarchy” (IH or

inverted ordering) with m3 having the smallest mass. Results throughout this thesis will be

shown assuming each case separately.

2.3 Neutrino Oscillation Experiments

We saw in the previous section that neutrino oscillation probabilities are a function of both the

distance that the neutrino travels (L) and the neutrino energy (E). Therefore experiments with

di↵erent L and E are sensitive to di↵erent domains of oscillation space. In recent years, the

solar neutrino puzzle, the atmospheric neutrino anomaly and other experimental facts indicated

the presence of neutrino mixing phenomena. With ✓13 being the last mixing angle that has

been measured, neutrino oscillation physics has now entered the precision measurement era.
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2.3.1 Solar Sector

Solar neutrino and long-baseline reactor neutrino experiments are sensitive to ✓12 and �m2
21

space. The disappearance of electron neutrinos from the sun has been measured by several

experiments such as Homestake [35], GALLEX [46], SAGE [47], Borexino [48], SNO [49]. These

results were confirmed by KamLAND [50] via the disappearance of electron antineutrinos from

reactors in long baseline. Combined best fit values are �m2
21 = 7.37+0.17

�0.16 ⇥ 10�5 eV2 and

sin2 ✓12 = 0.297± 0.017 from [1].

2.3.2 Atmospheric Sector

Atmospheric neutrino and long-baseline accelerator neutrino experiments are sensitive to ✓23

and |�m2
32| space. The disappearance of atmospheric muon neutrinos has been measured by

experiments such as Super-K [38], MINOS [51], MACRO [52] and SOUDAN 2 [53]. This result

was confirmed by long-baseline accelerator neutrino experiments (K2K, MINOS) by observing

⌫
µ

disappearance. Combined best fit values for NH (IH) are |�m2| = 2.50 ± 0.04 ⇥ 10�3 eV2

(2.46+0.05
�0.04 ⇥ 10�3 eV2) and sin2 ✓23 = 0.437+0.033

�0.02 (0.569+0.028
�0.051) from [1]. �m2 is defined as

m2
3 � (m2

1 +m2
2)/2, with +�m2 for NH and ��m2 for IH.

Octant of ✓23

It was not yet determined whether the mixing angle ✓23 is exactly at maximal (✓23 = ⇡/4). If

not, whether the angle is larger or smaller than ⇡/4. In the case of ✓23 > ⇡/4 is referred to as

the higher octant, and the case of ✓23 < ⇡/4 is referred to as the lower octant.

It is harder to determine the octant of ✓23 relying solely on ⌫
µ

disappearance channel because

the oscillation probability for this channel has a parameter dependence of the form sin2 2✓23 .

Therefore it was combined with ⌫
e

channel to look for other subdominant oscillation e↵ects.

Combined ⌫
µ

disappearance and ⌫
e

appearance analyses have been made by MINOS and T2K

and results are consistent with maximal mixing, ✓23 = ⇡/4. Although recent ⌫
µ

disappearance
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Figure 2.4: Comparison of the 68% and 90% confidence contours on the atmospheric oscillation
parameters derived from the T2K, NOvA [3], MINOS+ [4], Super-Kamiokande [5], and Ice-
Cube [6] experiments. The IceCubes log-likelihood profiles for individual oscillation parameters
are also shown (right and top). NH is assumed. Figure taken from [7].

result from NOvA shows maximal mixing is disfavoured by 2.6� [54], the result is still statistical-

error dominated and will need further data taking to draw firm conclusions.

2.3.3 Accelerator and Reactor Sector

Short-baseline reactor neutrino and long-baseline accelerator neutrino experiments are sensitive

to measure ✓13. The non-zero value of ✓13 was first reported by T2K by observing ⌫
e

appearance

from a ⌫
µ

beam in 2011 then followed by measurement from Daya Bay [42] by observing ⌫
e

dis-

appearance from reactors in short baseline in 2012. Currently, ✓13 is very precisely measured

by reactor neutrino experiments (Daya Bay, RENO [55] and Double Chooz [56]). Combined

best fit values for NH (IH) are sin2 ✓13 = 0.0214+0.0011
�0.0009 (0.0218+0.0009

�0.0012) from [1].

�
CP

constraints

�
CP

can be probed by taking the di↵erence of equation 2.15 and 2.16 while � only appears in

sub-leading term. Therefore a good constraint on �
CP

can be obtained by combining reactor
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Figure 2.5: Preferred values of �
CP

from T2K 2016 analysis. The 2�lnL value as a function of
�
CP

for normal hierarchy (black) and inverted hierarchy (yellow). The likelihood is marginalised
over sin2 2✓13 , sin

2 ✓23 and �m2
32 . The vertical lines correspond to the allowed 90% confidence

intervals, evaluated by using the Feldman-Cousins method. The �
CP

regions with values above
the lines are excluded at 90% CL. Figure taken from [7].

⌫
e

disappearance results with long baseline ⌫
e

appearance results. T2K published results in

2016 [43] showing that �
CP

is excluded in some region at 90% using combined ⌫
e

appearance

results with ✓13 value from reactor experiments. The result is shown in figure 2.5.

NOvA published their first results of ⌫
e

appearance measurement [8] in 2016. They found a

3.3� excess of events above background which disfavours 0.1⇡ < �
CP

< 0.5⇡ in the inverted

mass hierarchy at the 90% C.L (see Figure 2.6). The result is consistent with T2K.

2.4 Current Knowledge of Oscillation Parameters

A summary of the latest results of oscillation parameters are shown in Table 2.1.
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Figure 2.6: Results from NOvA 2016 ⌫
e

appearance analysis. Significance of the di↵erence
between the selected and the predicted number of events as a function of �

CP

and the hierarchy.
The primary (secondary) selection technique is shown with solid (dotted) lines. Figure taken
from [8].

Table 2.1: Results of the global 3⌫ oscillation analysis, table taken from [1]. The CP violating
phase �is taken in the (cyclic) interval �/⇡ 2 [0, 2].

Parameter best-fit
�m2

21 7.37+0.17
�0.16 ⇥ 10�5 eV2

sin2 ✓12 0.297± 0.017
�m2

32 , NH 2.50± 0.04⇥ 10�3 eV2

�m2
32 , IH 2.46+0.05

�0.04 ⇥ 10�3 eV2

sin2 ✓23 , NH 0.437+0.033
�0.02

sin2 ✓23 , IH 0.569+0.028
�0.051

sin2 ✓13 , NH 0.0214+0.0011
�0.0009

sin2 ✓13 , IH 0.0218+0.0009
�0.0012

�/⇡, NH 1.35+0.29
�0.22

�/⇡, IH 1.32+0.35
�0.25

Although many of the oscillation parameters are measured to high precisions (error of the order

of a few %), there are still many unresolved questions in the neutrino physics field that have

not been answered yet. In the following section I will outline the unresolved questions.

2.4.1 Existence of sterile neutrinos

In 1996, LSND (Liquid Scintillator Neutrino Detector) measured an excess of ⌫
e

events when

looking for ⌫
e

appearance in ⌫
µ

beam [9]. With this excess coming from ⌫
µ

! ⌫
e

. The range
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Figure 2.7: 90% CL region from the LSND appearance analysis. Figure taken from [9].

of parameters allowed by LSND is quite large, as shown on Figure 2.7. The data suggest that

neutrino flavour oscillations occur with a �m2 in the range of 0.2 � 10 eV2. This large mass-

squared splitting of the order of 1 eV2 is substantially larger than |�m2
atm

| + |�m2
solar

|. Also,

given the 3 independent mass splitting implies that there are at least 4 neutrino species. While

the number of light neutrino species was determined to be three from the study of Z0 decay,

which means the other neutrino must be sterile i.e. they do not couple to the weak interaction.

Such neutrinos are referred to as “sterile neutrinos”. The excess can be interpreted as the

neutrino oscillation through the sterile neutrino ⌫
µ

! ⌫
s

! ⌫
e

.

MiniBooNE [57] also saw the excess and indicated the existence of sterile neutrino, while exper-

iments such as KARMEN [58] and NOMAD [59] showed negative indications with their ⌫
µ

!
⌫
e

(⌫
µ

! ⌫
e

) searches.

A re-analyses of short baseline (SBL) reactor neutrino oscillation data using new reactor

⌫
e

fluxes [60] showed a possible disappearance of the reactor ⌫
e

(“reactor neutrino anomaly”)

which could be a hint of existence of sterile neutrinos. Radioactive source calibration data

from GALLEX [46] and SAGE [47] experiments also showed a deficit of the measured fluxes
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compared to the expected fluxes (“Gallium anomaly”) which could be interpreted as hints for

⌫
e

disappearance. While Daya Bay recently searched for relative spectral distortion in their

reactor ⌫
e

data and showed negative indications of sterile neutrino mixing [61]. Dedicated ex-

periments are planned in the next five years to exclude or confirm the remaining parameter

space opened by all these anomalies.

2.4.2 Absolute mass of neutrinos and Dirac/Majorana masses

Neutrino oscillation experiments cannot provide information the absolute mass of neutrinos

since the oscillation probability depends on the mass squared di↵erences. By measuring the

spectrum of electrons near the end point in 3H �-decay (3H !3He +e� + ⌫
e

) the mass of ⌫
e

can be probed. Experiments such as KATRIN [62] is planned to reach sensitivity of m
⌫e ⇠ 0.20

eV by observing tritium-�-decay. The sum of the neutrino masses ⌃ can also be probed by

cosmological measurements and are measured by the Planck Collaboration to be
P

j

m
j

<

0.23 eV at 95% C.L. [63]. The ratio of this upper limit of neutrino mass with masses of

leptons/quarks are . O(10�6) which indicates the smallness of neutrino masses. A natural

explanation of this is provided by the see-saw mechanism. Following from Section 2.2.3 if we

combine equation 2.2 and 2.3 we have the full neutrino mass Lagrangian as:

L =
1

2

✓
 
L

 C

R

◆
0

B@
0 m

D

m
D

m
M

1

CA

0

B@
 
L

 C

R

1

CA , (2.21)

The light and heavy neutrino masses can be obtained by diagonalising neutrino mass matrix

M, which gives m2
D

/m
M

and m
M

respectively. And �m2 from experimental results (O(10�2)

eV) can be reproduced for m
M

⇠ 1014�15 GeV, which can potentially explain the fact that

neutrinos have much smaller mass than the charged fermions.

If neutrinos were Majorana particles, lepton number violating process such as neutrinoless

double beta decay (0⌫��) would be allowed: (A,Z) ! (A,Z + 2) + e� + e�, with the total

lepton charge L changes by 2. Also, measuring the half-life or decay rate of this process [64]

can give the absolute neutrino mass scale. Ongoing experiments searching for this process are
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Figure 2.8: The e↵ective Majorana mass (|m
��

|) as a function of the lightest neutrino mass
(m

min

) including a 2� uncertainty. The top band corresponds to the IH regime, the bottom
band corresponds to NH, with a degenerate region at high |m

��

| and m
min

. Figure from [10].

for example: SNO+ [65], KamLAND-Zen [66], GERDA [67] and MAJORANA [68]. The next

generation 76Ge experiment, LEGEND [69], is a proposed tonne-scale 76Ge experiment that

aims to build on the successes of GERDA and MAJORANA which is capable of discovery level

sensitivity of 0⌫�� half-life of 1028 years, comparing to current sensitivity of 1025 years [70].

Figure 2.8 shows the possible values for the e↵ective Majorana neutrino mass (|m
��

|) implied

by neutrino oscillation data. Combining the knowledge of the mass hierarchy from oscillation

experiments we would be capable of revealing the mass structure of neutrinos in the future.

2.4.3 Matter-Antimatter Asymmetry and Leptogenesis

It is clear that asymmetry exist between matter and antimatter in the Universe. Not only are

we surrounded by matter, but also at larger scale if there were the same cluster galaxies as

anti-galaxies, we should have seen strong �-ray emission from annihilations. While it is believed

that equal amount of matter and anti-matter were created in the Big Bang, the asymmetry we

observe now must have been generated dynamically early in the history of the universe.

To dynamically generate a baryon asymmetry in the expanding early Universe the Sakharov

conditions [71] have to be met:

• Baryon number violation: This condition is required in order to evolve from an initial
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state of baryon number symmetric to a baryon number asymmetric state.

• C and CP violation: If there is no C or CP violation, then processes involving baryons

would proceed at precisely the same rate as the C- or CP-conjugate processes involving

antibaryons, so there would be no baryon asymmetry e↵ect generated.

• Out of equilibrium dynamics: Already satisfied by condition 1, there are no asymmetries

in quantum numbers that are not conserved in chemical equilibrium.

Although evidence of CPV has been found in the quark sector, it is not su�cient enough to

explain the asymmetry exist between matter and antimatter [72]. Lepton mixing allows for a

new source of CP violation that can be studied with neutrinos. And CPV through �
CP

may be

su�cient source for leptogenesis [73]. The leptogenesis mechanism proposed by Fukugita and

Yanagida [74] presumes the existence of right-handed heavy Majorana neutrinos via the see-

saw mechanism as described in section 2.4.2. These neutrinos could provide the extra source

of CPV that could contribute to the lepton number violation (�L 6= 0). The observation

of 0⌫�� decay which is a lepton number violating process will also constitute a strong hint

for leptogenesis. This lepton number asymmetry could be converted into baryon asymmetry

by sphaleron processes in SM where anti-baryon are converted to leptons, anti-leptons are

converted to baryons.

Thus, leptogenesis provides a natural extension to the SM that can give explanations to both

the smallness of neutrino masses and baryon asymmetry. While leptogenesis gives an ideal way

to provide a link between neutrino masses and matter-antimatter asymmetry, this may not

necessary be the case and that there are many other models that could also provide explaina-

tions to what we observed. Nonetheless having a precise measurements of the light neutrino

oscillation parameters allows di↵erent models to be tested, which could help understanding

both early Universe history in cosmology and physics beyond the SM.
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Figure 2.9: Sensitivity to CP violation as a function of POT with a 50% improvement in the
e↵ective statistics, assuming normal hierarchy and �

CP

= �⇡/2. This shows a comparison
between di↵erent assumptions for the T2K-II systematic errors with sin2 ✓23 = 0.50. Figure
from [11].

2.4.4 Future Prospect

Currently, the statistical error is predominant in neutrino oscillation measurements in T2K.

Therefore it is important for T2K to accumulate more data. T2K has proposed an extended run

(T2K-II) [11] which increase the current approved exposure of 7.8⇥1021 POT to 20⇥1021 POT.

The sensitivity to CPV would improve significantly with the additional statistics. Figure ??

shows the expected evolution of the sensitivity to CP violation as a function of POT assuming

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫ -mode

(assuming normal hierarchy and �
CP

= �⇡/2. With the MR beam power eventually reaching

1.3 MW from current 450 kW, together with beamline and near detector upgrades, T2K could

observe CPV with sensitivity greater than 3� with proposed 20 ⇥ 1021 POT. A significant

reduction of other oscillation parameters intervals are also possible.

NOA has a longer baseline (810 km) and higher peak neutrino energy (2 GeV) than T2K which

started operation in 2014. Because of a longer baseline, their ⌫
e

appearance measurement is

more sensitive to the matter e↵ect. Therefore has a greater sensitivity to the mass hierarchy.

We can give even stronger constraints on the oscillation parameters and the mass hierarchy
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by combining the neutrino oscillation measurements of the two experiments. T2K-II will be

taking data until 2026 when the next generation large water Cherenkov detector called Hyper-

Kamiokande (Hyper-K) is proposed to start operating. With DUNE [75] starting to operate

at about the same time as Hyper-K we will have a bright future in answering the unresolved

questions.



Chapter 3

The T2K experiment

3.1 Experimental Setup

T2K [12] is a long-baseline accelerator neutrino experiment that is designed to make precision

measurements of the neutrino oscillation ⌫
µ

disappearance parameters ✓23 and �m2
32 and ob-

serve ⌫
e

appearance events to infer ✓13. The overview of the experiment is shown in Figure 3.1.

An intense ⌫
µ

beam is made at the Japan Proton Accelerator Research Complex (J-PARC),

described in Section 3.2. The beam is measured by a near detector complex called ND280

(Section 3.3), which is 280 m downstream from the neutrino production point. It monitors the

neutrino beam prior to oscillation and constrains the neutrino flux parameterisation and cross

Figure 3.1: Overview of the T2K experiment.

26
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sections. The beam is measured again at the far detector, Super-Kamiokande (SK), described

in Section 3.11, which is 295 km from the production target in J-PARC.

3.2 Neutrino Beam

3.2.1 J-PARC Accelerators

J-PARC is located in Tokai, the eastern coast of Japan. It has a design power of 750 kW while

it has been operating at 465 kW to date. The J-PARC beamline consists of 3 accelerators:

LINear ACcelerators (LINAC), Rapid Cycling Synchrotron (RCS), and Main Ring (MR). First,

an H� beam is accelerated up to 400 MeV by the LINAC. At the downstream part of LINAC,

electrons in H� are removed by the carbon stripper foils and the stripped protons are delivered

to the RCS. The RCS accelerates the proton beam up to 3 GeV and has a 25 Hz cycle and

two bunches in each cycle. Around 5% of the beam bunches are supplied to the MR. The

proton beam injected into the MR is accelerated up to 30 GeV and is delivered to the neutrino

beamline. The rest of the beam is used in the muon and neutron beamline at J-PARC for other

experiments. The MR beam has eight bunches and these are extracted within a single turn for

use by the neutrino beamline. The eight bunches are separated by 500 ns, and this information

is communicated to the far detector via a GPS system in order to trigger on the bunches.

3.2.2 Neutrino Beamline

The neutrino beamline, where each proton beam spill is extracted from the MR, consists of

a primary beamline and secondary beamline. Figure 3.2a shows an overview of the neutrino

beamline. The primary beamline transports and focuses the extracted proton beam to point

towards the far detector. The secondary neutrino beam line consists of the target station,

decay volume and the beam dump. This is shown in figure 3.2b. The bunches are incident

upon a proton target which is comprised of a graphite rod of length 91.4 cm and diameter 2.6

cm which is cooled by a helium gas flow. The protons interact with the graphite to produce
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(a) (b)

Figure 3.2: Left: Overview of the T2K neutrino beamline. Right: Sideview of the secondary
beamline. All of the components in the beamline (the target, horns, decay volume and beam
dump) are contained in a single volume of 1500 m3 filled with helium gas. Figure from [12].

large quantities of mesons, primarily pions along with kaons. These mesons are focused by

three consecutive electromagnetic horns. Each horn consists of two coaxial (inner and outer)

conductors which encompass a closed volume [76, 77]. A toroidal magnetic field is generated

in that volume. The current driving the magnetic horns can be changed to deflect positive

(negatively) charged mesons to create a neutrino (antineutrino) beam. These are referred to as

Forward Horn Current (FHC) mode and Reverse Horn Current (RHC) mode.

As the mesons travel through the decay volume of 96 m, they decay to produce muon neutrinos

according to equation 3.1 and antineutrinos according to equation 3.2.

⇡+ ! µ+ + ⌫
µ

and K+ ! µ+ + ⌫
µ

(3.1)

⇡� ! µ� + ⌫
µ

and K� ! µ� + ⌫
µ

(3.2)

However, the resulting neutrino beam is not pure because there is a small contamination of

intrinsic ⌫
e

/⌫
e

due to these decays:

K+ ! ⇡0 + e+ + ⌫
e

and µ+ ! e+ + ⌫
e

+ ⌫
µ

(3.3)

K� ! ⇡0 + e� + ⌫
e

and µ� ! e� + ⌫
e

+ ⌫
µ

(3.4)
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Figure 3.3: The SK flux prediction for Runs 1-8 with horns operating in 250 kA mode (FHC)
on the left and -250 kA mode (RHC) on the right, broken down by neutrino flavour. Figure
from [13].

for FHC and RHC respectively. Note the wrong-sign contamination (⌫ in ⌫ beam and ⌫ in

⌫ beam) is much larger in RHC than in FHC. This is due to wrong-sign neutrinos being

produced in meson decays. Since the beam originates from positively-charged protons we

expect more positively-charged meson in FHC than negatively-charged meson in RHC. This is

illustrated in figure 3.3 which shows the neutrino flux prediction at the far detector separately

for each neutrino flavour (⌫
µ

, ⌫
µ

, ⌫
e

and ⌫
e

) for FHC mode (left) and RHC mode (right).

The muons produced in the meson decays are stopped in the beam dump at the end of the

decay volume, these are measured by the muon monitors (MUMON) to monitor the beam flux

and beam direction on a bunch-by-bunch basis.

3.2.3 The O↵-Axis Technique

T2K is the first experiment to employ the o↵-axis technique [78] where the neutrino beam

axis is displaced from the direction to the far detector. If we consider the 4-momentum of the
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outgoing neutrino in the pion rest frame:

p
⌫

= (E
⌫

, E
⌫

sin ✓, 0, E
⌫

cos✓), (3.5)

where E
⌫

is the neutrino energy and ✓ is the angle relative to the pion direction. Boosting by ��
so that the neutrino appears to be moving by +� along direction of the pion, the 4-momentum

of the outgoing neutrino in the lab frame can be written as:

p
⌫

= (�E
0

⌫

(1 + �cos✓
0
), E

0

⌫

sin✓
0
, 0, �E

0

⌫

(� + cos✓
0
)), (3.6)

where � = E
⇡

/m
⇡

and � = v
⇡

/c. Taking the ratio of x and z-component of eq. 3.6, a relation

for the angle ✓ between the neutrino and pion can be written as:

tan✓ =
E

0
⌫

sin✓
0

�E 0
⌫

(� + cos✓0)
⇡ E

0
⌫

sin✓
0

E
⌫

, (3.7)

assuming E
⇡

� m
⇡

and therefore � ⇡ 1. Since sin✓0 cannot exceed unity, the maximum allowed

angle for a given neutrino energy E
⌫

is:

tan✓
max

=
E

0
⌫

E
⌫

=
29.8 MeV

E
⌫

, (3.8)

where

E 0
⌫

=
(m2

⇡

�m2
µ

)

2m2
⇡

= 29.8 MeV, (3.9)

Therefore, for a given o↵-axis angle, the maximum neutrino energy is

E 0max

⌫

=
29.8 MeV

tan✓
. (3.10)

This is illustrated in Figure 3.4a. The neutrino beam is chosen to be 2.5� away from SK,

producing a narrow-band of ⌫
µ

beam, such that the energy peaks at E
µ

= 2.54⇥�m2
32L/⇡ ⇡ 0.6

GeV for L = 295 km and �m2
32 = 2.5 ⇥ 10�3 eV2. This corresponds to the first oscillation

minimum of the ⌫
µ

survival probability at SK (see Figure 3.4b). Another benefit of applying

this technique is to reduce backgrounds outside the energy range of interest.
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Figure 3.4: Left: Neutrino energy dependence on pion energy for on-axis and two o↵-axis
angles. Dotted lines show the maximum neutrino energy for the two o↵-axis angles using
equation 3.10. Right: Muon neutrino survival probability (top), electron neutrino appearance
probability (middle) at the far detector and the muon neutrino flux for di↵erent o↵-axis angles
in the neutrino mode (bottom) as a function of neutrino energy. Figure from [14].
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3.3 The T2K Near Detectors

A set of detectors are located 280 m from the production target to measure the neutrino energy

spectrum, flavour content, and interaction rates of the unoscillated beam and are used to tune

the prediction at the far detector. This near detector complex consists of two detectors: on-

axis detector INGRID and o↵-axis detector ND280. All the detectors use the same coordinate

convention: z is along the nominal neutrino beam axis, and x and y are horizontal and vertical

respectively.

3.3.1 INGRID

The Interactive Neutrino GRID (INGRID) [15] is centred on the proton beam axis to directly

monitor the neutrino beam profile and intensity. It is made up of 14 identical iron/scintillator

modules arranged as two identical groups of 7 along the horizontal and vertical axis, and 2

more identical modules are placed at o↵-axis positions o↵ the main cross, as shown in figure 3.5

to monitor the asymmetry of the beam.

INGRID detects about 10-20k events per day with a beam power around 100 kW. This su�cient

statistics allows the neutrino beam profile to be monitored with 4% precision and determine

neutrino beam direction with a precision of 10 cm or 0.4 mrad. These measurements determine

the o↵-axis angle for ND280 and SK precisely to help reduce the systematic uncertainty on the

neutrino energy spectra and absolute flux.

3.3.2 ND280

The o↵-axis detector ND280 needs to achieve several requirements in order to serve its purpose.

Firstly, it needs to determine the ⌫
µ

flux spectrum prior to oscillation to be able to propagate

the prediction to the far detector. Secondly, it is intented to measure the ⌫
e

component of the

neutrino beam (or intrinsic ⌫
e

) as this is an irreducible background for ⌫
e

appearance search

at SK (⇡ 1% of ⌫
µ

flux). Finally, it needs to be good at separating CC and NC interaction
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Figure 3.5: INGRID on-axis near detector. The 16 identical modules sample the neutrino beam
in a transverse section of 10 m ⇥ 10 m . The center of the cross, with two overlapping modules,
corresponds to the designed neutrino beam center. Figure from [15].

channels, in particular NC⇡0 and NC⇡+ which are backgrounds for ⌫
e

and ⌫
µ

analyses at SK.

In order to achieve all of the above, the o↵-axis detector ND280 is composed of many sub-

detectors as shown in figure 3.6. It consists of the ⇡0 detector (P;D) and the tracker made up

of three time projection chambers (TPCs) and two fine grained detectors (FGDs), all of which

are placed in a metal frame container called the basket. An electromagnetic calorimeter (ECal)

surrounds the basket, and all of these are contained in the recycled UA1 magnet instrumented

with scintillator to perform as a muon range detector (SMRD).

UA1 magnet and Side Muon Range Detector (SMRD)

The UA1 magnet, donated by CERN, has a magnetic field of 0.2 T perpendicular to the

neutrino beam direction applied by the coil and returned by the outer iron yoke. Since a water

Cherenkov detector cannot distinguish the charge of particles coming from either a neutrino

or antineutrino interaction, a good understanding of the wrong-sign background in the near

detector is essential for the �
CP

search. The SMRD consist of scintillator slabs which are placed

in the gaps of the iron yokes. It acts as a Cosmic trigger for calibration runs.
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Figure 3.6: An exploded view of ND280. The neutrino beam comes from the left side. The
P;D, the TPCs, and the FGDs are surrounded by the ECals. The SMRD is inter-spaced in the
return yoke. The neutrino beam comes from the left side. Figure taken from [12].

⇡0 Detector (P;D)

Situated at the most upstream end of the basket is the P;D, which is designed to measure ⇡0

production by the neutral-current process ⌫
µ

+ N ! ⌫
µ

+ N + ⇡0 + X on water target with

the same neutrino flux as the far detector. It is a scintillator detector consisting of fillable

water target bags and lead and brass sheets interleaved with scintillator bars. It is necessary

to have some water target in ND280; by having the same target material as the far detector,

systematics due to di↵erent target materials can be cancelled out.

Tracker region

Downstream of the P;D is what it is described as the tracker region which consist of 2 FGDs

sandwiched in 3 TPCs. FGD1 which sits on the upstream side is composed solely of scintillator

trackers oriented alternately in x and y directions; FGD2 is composed of scintillator bars and

water targets (similar to the P;D). They provide the main target mass for neutrino interactions

as well as tracking of charged particles coming from the interaction vertex. By comparing the

measured total energy deposit for a given particle range in the FGD to the theoretically expected
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Figure 3.7: Deposited energy versus range for particles stopping in FGD1. The scatterplot
shows stopping particles in neutrino beam data, while the curves show the MC expectations
for protons, muons, and pions. Figure from [16].

energy deposit for particles with that range, protons can be distinguished from muons and

pions. Figure 3.7 shows a scatterplot of deposited energy versus range for particles produced by

neutrino interactions and stopping in FGD1. A clear population of protons can be distinguished.

Once an interaction occurs in one of the FGDs and the interaction products enter one of the

TPCs, the TPCs can measure the particles with good momentum resolution and particle iden-

tification (PID). The TPCs are filled with an argon gas mixture that is ionised by passing

charged particles. This allow 3D reconstruction of the charged particle trajectories. The mo-

mentum of each particle is determined from its curvature in the magnetic field with a resolution

of < 2% below 1 GeV/c. PID is done by comparing energy loss and momentum of charged

particles in the gas. The resolution of deposited energy is 7.8 ± 0.2% for minimum ionising

particles, better than the design requirement of 10%. This allows muons to be distinguished

from electrons in the TPCs. Fig. 21 shows the TPC PID capability by comparing energy loss

and momentum for positively charged particles.

Electromagnetic Calorimeters (ECals)

The detectors contained in the basket are surrounded on all sides by the ECals to detect particles

that exit the inner detectors and veto particles originating from outside. Each ECal consists

of alternating planes of scintillator bars and lead for generating electromagnetic showers. The
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Figure 3.8: Each point shows measurements by a single TPC of the energy loss and momentum
of positively charged particles produced in neutrino interactions. The curves show the expected
relationships for muons, positrons, protons, and pions. Figure from [12].

tracker ECals are capable of detecting photons that originate from ⇡0 decays in the tracker and

measuring their energies and directions [79].

3.4 The T2K Far Detector: Super-Kamiokande

Situated 295 km away from the production target in J-PARC is the far detector, Super-

Kamiokande (SK) [80]. It is a 50 kt water Cherenkov detector located about 1 km deep in

Mt. Ikeno. Figure 3.9 shows an overview of the detector. It has been operating since 1996 and

the primary purposes of the detector are nucleon decay searches and the detection of neutrinos

from various sources including solar, atmospheric, accelerator neutrinos and supernova relic

neutrinos.

The detector is a cylindrical tank made up of stainless steel, 41.4 m tall and 39.3 m in diameter,

it is filled with ultra-pure water. The volume is optically separated into two compartments by

photomultiplier tubes (PMTs) - the inner detector (ID) and outer detector (OD). The inner

detector (ID) is 36.2 m tall and 33.8 m in diameter. There are 11129 20-inch inward-facing

PMTs on the ID wall corresponding to a spatial coverage of 40%. There are 1885 8-inch

outward-facing PMTs on the OD wall which is covered with a high reflective material. The
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Figure 3.9: Diagram of the Super-Kamiokande Detector (taken from [17]).

purpose of the OD PMTs to veto background events like cosmic muons and to discriminate

charged particles which exit the ID. The fiducial volume (FV) has recently been re-defined (see

Section 5.3.1 for discussions). The timing and charge distributions of the PMTs provides kine-

matic information about neutrino such as vertex position, event timing, zenith and azimuthal

angles to the neutrino beam axis, and momentum, numbers of ring and particle type.

When a charged particle passes through a medium at a speed greater than the speed of light

in that medium, it emits Cherenkov light:

v >
c

n
(3.11)

where c is the speed of light in vacuum and n is the index of refraction (1.33 for pure wa-

ter). Therefore the Cherenkov threshold (which is the minimum energy to generate Cherenkov

radiation) is given by:

E =
mp

1� (1/n)2
(3.12)

so particles with higher mass must have higher energy to be detected because they have a

higher Cherenkov threshold.
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Figure 3.10: Example of a SK event displays: e-like ring (left) and µ-like ring (right). Figures
taken from [18].

Cherenkov light is emitted in a cone with opening angle defined by:

cos ✓
C

=
1

�n
(3.13)

where � = v/c. For ultra-relativistic particles (� ⇡ 1), ✓
C

⇡ 42� in water. In order to

measure ⌫
µ

disappearance and ⌫
e

appearance we rely on a good particle identification (PID) to

distinguish between electrons and muons at SK. Muons, because of their relatively large mass,

are insensitive to changes in their momenta as they scatter on particles in water and therefore

they produce a well-defined cone of Cherenkov radiation as they travel through the detector.

They tend to produce a clear, sharp ring of PMT hits seen on the detector wall. Whereas

electrons, because of their smaller mass, scatter more easily inside the detector. Electron-

induced shower produces a“fuzzy” ring pattern seen by the PMTs, which can be thought of as

the sum of many overlapping Cherenkov light cones. Figure 3.10 shows an example of event

displays of typical neutrino events at SK. The sharpness of a ring can be used to distinguish

between muons and electrons with < 1% of muon events being misidentified as electrons.
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3.5 Simulations at T2K

In order to fully understand the T2K experiment we use Monte Carlo Simulation (MC) to

model the neutrino flux, neutrino-nucleus interactions, and particle propagation and energy

deposit in the detectors. Neutrino interaction simulation is detailed in the next chapter.

3.5.1 Flux Simulation

Neutrino flux simulation begins by simulating proton beam interacting with graphite target;

the production of mesons in the target is modelled using data from the NA61/SHINE experi-

ment [81]. NA61/SHINE experiment (SPS Heavy Ion and Neutrino physics Experiment) is a

fixed target experiment which uses the CERN SPS accelerator. It studies the particles produced

when a 30 GeV proton beam interacts with a graphite target. Other hadronic interactions in-

side the target and surrounding area are simulated using FLUKA [82]. Interactions outside

the target are simulated using GEANT3/GCALOR [83, 84] with the interaction cross sections

tuned to experimental data. The neutrino flux is estimated from the simulated kinematics of

the particles that decay in the decay volume. Figure 3.3 shows the flux predictions at SK. The

flux prediction and uncertainties used for the analysis described is this thesis is referred to as

“13av2”.

3.5.2 Detector Simulation

Neutrino-nucleus interactions in both ND280 and SK are simulated primarily with NEUT [85].

Details about NEUT and how interactions modelled are described in the next chapter. SK

detector response is simulated by SKDETSIM, a package that interfaces with GEANT3 [83].

The SK MC version used for the analysis described is this thesis is referred to as “14a”.

The scintillators and electronics response at ND280 are simulated using custom written software

elecSim [12]. The simulation of final state particles in ND280 are performed using Geant4 [86],

whereas NEUT is used in SK. Implications of this is described in the next chapter.
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Neutrino-nucleus interactions

To infer neutrino oscillation parameters in practice we compare the number of neutrino events

measured at ND280 first to measure the neutrino spectrum before oscillations, and then at SK

after the neutrinos have oscillated. In a simplified picture, the number of events in SK can be

measured and compared to the prediction:

N
SK

⇠ P (⌫
↵

! ⌫
�

) · �
SK

(E
⌫

) · �(E
⌫

) · ✏
SK

(E
⌫

), (4.1)

where N
SK

is the number of predicted events at SK, P (⌫
↵

! ⌫
�

) is the probability of oscillation,

�
SK

(E
⌫

) is the initial flux, �(E
⌫

) is the cross-section of the neutrino for ⌫
�

to interact with

water in SK, and ✏
SK

(E
⌫

) is the SK detector e�ciency.

In order to have good predictions on the number of events that are required to make precise

measurements of oscillation parameters, we need good predictions of the neutrino flux, neu-

trino interaction simulation, SK detector simulation, beam intensity measurements, and near

detector measurements to constrain flux and neutrino interaction uncertainties. Therefore a

good understanding of the neutrino flux, detector response as well as neutrino interaction cross

sections are essential in order to predict accurately the observables at the far detector, as the

lack of understanding will result in non-neglectable systematic uncertainties when comparing

measurements with predictions. In this chapter I will describe neutrino interactions at T2K,

40
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(a) ⌫ (b) ⌫

Figure 4.1: ⌫ and ⌫ per nucleon CC total cross sections as a function of neutrino energy. The
dominant process at T2K peak energy of at 0.6 GeV is quasi-elastic scattering (QE), other
processes such as resonance production (RES) and deep inelastic scattering (DIS) also possible
in higher energy. Figures taken from [19].

with emphasis on my study on nucleon FSI using NEUT neutrino event generator and tuning

nucleon FSI parameters using external scattering data. Comparison of predictions from various

neutrino interaction event generators (NEUT [85], GENIE [87], Geant4 [86], NuWro [88] and

FLUKA [82]) with thin-target nucleon scattering data. A new tune of the cascade model has

been performed for improvements from the current NEUT parameters using external data.

4.1 Neutrino Interactions at T2K

According to the Standard Model, neutrinos can undergo charged-current (CC )and neutral-

current (NC) weak interactions. Only the CC interactions are of interest for extracting oscilla-

tion parameters because the neutrino flavour can be implied from the charged lepton produced

in the interaction, thus allowing us to determine whether neutrinos have changed flavour be-

tween the near and far detectors (as described in section 3.11).

The energy dependent neutrino interaction cross-sections for various interaction processes are

shown in Figure 4.1. The dominant process at T2K peak energy of at 0.6 GeV is quasi-elastic

scattering (QE), where the neutrino (antineutrino) interacts with a neutron (proton) from a
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nucleus to produce a proton (neutron) and a charged lepton of corresponding flavour, which

can be written as:

⌫
l

+ n ! p+ l� (4.2)

⌫̄
l

+ p ! n+ l+ (4.3)

Since it is a 2-body process, assuming the interaction occurs on a single bound nucleon at rest,

the energy of the incoming neutrino can be reconstructed using the energy and direction of the

lepton:

Erec
⌫
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p

� (m2
n

� E
b
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)E
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l

+ p
l

cos ✓
l

)
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where m
n

, m
p

and m
l

are masses of neutron, proton and charged lepton, E
b

is the neutron

binding energy in oxygen (27 MeV) and E
l

, p
l

and ✓
l

are the energy of charged lepton, its

momentum and its emission angle relative to the beam direction, respectively. In reality there

will be uncertainties coming from imperfect nuclear modelling and interactions with nucleons

that are not at rest in the nucleus.

Two other interaction modes are also relevant at T2K energy range: resonance production

(RES) and deep inelastic scattering (DIS). While the dominant process is QE, there are contri-

butions from RES at higher energies. There are also small contributions from DIS interactions

at the high-energy tail of the neutrino spectrum, as shown in Figure 4.1. This could become

problematic if processes are misidentified; If particles are missed or misidentified, such pro-

cesses could be mistakenly identified as CCQE, resulting the neutrino energy being wrongly

reconstructed.

Recently T2K has included a non-CCQE signal event to the oscillation analysis, which is RES

interactions from ⌫
e

: ⌫
e

+p ! p+e�+⇡+. Details about the event selections are in Section 5.3.2.

However, in cases when the pion is emitted below Cherenkov threshold (and its decay products

are not detected), only a single Cherenkov ring will be seen in the detector and such events will

be considered as CCQE events which leads to neutrino energy being wrongly reconstructed.

There are also further complications due to nuclear e↵ects which will be described in Section 4.3.
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4.2 NEUT: the Neutrino Event Generator

NEUT [85] is a MC neutrino event generator that is used to simulate neutrino interactions and

their product particles based on theoretical models. It is the primary generator used in T2K

and is capable of simulating the following neutrino CC and NC interactions:

• (Quasi-)elastic (QE) scattering: ⌫ +N ! l(⌫
l

) +N 0

• single meson or photon production via baryon resonance (RES): ⌫ +N ! l(⌫
l

) +N 0 +m

• deep inelastic scattering (DIS): ⌫ +N ! l(⌫
l

) +N 0 + hadrons

• coherent pion production (COH): ⌫ + A ! l(⌫
l

) + ⇡ + A

where N and N 0 represent nucleons which can be either free or inside nucleus, l represents a

lepton, m represents ⇡, K, ⌘, � and A is the target nucleus.

For CCQE interactions, the Llewellyn-Smith formalism [89] is used to predict neutrino quasi-

elastic scattering cross-section. The model contains several form factors, all of which can be

measured by electron scattering experiments except the axial form factor, which is characterised

by the axial vector mass parameterMQE

A

; the shape of the di↵erential cross section as a function

of Q2 and the total cross section also depends on this parameter.

In a simple picture a neutrino interacts with one nucleon at rest, However nuclear e↵ects should

be considered since each nucleon is bound in a nucleus and has a Fermi momentum, and Pauli

blocking e↵ects where a nucleon cannot change to a new state that is already occupied by

other nucleons. While the spectral function (SF) model [90] was used by default in NEUT to

describe the momentum distribution of nucleons inside a nucleus, the RFG model by Smith

and Moniz [91] was found to give a more realistic description than the SF model. Recently the

relativistic Random Phase Approximation (RPA) correction has been included in NEUT which

takes into account the long range nucleon-nucleon correlation that modifies the interaction

strength as a function of four-momentum transfer, Q2 [92]. These models have di↵erent e↵ects

to the energy distribution of CCQE events. While NEUT simulations are performed using SF
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Figure 4.2: Feynman diagram of a charged current meson exchange current (CCMEC) interac-
tion.

model, RFG+RPA model was chosen by fitting to external data sets [93] and therefore the MC

are tuned to this model using a MC reweighting method.

In reality neutrinos can interact simultaneously with more than one nucleons. These interactions

are referred to as the meson exchange current (MEC or 2p2h) [92] as the nucleons which interact

with the neutrino are coupled via meson exchange. An example of this is shown in Figure 4.2.

Since these interactions are indistinguishable from CCQE interactions at SK (nucleons are

typically below Cherenkov threshold) the resulting reconstructed energy would be smaller than

the true energy (since the reconstruction assumes a proton mass rather than a heavier nucleon-

nucleon pair). Recent NEUT has included such interaction modelled by Nieves et al. [92].

Although multi-nucleon interactions should be possible for all processes, only CCQE process

is considered for analysis purpose. Resonant meson production is modelled by the Rein-Sehgal

model [94] with revised form factors from Graczyk and Sobczyk [95] and tuned using ANL and

BNL bubble chamber data [96]. These interactions are considered in NEUT for W < 2 GeV/c2.

Pionless Delta decay (PDD) processes are considered in NEUT which takes into account the

baryon resonance absorption. Coherent pion production is modelled by simulating the neutrino

coherently scattering o↵ the whole nucleus by Rein-Sehgal [97]. These interactions typically

have small Q2 so the angular distribution of the outgoing lepton and meson are peaked in the

forward direction.

Deep inelastic scattering (DIS) is modelled by simulating production of multiple hadrons from
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neutrino scattering. The cross section for W > 1.3 GeV/c2 is calculated using nucleon structure

functions based on the GRV98 parton distribution functions [98]. Corrections in low Q2 region

is applied from Bodek and Yang [99] to improve the agreement with the experiments.

Summary of the neutrino interaction systematic parameters can be found in Section 6.4.3.

4.3 Modelling Nuclear E↵ects

When a neutrino interacts with a nucleus, the hadrons produced from a neutrino interaction

must propagate through the nucleus before being observed in a detector. They can re-interact

inside the nucleus and such re-interaction, which is called Final-state interactions (FSI), can

a↵ect the reconstruction of final state particles. Secondary interactions (SI) can occur when

secondary particles from a neutrino interaction interact with materials inside a detector but

outside of the target nucleus; these SI can also a↵ect the kinematics of observed particles. These

interactions can obscure the true interaction mode and could be problematic as mentioned in

Section 4.1. Interactions of pions, kaons, etas and nucleons in the nucleus are all simulated in

NEUT. A cascade model is used to model these interactions but implementations are slightly

di↵erent for di↵erent hadrons.

Pion and nucleon FSI/SI are one of the dominant systematics in the near detector of T2K. The

current treatment of systematic uncertainties of FSI/SI are independent, and di↵erent models

of FSI/SI are used for near and far detector (c.f. Section 3.5.2). Unifying treatment of FSI/SI

in T2K near and far detectors for nucleons and pions would allows us to have a consistent way

of retuning free parameters in order to evaluate correlations between them. Since pions are

the most frequently seen hadrons from neutrino interactions at T2K, pion FSI treatment has

been rigouriously studied with a recent re-tune of the parameters [20], however proton FSI are

becoming increasingly important for many current analyses and this e↵ect hasn’t been studied

to be able to take into account in analyses. Unifying the treatment of FSI/SI would be a long

term work and the following section shows the first step of achieving this aim.
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Figure 4.3: ⇡+-C cross-section predictions from NEUT, Di↵erent colours represent di↵erent
interaction channels. The data points are measurements from ⇡+-C scattering experiments.
The dash lines are predictions before tuning and solid lines are after tuning. Figure taken
from [20].

4.3.1 The Cascade Model

NEUT simulates FSI using a semi-classical intra-nuclear cascade model. The hadron produc-

tion vertex position is chosen based on a Woods-Saxon nuclear density profile [100] shown

in Figure 4.5. The momentum of the initial hadrons are based on the neutrino interaction

kinematics.

After a hadron is produced, it is propagate through the nucleus step-by-step. The step size is

chosen as dx = R
N

/100, where R
N

is the size of the nucleus and is defined as 2.5 times the

nuclear radius from [101]. The probabilities of each interaction are calculated at each step and

a random number is generated to determine which, if any, interaction occurs at a given step.

This allows the hadron to undergo multiple interactions during its journey through the nucleus.

Pauli blocking e↵ect is incorporated by requiring the nucleon momentum after interaction to be

larger than the Fermi momentum. If no interactions occur at this step, the hadron are moved

to the next step. This procedure is repeated until the hadron undergoes an interaction or when

the hadron exits the nucleus.

For pions, momentum < 500 MeV/c, momentum and density dependence of the mean free path
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Figure 4.4: Schematic representation of the intra-nuclear cascade. In this example, the proton
produced from a neutrino interaction undergoes single ⇡ production and elastic interactions
before exiting the nucleus.

Figure 4.5: Normalised nuclear density distributions for various nuclei modelled by Woods-
Saxon distributions.
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(MFP) is calculated based on the Delta-hole model from Oset et. al. [102]. For higher mo-

mentum, MFP is calculated from free ⇡-p scattering data. For nucleon FSI, MFP is calculated

from free nucleon-nucleon cross-section using MECC-7 parameterisation [103]. There are seven

scaling parameters to scale the microscopic interaction probabilities for the pion FSI model:

three each for low-energy and high-energy region for Quasi-Elastic (QE), Absorption (ABS)

and Charge Exchange (CX) microscopic scattering probabilities, and one parameter for overall

scaling. For nucleon FSI model there was only one parameter for overall scaling, but three more

parameters have been added with the same functionality as the pion FSI parameters, namely:

Quasi-Elastic, single and double pion production microscopic interaction probabilities.

4.4 Proton scattering simulation

NEUT has been modified so that it can simulate proton scattering MC events. MC are gener-

ated by simulating large number of protons scattering on a carbon target with uniform energy

spectrum. Interaction channels are defined based on final state (FS) particles for each event:

• Quasi-elastic (QE) Scattering: Only 11 proton in the FS.

• Single ⇡ production (SPD): Only 1 pion (of any charge) in the FS. Equal probabilities

are assigned to produce the pion of any charge in order to keep the model simple.

• Double ⇡ production (DPD): Only 2 pion (of any charge) in the FS.

Pions produced from single/double ⇡ production can subsequently undergo the FSI cascade

routine. The cross-section for each channel can be found using:

�
i

= ⇡R2
N

N
i

N
T

, (4.5)

where N
i

is the number of events selected and N
T

is the total number of events generated.

Figure 4.6 shows the proton-Carbon scattering cross-section predictions for each interaction

1Although this is a common definition of a quasi-elastic event, it will be shown later that NEUT is not
capable of simulating such events.
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Figure 4.6: NEUT interaction cross-sections predictions of p-C scattering as a function of
momentum of the incident proton. The reactive cross-section prediction here is defined as total
minus quasi-elastic process.

channel. It is natural to divide the interaction categories based on what kind of microscopic

interactions are available in the FSI model (see Section 4.3.1), although it should be empha-

sised that in cases such as only one pion in FS, it could be a result from a DPD interaction

with a pion absorbed during the cascade while it doesn’t necessary imply a SPD interaction

has occurred. Note that the total cross-section prediction is not the same as sum of all three

interaction channels; N
i

is selected whenever a proton interacts and this includes events which

have multiple nucleons in FS. The reactive cross-section prediction here defines as total minus

quasi-elastic process. There is a parameter which scales the microscopic probability of interac-

tions at each step. Three scaling parameters are added which scale the probability of each of the

three interactions. The e↵ect of varying each of these scaling parameters on the cross-section

predictions are illustrated in Figure 4.7.
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(c) Single ⇡ production

Momentum (MeV/c)
0 500 1000 1500 2000 2500 3000

 (m
b)

σ

0

20

40

60

80

100

120
0.5 0.6

0.7 0.8
0.9 1.0

1.1 1.2
1.3 1.4

1.5

(d) Double ⇡ production

Figure 4.7: p-C scattering cross-section predictions for each of the interaction channels. The
di↵erent colour lines show di↵erent scaling parameters used to generate the MCs.
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4.5 FSI Parameter Tuning using External Scattering Data

The scaling parameters can be tuned using external scattering data. Proton beam scattering

data are used for tuning FSI parameters as they isolate the hadronic processes involved in FSI.

Data compiled from various experiments are in three categories: total cross-section, reactive

cross-section and elastic cross-section measurements. There are no pion production measure-

ments available for tuning. When considering which NEUT predictions are comparable with

these measurements, recall that quasi-elastic channel in NEUT is defined as only 1 proton in

the final state, however since the target nucleon always gets knocked out in NEUT simulations,

there is no separate “pure” elastic channel. In other words, if there is an interaction, there are

always two or more particles in the FS with one being the initial proton and one nucleon that

got knocked out. Therefore, the total cross-section prediction should be compared to reactive

cross-section measurements. The scaling factor which modifies the total cross-section predic-

tion is referred to as the “total factor”. Lists of external data used to compare with NEUT

prediction are gathered in table 4.1. More data with other targets are listed in [104]. It was

realised that NEUT is not capable of modelling the peak below 500 MeV/c therefore the data

points in the low momentum region are excluded for tuning.

A simple 1-D fit is performed using minimum �2 method. �2 value is defined as:

�2 =
1

n

i=nX

i=1

⇣�
data

(p
i

)� �
simu

(p
i

)

�(�
data

(p
i

))

⌘2

, (4.6)

where n is the number of data points, and �(�
data

(p
i

)) is the error on the data points given

in references. MC reweighting scheme is employed to calculate �2 values for di↵erent values

of total factor. Data/prediction discrepancy is seen in the low momentum region, as the FSI

parameters do not allow NEUT to model this region (or Pauli blocking is too strong), no tuning

can result to a good fit to all the data, therefore reactive cross-section data points below 500

MeV/c are excluded for fitting. The best-fit value for the total factor comes to 0.537± 0.029.

The prediction using best-fit value with data points is shown in Figure 4.8.
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Table 4.1: Lists of p-C reactive cross-section scattering data used for comparison with NEUT
prediction. Only the bottom half of the table is used for tuning (see paragraph).

Reference momentum (MeV/c)
Wilkins, Bruce D. [105] 137-138
Dicello, J. F. [106] 137-192
Motoji Q. Makino [107] 175-231
Slaus, I. [108] 205-253
McGill, W. F. [109] 231-303
Renberg, P. U. [110] 698-1158
Millburn, G. P. [111] 618-816
R. Goloskie [112] 389-517
Chen, Francis F. [113] 1534
dubna-exp db data [114] 180-2238

4.6 Comparing generator predictions

In this section the NEUT cascade model using best-fit results from previous section and the

selection of external data used for its tuning are compared with various neutrino generators.

The following generators are used for comparison:

• GENIE hA model is an e↵ective cascade model which uses an interpolation of external

data of cross-section for each possible interaction channel as a function of energy (up to

1.2 GeV) to determine the final state.

• The Bertini/Binary cascade models of Geant 4.9.4 uses GHEISHA and Barashenkov pa-

rameterisation driven models [115] as input cross-sections to the cascade model.

• FLUKA and NuWro also use semi-classical cascade model based on the Oset et al. model

but are tuned by di↵erent cross-section data.
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Figure 4.8: Proton-Carbon scattering cross-section predictions using best-fit value for total
factor. Data points are described in table 4.1. It was realised that NEUT is not capable of
modelling the peak below 500 MeV/c therefore the data points in that region are excluded for
tuning.
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Figure 4.9: Proton-Carbon scattering cross-section predictions using best-fit value for total
factor overlayed with other generator predictions. An uncertainty band of 30% is added to the
NEUT prediction. Data points are described in table 4.1. Data points below 500 MeV/c are
not used for fitting.
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Since the error from the 1D fit seems too small to cover the data points and there are known

limitations to the model, an uncertainty of 30% is used to the NEUT prediction to cover all

generator predictions and the data points including errors above 500 MeV/c. While there are

good agreements in this region, the predictions are vastly di↵erent at low momentum region.

NEUT fails to model the peak at low momentum region indicates that it would need major

modifications to the model. It is also interesting to see that both the Geant4 models agree very

well with the data points. It would be better to adapt the Geant4 models into NEUT, or to

re-define the model parameters such that more data can be used to tune the parameters. In

principle, heavier target data and di↵erential cross-section data are also available for tuning,

however the FSI model in NEUT is not complicated enough to model the angle of outgoing

nucleon. After all, this is the first attempt of tuning proton FSI parameters, and this would

require much e↵ort to be used in future analyses.



Chapter 5

Neutrino Event Selections at near and

far detectors

This chapter describes the measurements at ND280 and SK which are used for this analysis.

The total accumulated data used in this oscillation analysis corresponds to 2.23 ⇥ 1021 POT,

1.47 ⇥ 1021 POT in FHC and 0.76 ⇥ 1021 POT in RHC (equivalent to T2K Runs 1-8 in FHC

and Runs 5-7 in RHC).

5.1 Event Samples as inputs to Oscillation Analysis

Figure 5.1 shows the general analysis strategy to extract oscillation parameters. Firstly, a near

detector fit is done using the ND280 data as inputs to constrain neutrino flux uncertainties and

cross-section uncertainties. Then the reduced uncertainties are used together with SK data for

a far detector fit. Prior to far detector fit using actual data, the fitting framework used for this

analysis has been thoroughly validated through comparing results with two other oscillation

analysis groups. The following sections describes the data that are used for each of the fit.

55
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Figure 5.1: Basic work flow to extract oscillation parameters.

5.2 Event Selections at ND280

Event selections at ND280 in both the neutrino mode and the antineutrino mode data with

interactions in FGD1 and FGD2 are used to constrain neutrino flux uncertainties and cross-

section uncertainties at SK. The data used are described in detail in [7, 116, 117, 118, 119, 120].

They are used to predict the event rate and spectra of selected samples at the far detector.

In order to constrain the uncertainties of flux and cross-section, the ND280 data samples are

binned in muon momentum and cosine of muon angle and all 14 samples are fitted simultane-

ously to obtain best fit values for the cross section parameters, which are shown in table 5.1,

and the flux parameters, which are just the normalisation factors for the 4 neutrino species at

SK in bins of neutrino energy. This is referred to as the Beam And Nd280 Flux Fit (BANFF)

fit [121].

Table 5.1 shows the number of POT, the event rates in each sample for the data, pre-fit and

post-fit, with the post-fit rates taken from the BANFF result. The 13av2 flux tuning weights,

the ND280 detector systematic prior weights and the cross-section weights are all applied to
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Sample Data Postfit Prefit

FGD1 ⌫
µ

CC0⇡ (⌫ mode) 17136 17122.22 16723.69
FGD1 ⌫

µ

CC1⇡ (⌫ mode) 3954 4061.65 4381.48
FGD1 ⌫

µ

CC Other (⌫ mode) 4149 4095.58 3943.95
FGD1 ⌫̄

µ

CC 1-Track (⌫̄ mode) 3527 3503.79 3587.65
FGD1 ⌫̄

µ

CC N-Tracks (⌫̄ mode) 1054 1052.69 1066.91
FGD1 ⌫

µ

CC 1-Track (⌫̄ mode) 1363 1353.44 1272.17
FGD1 ⌫

µ

CC N-Tracks (⌫̄ mode) 1370 1354.02 1357.45
FGD2 ⌫

µ

CC0⇡ (⌫ mode) 17443 17494.56 16959.19
FGD2 ⌫

µ

CC1⇡ (⌫ mode) 3366 3416.28 3564.23
FGD2 ⌫

µ

CC Other (⌫ mode) 4075 3915.36 3570.95
FGD2 ⌫̄

µ

CC 1-Track (⌫̄ mode) 3732 3685.46 3618.27
FGD2 ⌫̄

µ

CC N-Tracks (⌫̄ mode) 1026 1097.38 1077.24
FGD2 ⌫

µ

CC 1-Track (⌫̄ mode) 1320 1330.49 1262.63
FGD2 ⌫

µ

CC N-Tracks (⌫̄ mode) 1253 1263.12 1246.71

Total 64768 64746.02 63632.53

FHC POT 58.00⇥ 1019 1219.65⇥ 1019

RHC POT 38.58⇥ 1019 558.62⇥ 1019

Table 5.1: Comparison of the event rates for data, pre-fit MC and post-fit MC broken by
samples.

the MC, which is then weighted by the ratio of data POT over MC POT for each run period.

The ND280 measurement constrains the SK flux parameters due to correlation between ND280

and SK flux derived from the neutrino beam simulation. It also constrains the cross-section

parameters which are strongly correlated between ND280 and SK. Table 5.2 show the best-fit,

prefit and postfit errors for the cross-section parameters. Uncertainties on these parameters

are reduced by the ND280 constraint. The ND fit reproduced the data well with a p-value

of 0.47. When the ND280 constraint is applied, strong anti-correlations between the SK flux

parameters and the cross section parameters appear as shown in figure 5.2. This is because

the error constraint is actually done on the event rate, which is the product of flux and cross

section, as shown in equation 4.1. Further details about the binning of the SK flux parameters

and parameterisation of the cross-section model are described in next chapter.
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Table 5.2: Summary of the cross-section parameters and their 1� fractional errors pre/post
BANFF fit.

Parameter Best-fit 1� prefit 1� postfit
fractional error fractional error

MQE

A

0.903 0.025 0.066
p
F

0.916 0.058 0.067
2p2h norm. ⌫ 1.426 1 0.195
2p2h norm. ⌫ 0.522 1 0.231
2p2h norm. C to O 0.940 0.2 0.167
2p2h shape O 0.997 3 0.347
CRES

A

0.977 0.149 0.063
MRES

A

0.822 0.158 0.047
BGRES

A

0.979 0.308 0.197
CC other shape 0.519 0.028 0.028
CC coherent 0.906 0.028 0.028
NC coherent 0.939 0.4 0.197
BeRPA A 0.663 0.118 0.057
BeRPA B 1.647 0.21 0.12
BeRPA D 0.988 0.17 0.13
BeRPA E 0.876 0.35 0.35
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Figure 5.2: The parameter correlations without (left) and with (right) the ND280 constraint.
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5.3 Event Selections at SK

Since the 2016 results were released [7], some studies were performed to optimise the event

selection at SK using fiTQun reconstruction [122]. fiTQun is an event reconstruction algorithm

which uses maximum likelihood method and performs reconstruction under various particle

hypotheses like electron, muon, and ⇡0 , hence providing enhanced particle identification ca-

pability and allows better ⇡0 and ⇡+ background rejection. In the following subsections I will

outline the selection cuts to select each of the samples.

5.3.1 1Rµ and 1Re samples

A series of selection cuts is applied to SK MC and data to obtain the 1Re and 1Rµ samples. The

selections are optimised to select CCQE interactions since it allows the energy of the incoming

neutrino to be reconstructed using lepton momentum and angle as show in equation 4.4, it also

provides a clear way to distinguish between ⌫
e

and ⌫
µ

interactions (as described in section 3.11).

Since the 2016 analysis, the fiducial volume (FV) has been re-optimised to increase the statistics

which is described by combined variables wall and towall; they are defined as the shortest

distance from vertex to detector wall, and distance to detector wall along the reconstructed

particle track respectively. The two variables are optimised individually for each sample. The

fiTQun ⌫
µ

event selection criteria are as follow:

1. Fully-contained in SK fiducial volume (FCFV): classified as fully contained events, wall

> 50cm, towall > 250cm

2. Number of rings found by the fiTQun ring counting algorithm is one

3. The ring is identified as muon-like by the PID algorithm: ln (L
e

/L
µ

) < 0.2⇥p
e

, where L
e

is the fiTQun 1Re-like hypothesis likelihood, L
µ

is the fiTQun 1Rµ-like likelihood, and

p
e

is the reconstructed electron momentum of 1Re-like hypothesis

4. Reconstructed muon momentum (p
µ

) of the 1Rµ-like hypothesis is larger than 200 MeV
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5. Number of sub-events is 1 or 2 (i.e. number of decay electrons is 0 or 1)

6. fiTQun ⇡+ rejection cut: ln (L
⇡

+/L
µ

) < 0.15 ⇥ p
µ

, where ln L
⇡

+ is the log likelihood of

fiTQun 1R⇡+ hypothesis

Same event selections are used between the forward and reverse horn current samples. The ⇡+

rejection cut is optimised by evaluating sin2✓23 measurement precision. Two-dimensional dis-

tributions of the fiTQun ⇡+ cut variables p
µ

and ln(L
⇡

+/L
µ

) after cut 5 is shown in Figure 5.3.

Figure 5.4 shows the distribution of reconstructed neutrino energies for the final ⌫
µ

and ⌫
µ

can-

didates. We see a clear oscillation dip at the peak energy of 600 MeV, and small contributions

from irreducible background of wrong sign ⌫
µ

, CC non-QE and NC events.
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Figure 5.3: Two-dimensional distributions of the fiTQun ⇡+ cut variables p
µ

and ln (L
⇡

+/L
µ

) for
⌫
µ

candidates in Runs 1-8 neutrino mode data (left) and ⌫
µ

candidates in Runs 5-7 antineutrino
mode data (right). The ⇡+ cut is shown in dotted yellow line, with events below the line selected
as event candidates. MC distributions are made using oscillation parameters shown in Table 6.1
and are normalised to data using POT.
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Figure 5.4: Reconstructed neutrino energy distribution for the final selected ⌫
µ

candidates for
Runs 1-8 neutrino mode data (left) and ⌫

µ

candidates for Runs 5-7 antineutrino mode data
(right). MC distributions are made using oscillation parameters shown in Table 6.1 and are
normalised to data using POT.

The fiTQun ⌫
e

event selection criteria are as follow:

1. Fully-contained in SK fiducial volume (FCFV): classified as fully contained events, wall

> 80 cm, towall > 170 cm

2. Number of rings found by the fiTQun ring counting algorithm is one

3. The ring is identified as e-like by the PID algorithm: ln (L
e

/L
µ

) > 0.2⇥ p
e

4. Visible energy (fiTQun single-ring e-like hypothesis reconstructed energy) is greater than

100 MeV

5. Number of sub-events is 1 (number of decay electrons is 0)

6. Reconstructed neutrino energy (E
rec

) is less than 1250 MeV

7. fiTQun ⇡0 rejection cut: ln (L
⇡

0/L
e

) < 175�0.875⇥m
⇡

0 , where ln L
⇡

0 is the log likelihood

of fiTQun 1R⇡0 hypothesis and m
⇡

0 is the fitted ⇡0 mass from 2 photons
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Similar to the 1Rµ samples, the ⇡0 rejection cut is optimised by evaluating �
CP

6= 0 significance.

Two-dimensional distributions of the fiTQun ⇡0 cut variables m
⇡

0 and ln (L
⇡

0/L
e

) after cut 6

is applied are shown in Figure 5.5. Figure 5.6 shows the distribution of reconstructed neutrino

energies for the final ⌫
e

and ⌫
e

candidates. We see the distributions peak at the peak neutrino

energy of 600 MeV, and and contributions from irreducible background of intrinsic ⌫
e

, wrong

sign ⌫
e

and NC events.
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Figure 5.5: Two-dimensional distributions of the fiTQun pi0 cut variables m
⇡

0 and ln (L
⇡

0/L
e

)
for ⌫

e

candidates in Runs 1-8 neutrino mode data (left) and ⌫
e

candidates in Runs 5-7 antineu-
trino mode data (right). The ⇡0 cut is shown in dotted yellow line, with events below the line
selected as event candidates. MC distributions are made using oscillation parameters shown in
Table 6.1 and are normalised to data using POT.
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Figure 5.6: Reconstructed neutrino energy distribution for the final selected ⌫
e

candidates for
Runs 1-8 neutrino mode data (left) and ⌫

e

candidates for Runs 5-7 antineutrino mode data
(right). MC distributions are made using oscillation parameters shown in Table 6.1 and are
normalised to data using POT.

5.3.2 1Re with 1 decay e

As mentioned in 4.1, T2K has recently added a non-CCQE signal events to increase the statistics

available for the ⌫
e

appearance analysis. The events considered are categorised as CC single

pion (CC1⇡) production, which are mainly from RES interactions. These events would need to

have good reconstruction e�ciencies and good reconstructed energies. It has been realised that

additional events can be selected by applying the same selection cuts for 1Re sample, expect

having one extra sub-events (number of decay electrons is 1 instead of 0), with the sub-event

being delayed electrons originating from pion decays. The events selected are categorised as

the 1Re ⌫
e

CC1⇡+ sample and they are selected by applying the following cuts:

1. Fully-contained in SK fiducial volume (FCFV): classified as fully contained events, wall

> 50 cm, towall > 270 cm

2. Number of rings found by the ring counting algorithm is one

3. The ring is identified as electron-like by the PID algorithm: ln (L
e

/L
µ

) > 0.2⇥ p
e
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Figure 5.7: Left: Two-dimensional distributions of the fiTQun ⇡0 cut variables m
⇡

0 and ln
(L

⇡

0/L
e

) for Runs 1-8 neutrino mode data. The yellow line indicates the fiTQun ⇡0 cut, below
which events are chosen as ⌫

e

CC1⇡+-like candidates. Right: Reconstructed neutrino energy
distribution for the final selected ⌫

e

CC1⇡+ candidates. MC distributions are made using
oscillation parameters shown in Table 6.1 and are normalised to data using POT.

4. Visible energy (fiTQun single-ring e-like hypothesis reconstructed energy) is greater than

100 MeV

5. Number of sub-events is 2 (number of decay electrons is 1)

6. Reconstructed neutrino energy (E
rec

) is less than 1250 MeV

7. fiTQun ⇡0 rejection cut: ln (L
⇡

0/L
e

) < 175� 0.875⇥m
⇡

0

Energies for these events are reconstructed using �++ mass of 1232 MeV/c2 (instead of pro-

ton mass in case for neutrino interaction in the CCQE picture described in eq. 4.3). Two-

dimensional distributions of the fiTQun ⇡0 cut variables m
⇡

0 and ln (L
⇡

0/L
e

) after cut 6 is

shown in Figure 5.7a. Figure 5.7b shows the distribution of reconstructed neutrino energies for

the final ⌫
e

CC1⇡+ candidates.



Chapter 6

Oscillation Analysis

6.1 Analysis overview

In this chapter, I will describe the oscillation analysis of the five samples (FHC/RHC 1Rµ,

FHC/RHC 1Re and FHC 1Re with 1 decay e) discussed in the previous chapter. This analysis

assumes the standard three neutrino PMNS framework, the parameters of interest being ✓13 ,

�
CP

, ✓23 , and |�m2
32| (the solar parameters �m2

21 and sin2 2✓12 are fixed in this analysis). The

behaviour of the fitting framework used for this analysis has been validated by comparing the

events rates in each sample, the e↵ect of each systematic error and the sensitivity contours two

other independent oscillation analysis groups (VALOR [123] and MaCh3 [124]). All the results

are consistent between the groups.

6.2 Analysis strategy

This analysis uses the lepton momentum p
l

and scattering angle ✓
l

with respect to the beam

direction to bin the 1Re-like samples as they are both reconstructable quantities at SK. The

distribution of the momentum p
l

and scattering angle ✓
l

of reconstructed electrons (positrons)

is di↵erent for the signal and background categories, as shown in Fig. 6.1 (6.2). The p � ✓

65
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Figure 6.1: Distributions of the lepton momentum and angle for the FHC 1Re-like samples
for the signal (6.1d) and the five background categories. These figures assumes the oscillation
parameters Set A listed in Table 6.1.

distribution thus provides additional power to distinguish between signal and background events

(including ⌫ vs. ⌫̄). 1Rµ-like samples are binned using reconstructed energy.

This analysis aims to constrain four oscillation parameters and in particular �
CP

. We consider

a combined likelihood based on multiple data samples and marginalise over nuisance parameters

to produce one- and two-dimensional confidence limits and credible intervals. The complete

likelihood would have far too many parameters to scan over the whole space so the marginalisa-

tion process is built into the likelihood calculation. Marginalisation is a well-defined process in

Bayesian statistics, here the nuisance parameters are assumed to have Gaussian priors and can

integrate over to calculate the likelihood (more details on Section 6.3.2). This is achieved by

summing over a set of pre-calculated parameter throws, including the appropriate correlations,

at each point in a low (i.e. manageable) dimensional space. This method is preferred over pro-

filing method because profiling involves maximising (or minimising) the likelihood with respect

to all other nuisance parameters, which involves using minimisation package that takes signif-

icantly more computational time given the number of parameters considered in this analysis,

using marginalisation also avoids problems with convergence that may arise.
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Figure 6.2: Distributions of the lepton momentum and angle for the RHC 1Re-like samples
for the signal (6.2e) and the five background categories. This figures assumes the oscillation
parameters Set A listed in Table 6.1.

With the addition of RHC data, T2K has developed greater sensitivity to �
CP

by itself, how-

ever the statistics are still low so results have also been produced including in the fit an ad-

ditional Gaussian constraint on sin2 2✓13 based on the combined results of reactor experiments

(sin2 2✓13 = 0.0857 ± 0.0046) [10] which serves to break the degeneracy between sin2 2✓13 and

�
CP

. This constraint is either included in the prior used to generate the throws for marginal-

isation described above, if sin2 2✓13 is being marginalised, or it is added explicitly as an extra

factor in the likelihood.

6.2.1 Definition of likelihood

The analysis is based on a maximum likelihood method. The likelihood is defined as:

L(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o, f) = L
e

(N obs.

e

,x
e

,o, f)⇥ L
µ

(N obs.

µ

,x
µ

,o, f)⇥ Lsyst.(f), (6.1)

where e and µ represents each of the e-like or µ-like sample considered in this analysis. The

variables have the following meaning:
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• N obs.

e/µ

is the number of candidate e-like or µ-like events observed in SK

• x

e/µ

represents measurement variables (momentum p and angle ✓ for e-like events, and

reconstructed energy E
rec

for µ-like events)

• o represents the oscillation parameters we are trying to measure

• Lsyst.(f) is likelihood term for systematic uncertainties. There is a total of 119 systematic

parameters, and their prior uncertainties is taken to be multivariate normal, defined by

a covariance matrix and mean values of the parameters.

L
e/µ

, the likelihood ratio, can be written as

L
e/µ

=

NY

i

P (N obs., N exp.(o, f))

NY

i

P (N obs., N obs.)

(6.2)

where i runs through each E
rec

or p�✓ bin depending on the sample considered.
NY

i

P (N obs., N exp.(o, f))

is the Poisson probability of observing N obs. events with a mean of expected number of events

at SK N exp.(o, f). Similarly
NY

i

P (N obs., N obs.) is the Poisson probability of observing N obs.

when N obs. is expected.

Minimising �2⇥ln L
e/µ

is the same as maximising L
e/µ

. Therefore the likelihood ratio can be

written as the log-likelihood which is calculated by:

�2⇥ ln L
e/µ

= 2⇥
X

i

((N exp.

i

�N obs.

i

) +N obs.

i

· ln(N obs.

i

/N exp.

i

)), (6.3)

The total log-likelihood is then given by the sum of 2⇥ln L
e/µ

for all 5 samples considered:

�2⇥ ln L =
X

samples

�2⇥ ln L
e/µ

(6.4)



6.2. Analysis strategy 69

6.2.2 Oscillation parameters

This analysis uses marginalisation for all oscillation parameters including the mass hierarchy

(described in later sections) with the exception of the solar oscillation parameters which are fixed

(their uncertainties have a negligible impact on the results). Two sets of reference oscillation

parameters are defined which are derived from the previous neutrino mode joint fit to evaluate

a reference expected number of events. The event rates are used as a cross check between the

three oscillation analysis groups. Set A represents parameter values close to the T2K best fit

for Run 1-7, whilst Set B modifies these parameters such that CP is conserved and sin2 ✓23 is

changed to the non-maximal mixing value preferred by NOvA, so that the e↵ect of those have

on the expected sensitivities can be seen. Both parameter sets have been used for consistency

checks between di↵erent oscillation analysis groups and to evaluate the sensitivity.

Table 6.1: Reference values of the neutrino oscillation parameters for Set A and B and earth
matter density. The oscillation parameters are the best fit values from the neutrino mode joint
fit results from previous analysis with sin2 2✓13 shifted to the new reactor best-fit point.

Parameters Set A Set B
�m2

21 7.53⇥ 10�5 eV2 7.53⇥ 10�5 eV2

�m2
32 2.509⇥ 10�3 eV2 2.509⇥ 10�3 eV2

sin2 ✓23 0.528 0.45
sin2 ✓12 (sin2 2✓12 ) 0.304 (0.846) 0.304 (0.846)
sin2 ✓13 (sin2 2✓13 ) 0.0219 (0.0857) 0.0219 (0.0857)
�
CP

-1.601 0
Earth matter density 2.6 g/cm3 2.6 g/cm3

Baseline length 295 km 295 km
Mass hierarchy Normal Normal

6.2.3 Neutrino flavours considered in this analysis

Contributions from six types of neutrino propagation are considered in the analysis: ⌫
µ

!⌫
µ

,

⌫
µ

!⌫
µ

, ⌫
e

!⌫
e

, ⌫
e

!⌫
e

, ⌫
µ

!⌫
e

, ⌫
µ

!⌫
e

. Since ⌫
⌧

and ⌫
⌧

cannot undergo CC interactions

in the energy range spanned by the T2K flux such events can be neglected. ⌫
e

!⌫
µ

(⌫
e

!⌫
µ

)

transitions are negligible. All three flavours undergo NC interactions at the same rate so the

unoscillated flux is used to simulate NC events.
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6.2.4 Categories of neutrino interaction modes

A recent implementation of the CC multi-nucleon mode (2p2h) in NEUT has been considered

in this analysis. We group the NEUT neutrino interaction modes into a set of nine categories:

charged-current quasi-elastic interactions (CCQE), 2p2h, charged-current interactions associ-

ated with single-pion resonant production (CC1⇡), charged-current coherent pion production

(CC coherent), other charged-current processes (CC other), neutral current interactions with

single pion production (NC1⇡), NC coherent, NC1�, and other neutral current interactions

(NC other). These categories are the same for all samples.

6.2.5 Initial Xsec reweight

The input SK MC files were generated using the spectral function (SF) model, but it has been

decided to use instead the relativistic Fermi gas (RFG) model and relativistic random phase

approximation (rel. RPA) because it gave the best agreement with external data (as mentioned

in Section 4.2). A reweighting is applied to reflect this change.

There are two further weightings applied. True NC1� events are increased by 100% (a weight

of 2) based on recent data from [125]. CC coherent pion events have been tuned as a function

of the pion energy to the Berger-Sehgal model ([126]) following recent MINER⌫A results (see

Table 6.2).

Table 6.2: Weights applied to CC coherent pion events

E
⇡

(GeV) Weight
0-0.25 0.135
0.25-0.5 0.4
0.5-0.75 0.294
0.75-1.0 1.206
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Range Size of one bin Number of bins
0 - 1500 MeV/c 100 MeV/c 15
0 - 140 degree 10 degree 14
140 - 180 degree 40 degree 1

Table 6.3: Binning used for lepton momentum and angle PDF for 1Re samples and FHC
⌫
e

CC1⇡ sample.

Range Size of one bin Number of bins
0 - 3 GeV 50 MeV 60
3 - 4 GeV 250 MeV 4
4 - 6 GeV 500 MeV 4
6 - 10 GeV 1 GeV 4
10 - 30 GeV 20 GeV 1

Table 6.4: Binning used for the reconstructed energy PDF for 1Rµ sample.

6.2.6 Calculation of the nominal event rates

To begin the analysis in practice, we first generate histograms which contain the probability

density in momentum p and scattering angle ✓ of outgoing electron in case for 1Re samples

and ⌫
e

CC1⇡+ sample, and reconstructed energy E
rec

in case for 1Rµ samples for each flavour,

interaction category, and true neutrino energy (Etrue). 15 ⇥ 15 bins are used in the p � ✓

distribution, 73 bins are used for the reconstructed neutrino energy spectrum distribution and

201 bins are used for the true neutrino energy spectrum distribution. The full binning scheme

is shown in tables 6.3, 6.4 and 6.5.

To obtain the expected event rates and the p � ✓ distribution, first oscillation probabilities

are applied to the input probability density files and stored in templates giving the expected

nominal numbers of events for the p � ✓/E
rec

bins b, the Etrue bin, interaction mode I and

flavour category C:

Range Size of one bin Number of bins
0 - 10 GeV 50 MeV 200
10 - 30 GeV 20 GeV 1

Table 6.5: Binning used for the true neutrino energy spectrum.
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T (Etrue, C, I, b) =

Z
db dEtrue �(Etrue, C) �(Etrue, C, I) N

t

✏(Etrue, C, I) P
osc

(Etrue, C, I)

(6.5)

= M(Etrue, C, I, b) P
osc

(Etrue, C, I) (6.6)

where:

• �(Etrue, C) is the predicted neutrino flux at SK

• �(Etrue, C, I) is the neutrino-nucleus interaction cross section on water

• N
t

is the number of target nuclei

• ✏(Etrue, C, I) is the SK detection and selection e�ciency

• P
osc

(Etrue, C, I) is the oscillation probability calculated by Prob3++ which is a software

package developed by the Super-Kamiokande collaboration [127], It is open source and

has been used in many neutrino oscillation analyses.

• T (C, e, I, b) represents the output template.

The event rates for interaction mode I and flavour category C are calculated by applying

reweighting factors derived for given values of the systematic parameters to the templates and

summing over the p� ✓/E
rec

and Etrue bins.

Npred(C, I) =
X

E

true
,b

T (Etrue, C, I, b) R(Etrue, C, I, b) (6.7)

where R(Etrue, C, I, b) is the reweighting factor which is the product of the BANFF and xsec

reweighting factors (see Section 6.2.5).

The p� ✓/E
rec

spectra are obtained in the same manner.

Npred(b) =
X

E

true
,C,I

T (Etrue, C, I, b) R(EtrueC, I, b) (6.8)
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6.2.7 Nominal event rates and predicted spectra for the reference

values of the oscillation parameters

Using the inputs and the calculation method discussed above, expected event rates with 1.47⇥
1021 POT in FHC mode and 7.56 ⇥ 1020 POT in RHC mode which corresponds to the data

taken up to end of Run 8 are shown in Tables 6.6-6.10. These numbers assumes the oscillation

parameters Set A listed in Table 6.1. Corresponding rates for Set B can be found in Appendix A.

Table 6.11 shows the expected event rates using oscillation parameters Set A but with �
CP

at

�⇡/2, 0, ⇡/2 and ⇡.

Table 6.6: Nominal event rate table for 1Rµ, with reweighing factors applied to SK MC,
1.47⇥ 1021 POT in FHC.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 175.635 0.004 11.028 0.000 0.022 0.000 186.689
CCMEC 35.525 0.002 1.409 0.000 0.026 0.000 36.961
CC 1⇡ 27.696 0.002 2.616 0.000 0.024 0.000 30.338
CC coh. 0.288 0.000 0.092 0.000 0.000 0.000 0.380
CC other 5.467 0.001 0.406 0.000 0.000 0.000 5.874
NC 1⇡ 5.523 0.116 0.197 0.011 - - 5.847
NC coh. 0.000 0.000 0.000 0.000 - - 0.000
NC 1� 0.000 0.000 0.000 0.000 - - 0.000
NC other 2.056 0.074 0.131 0.009 - - 2.270
Subtotal 252.191 0.199 15.879 0.021 0.072 0.000
Total 268.361

6.2.8 Priors for the oscillation parameters

In this analysis, all but one or two oscillation parameters are marginalised 1 to generate a lower

dimensional likelihood. Intervals can then be calculated for the remaining parameters. In order

to marginalise the oscillation parameters, this analysis uses uncorrelated one-dimensional prior

distributions described in Table 6.12.

1Solar parameters are fixed.
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Figure 6.3: Predicted spectra for each sample. Distributions for 1Rµ samples are a function
of E

rec

whereas distributions for 1Re samples and ⌫
e

CC1⇡ sample are a function of p and ✓.
These figures assumes the oscillation parameter set A listed in Table 6.1.
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Table 6.7: Nominal event rate table for 1Re, with reweighing factors applied to SK MC, 1.47⇥
1021 POT in FHC.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.161 6.306 0.006 0.255 46.282 0.278 53.288
CCMEC 0.030 1.597 0.001 0.025 8.689 0.023 10.399
CC 1⇡ 0.047 0.932 0.003 0.067 4.495 0.047 5.591
CC coh. 0.000 0.008 0.000 0.004 0.034 0.003 0.050
CC other 0.013 0.128 0.000 0.009 0.089 0.003 0.242
NC 1⇡ 1.870 0.042 0.070 0.004 - - 1.987
NC coh. 0.528 0.007 0.048 0.003 - - 0.586
NC 1� 0.942 0.017 0.050 0.002 - - 1.011
NC other 0.318 0.017 0.021 0.001 - - 0.357
Subtotal 3.910 9.054 0.200 0.390 59.589 0.371
Total 73.514

Table 6.8: Nominal event rate table for 1Rµ, with reweighing factors applied to SK MC,
7.56⇥ 1020 POT in RHC.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 15.293 0.001 29.874 0.001 0.001 0.001 45.171
CCMEC 4.470 0.000 2.838 0.000 0.000 0.000 7.310
CC 1⇡ 3.955 0.000 4.533 0.000 0.001 0.001 8.490
CC coh. 0.047 0.000 0.176 0.000 0.000 0.000 0.223
CC other 0.942 0.000 0.606 0.000 0.000 0.000 1.548
NC 1⇡ 0.420 0.017 0.522 0.014 - - 0.973
NC coh. 0.000 0.000 0.002 0.000 - - 0.002
NC 1� 0.000 0.000 0.000 0.000 - - 0.000
NC other 0.316 0.016 0.201 0.008 - - 0.541
Subtotal 25.443 0.035 38.751 0.023 0.002 0.002
Total 64.256

6.2.9 Priors for the systematic parameters

To marginalise the systematic parameters, this analysis uses a MC integration method using

throws from the multivariate Gaussian distribution described by the BANFF output (postfit)

covariance matrix and central values that constitutes the prior for flux and cross-section pa-

rameters. The same is done for the SK detector parameters using SK detector error matrix

provided by the T2K-SK group. E↵ects of these uncertainties are evaluated using the Cholesky

method [128]. To generate correctly correlated distributions, the systematic parameters are
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Table 6.9: Nominal event rate table for 1Re, with reweighing factors applied to SK MC, 7.56⇥
1020 POT in RHC.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.013 0.509 0.024 0.848 1.027 2.859 5.280
CCMEC 0.003 0.144 0.001 0.065 0.233 0.191 0.825
CC 1⇡ 0.008 0.101 0.007 0.144 0.143 0.334 0.738
CC coh. 0.000 0.001 0.000 0.011 0.001 0.031 0.044
CC other 0.004 0.021 0.001 0.012 0.010 0.007 0.055
NC 1⇡ 0.163 0.007 0.196 0.005 - - 0.371
NC coh. 0.048 0.002 0.203 0.003 - - 0.256
NC 1� 0.079 0.004 0.175 0.004 - - 0.262
NC other 0.057 0.002 0.027 0.001 - - 0.087
Subtotal 0.374 0.792 0.636 1.141 1.415 3.562
Total 7.920

Table 6.10: Nominal event rate table for 1R ⌫
e

CC1⇡+, with reweighing factors applied to SK
MC, 1.47⇥ 1021 POT in FHC.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.029 0.024 0.001 0.002 0.212 0.003 0.270
CCMEC 0.010 0.022 0.000 0.001 0.160 0.001 0.195
CC 1⇡ 0.076 0.761 0.003 0.004 4.854 0.002 5.699
CC coh. 0.000 0.018 0.000 0.000 0.111 0.000 0.129
CC other 0.038 0.112 0.001 0.003 0.121 0.002 0.276
NC 1⇡ 0.085 0.002 0.005 0.000 - - 0.092
NC coh. 0.000 0.000 0.000 0.000 - - 0.000
NC 1� 0.028 0.000 0.001 0.000 - - 0.029
NC other 0.206 0.008 0.013 0.001 - - 0.228
Subtotal 0.472 0.948 0.024 0.011 5.458 0.008
Total 6.919

thrown using the following equation,

V sys

i

= Lsys

ij

R
j

, (6.9)

where Lsys is a lower triangular matrix such that for the covariance matrix M , M = LL†

(Cholesky decomposition) R is a vector which consists of Gaussian distributed random numbers,

and V sys is the systematic variations used for marginalising the systematic parameters. It

should be noted that some of the systematic parameters (e.g. NIWG parameters) have hard

boundaries and if the generated systematic variations exceed the boundaries, the entire set are
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Table 6.11: Event rate table using oscillation parameter set A while varying �
CP

, with reweigh-
ing factors applied to SK MC.

�
CP

= �⇡/2 �
CP

= 0 �
CP

= ⇡/2 �
CP

= ⇡
FHC 1Rµ 267.755 267.409 267.725 268.163
FHC 1Re 73.512 61.463 49.931 61.980
RHC 1Rµ 63.054 62.910 63.055 63.211
RHC 1Re 7.921 9.035 10.044 8.930
FHC 1R ⌫

e

CC1⇡+ 6.923 6.010 4.868 5.781

Table 6.12: Oscillation parameter prior distributions

Parameter Prior
sin2 2✓13 Uniform(0, 0.4)

w/ PDG reactor constraint Gaussian(µ = 0.0857, � = 0.0046)
sin2 ✓23 Uniform(0.3, 0.7)
�
CP

Uniform(-⇡, ⇡)
�m2

32 Uniform(0.002, 0.003)
sin2 2✓12 0.846 (Fixed)
|�m2

21| 7.53⇥ 10�5 eV2 (Fixed)

regenerated until the values are within the boundaries. There is always a boundary to prevent

values that would result in a negative event weight.
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6.3 Fitting method

This section describes how the model is used to measure the oscillation parameters, producing

best fit values and intervals for those parameters.

6.3.1 Global best fit point

We define the best fit point as the set of values of the parameters for which the likelihood

L(N obs.

e

, N obs.

µ

, x
e

, x
µ

,o,f) is maximum. This corresponds to a maximum likelihood estimate

for the oscillation and nuisance parameters o and f :

(o, f)
Bestfit

= argmax
o,f

(L(N obs.

e

, N obs.

µ

, x
e

, x
µ

, o, f)) (6.10)

To obtain this best fit point in practice, the Minuit2 root package is used to minimise �ln(L)
with respect to all the parameters. When fitting for ✓23 using the parameterisation sin2(✓23),

the likelihood can have a local minimum in each octant, and the minimising algorithm will not

be able to compare the two local minima in a single run. The fit is therefore done twice, with

a starting point in each octant, and the result ofthose two fits giving the lowest value of the

negative log likelihood is kept as best fit point. The fit is performed separately for the normal

and inverted hierarchy hypotheses.

6.3.2 Marginal likelihood

The likelihood is defined previously in Section 6.2.1 as:

L(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o, f) = L
e

(N obs.

e

,x
e

,o, f)⇥ L
µ

(N obs.

µ

,x
µ

,o, f)⇥ Lsyst.(f), (6.11)

and so for a given measurement L(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o, f) depends on both the values of the

parameters we are trying to measure o and on the values of the nuisance parameters f . Lsyst
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is the systematic term of the likelihood. If the di↵erence of one systematic parameter i from

its centre value is called v
i

, the likelihood is calculated as:

Lsyst = exp(�0.5
X

i,j

v
i

M
ij

v
j

), (6.12)

where M
ij

is the element (i, j) of the inverted covariance matrix. The systematic parameters

used in the analysis to model the systematic uncertainties are described in Section 6.4. To be

able to extract information about the parameters o and build intervals, we need to construct a

likelihood function that depends only on o while taking into account the e↵ect of the systematic

uncertainties. We use for this a Bayesian marginalisation method, in which we compute the

marginal likelihood by integrating the full likelihood over the nuisance parameters f :

L
marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o) =

Z
L(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o, f)df. (6.13)

The confidence level intervals and Bayesian credible intervals for the parameters of interest o are

then constructed based on the distribution of this marginal likelihood L
marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o)

a function of o, which is obtained by evaluating numerically L
marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o) for a

number of fixed values of o summarised in table 6.13.

Marginalisation of the likelihood over the systematic parameters

We marginalise over the nuisance parameters using a numerical integration technique: we

throw the systematic parameters f N times according to their prior distributions P
syst.

(f),

and evaluate:

L
marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

, o) =
1

N

NX

i=1

L
e

(N obs.

e

,x
e

, o, f
i

)⇥ L
µ

(N obs.

µ

,x
µ

, o, f
i

), (6.14)

where we use, unless otherwise stated, N=10,000 throws of the systematic parameters for

this numerical integration. A more detailed description of this method and of its limitations

can be found in section 2.1 of [129] and Appendix A.4. It is possible to produce a four-
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dimensional marginal likelihood (marginalising over all of the systematic parameters but none

of the oscillation parameters) to find a four-dimensional best fit point.

Table 6.13: Binning used to evaluate the marginal likelihood for the di↵erent oscillation pa-
rameters

Parameter Number of points First point Last point
sin2(2✓13) 81 0 0.4
(without reactor constraint)
sin2(2✓13) 81 0.06 0.14
(with reactor constraint)
�
CP

51 �⇡ +⇡
|�m2

32| 21 2⇥ 10�3eV2 3⇥ 10�3eV2

sin2(✓23) 81 0.3 0.7

Marginalisation of the likelihood over some oscillation parameters

We want to fit the T2K data for the four oscillation parameters sin2(✓23), |�m2
32|, sin2(2✓13)

and �
CP

. However as it is di�cult to produce or display intervals in four dimensions, we will in

practice look at the results for only one or two parameters at a time. The remaining oscillation

parameters become e↵ectively nuisance parameters, which are marginalised over. As we will be

using flat prior distributions for those parameters, they will be thrown with uniform probability

over the ranges defined in table 6.12 to evaluate the marginal likelihood following equation 6.14.

The only exception is for sin2(2✓13) when using the results of the reactor experiments, in which

case the parameter will be thrown with Gaussian probability (x = 0.0857, � = 0.0046), and

the physical constraint 0  sin2(2✓13)  1.

6.3.3 Confidence level intervals

Frequentist confidence level intervals have been built using the fixed ��2 method. The ��2

function is defined as:

��2(o) = �2⇥ ln

✓L
marg

(o)

Lmax

marg

◆
, (6.15)
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where Lmax

marg

is the maximum of the marginal likelihood over the range of values of o considered.

It has to be noted that it is the maximum of the marginal likelihood L
marg

(N obs.,x,o) for the

one or two parameters we are building intervals for and not of the full likelihood L(N obs.,x,o,f),

so that this maximum will not necessarily correspond to the best fit point defined in section

6.3.1, or to the maximum of a marginal likelihood for the four oscillation parameters (as we are

marginalising over some of those four parameters to build 1D or 2D intervals).

We then define the interval as the region of the parameter space for which the ��2 is inferior to

a certain fixed value ��2
f

, which depends on the target coverage and number of parameters. We

will be using the standard values presented in table 6.14, which would give the desired coverage

for the intervals assuming the likelihood is approximately Gaussian and takes its significant

values far away from physical boundaries. Otherwise, the Feldman-Cousins method [130] can

be used to obtain intervals with correct coverage. This is done when fitting the T2K data for

one-dimensional �
CP

where we are especially concerned about showing the correct coverage, all

other confidence level intervals will be made using the fixed values from table 6.14 since it is

very computationally intensive especially in two-dimensions.

Table 6.14: Fixed ��2 values used to build intervals

Target coverage 1 parameter 2 parameters
68.3% 1 2.3
90% 2.71 4.61

6.3.4 Credible intervals

It is also possible to use the marginalised likelihoods to produce Bayesian credible intervals.

This is particularly useful when considering fits close to a boundary where the fixed��2 method

may not have the correct coverage. It is also less computationally intensive than calculating

critical �2 values with the Feldman-Cousins method.

The marginal likelihood is generated in bins, so to improve the accuracy of the interval cal-

culation the first step is to increase the number of bins through interpolation. The bins with
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the highest likelihood are then selected until the desired fraction of the likelihood lies within

the interval. The bin size is kept uniform so that the probability density is proportional to the

likelihood.

Z

interval

p(o | N obs.

e

, N obs.

µ

,x
e

,x
µ

) = ↵%, (6.16)

where the posterior probability for o after measurement (N obs.

e

, N obs.

µ

,x
e

,x
µ

) is defined by:

p(o | N obs.

e

, N obs.

µ

,x
e

,x
µ

) =
L

marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o) · p(o)R L
marg

(N obs.

e

, N obs.

µ

,x
e

,x
µ

,o0) · p(o0) do0 , (6.17)

with p(o) the prior probability for o.
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6.4 Systematic parameters

A large number of systematic uncertainties are taken into account when calculating the expected

number of events used to evaluate the likelihood. Uncertainties in the beam flux prediction, the

neutrino interaction cross-section model and in the event detection e�ciency are all considered

and are described in this section. Many of the uncertainties are constrained using fits to the

near detector data. The parameters which can be constrained by near detector data use the

results of the BANFF fit as prior distribution in the analysis.

6.4.1 Implementation in the Analysis

The systematic uncertainties are incorporated into the analysis as systematic error factor fBeam,

fxsec, fSK+FSI+PN and fE�scale that scale the predicted number of events. Which events are

reweighted by each factor depends on the neutrino flavour and interaction mode. There are 119

parameters in total. Within the likelihood calculation these parameters are treated as a set of

Gaussian degrees of freedom (see equation 6.12).

6.4.2 Beam flux parameters

The uncertainties on the neutrino and antineutrino-beam flux predictions are applied as a set

of reweighting factors divided up by neutrino flavour and true energy. There are 50 parameters

in total described in Table 6.15. The beam parameters are incorporated into the BANFF

framework and thus the uncertainty on these parameters is reduced through constraints from

the near detector data and the central value is fitted.

6.4.3 Neutrino interaction and cross-section parameters

The interaction and cross-section uncertainties have been updated substantially for the 2017

analyses. This analysis includes new parameterisations of the uncertainties on 2p-2h and RPA
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Table 6.15: Binning of fBeam parameters

Event category Beam ⌫ flavour Energy Binning (GeV) # of bins
Oscillated ⌫̄

e

⌫̄
µ

flavour
0-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7,

11⌫̄
µ

0.7-1.0, 1.0-1.5, 1.5-2.5, 2.5-3.5,
3.5-5.0, 5.0-7.0, 7.0-30.0

Oscillated ⌫
e ⌫

µ

flavour
0-0.7, 0.7-1.0, 1.0-1.5, 1.5-2.5,

5
⌫
µ

2.5-30.0

⌫̄
e

⌫̄
e

flavour
0-0.5, 0.5-0.7, 0.7-0.8, 0.8-1.5,

7
1.5-2.5, 2.5-4.0, 4.0-30.0

⌫
e

⌫
e

flavour 0-2.5, 2.5-30.0 2

modelling, other parameters remain the same as in the previous analysis. There are 20 pa-

rameters in total, all of which are included in the near detector fit, though not all receive a

significant constraint.

CCQE interactions are described by the relativistic Fermi gas (RFG) model with relativistic

random phase approximation (rel. RPA) applied, as mentioned in Section 4.2. The Nieves RPA

model [92] has been included as an E
⌫

and Q2 dependent e↵ect on the CCQE cross section, but

it was found that having one correction term for rel. RPA is not flexible enough. Therefore,

Bernstein Random Phase Approximation (BeRPA) function was developed which aimed to

have the same Q2 dependence as the Nieves RPA model, but to provide variable parameters as

a function of Q2 which would roughly cover the theoretical errors. Five parameters named A,

B, D, E and U allows variation of various Q2 region of the RPA function. The nominal BeRPA

parameter set and recommended uncertainties are given in Table 6.16. The nominal parameter

set was found by fitting Nieves RPA as a function of Q2 to most closely match the shape.

The uncertainties are chosen to approximately cover the 1� theoretical uncertainties provided

Nieves as shown in Figure 6.4. U is fixed because it introduces complicated correlations between

parameters and is therefore not included in Table 6.17.
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Table 6.16: Nominal values and uncertainties for the five BeRPA parameters. Note that U
should not be varied and no uncertainty is provided. All the parameters must be positive and
are uncorrelated between them.

Parameter Nominal value Uncertainty
A 0.59 20%
B 1.05 20%
D 1.13 15%
E 0.88 40%
U 1.20 fixed
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Figure 6.4: The BeRPA best fit value is shown (black data points) compared to the Nieves
nominal RPA model as a function of Q2 (black solid line). The nominal BeRPA 1� uncertainties
are also shown with the theoretical 1� uncertainties from Nieves for comparison (dashed black
lines).
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The binding energy E
b

(on oxygen) parameter was deprecated since the last analysis because

of the phase-space issues meant that the parameter did not properly model variations of the

binding energy.

In the previous analysis, there was an overall normalisation parameter for the 2p2h interactions

(on oxygen) and an extra normalisation parameter for ⌫ 2p2h interactions such that ⌫ 2p2h

interactions receive a weight of f2p2hO
⇥f2p2h⌫̄ . For this analysis, there are separate normalisation

parameters for ⌫ and ⌫ 2p2h interactions each of which apply to both carbon and oxygen. An

additional normalisation parameter (2p2h norm. C to O) is introduced which has an error of

20% to take into account the di↵erence between carbon and oxygen.

An additional shape uncertainty for 2p2h model is introduced to test the e↵ect of other relevant

degrees of freedom in the 2p2h model. This parameter is allowed to vary between -1 to +1

to artificially redistributing the 2p2h cross section strength between “non-PDD like” to “PDD

like” 2p2h. The e↵ect of this parameter have on the bias in energy reconstruction for 2p2h

events at ND280 is shown in Figure 6.5. Therefore, all ⌫ 2p2h interactions at SK receive a

weight of f2p2h⌫ ⇥ f2p2hCtoO
⇥ f2p2hshape

and all ⌫ 2p2h interactions at SK receive a weight of

f2p2h⌫̄ ⇥ f2p2hCtoO
⇥ f2p2hshape

.

All other interactions receive the same systematic treatment as in the previous analysis. Since

ND280 is incapable of precisely measuring ⌫
e

and ⌫
e

interaction cross sections, a theoretically

motivated error is applied based on [131]. Addition uncertainties from neutral current modes

are also considered which are not constrained by ND280. Table 6.17 shows the summary of

the neutrino interaction parameters. Norm type parameters are normalisation parameters and

shape type parameters have kinematic (energy, p, ✓, E
rec

) dependence.

6.4.4 Super-K detector uncertainties

The SK detector uncertainty and FSI+SI+PN uncertainty have been revised for the new fiTQun

reconstruction method. The detector errors describe the mis-characterisation of final states

(FS) based on the measured cut parameters values. The systematic errors are calculated for
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Figure 6.5: Bias in neutrino energy reconstruction for 2p2h events at ND280. The two extreme
cases of “Not Delta Like” and “Delta Like” are obtained by setting the 2p2h shape parameter
to -1 and 1 respectively.

Table 6.17: Summary of the neutrino interaction parameters using the results of ND280 fit.
Starred errors are not constrained by the near detector.

Parameter interaction categories applied type
MQE

A

CCQE shape
p
F

CCQE shape
2p2h norm. ⌫ 2p2h norm
2p2h norm. ⌫ 2p2h norm
2p2h norm. C to O 2p2h norm
2p2h shape O 2p2h shape
CRES

A

CC1⇡ and NC1⇡ shape
MRES

A

CC1⇡ and NC1⇡ shape
BGRES

A

CC1⇡ and NC1⇡ shape
CC other shape CC other shape
CC coherent CC coherent norm
NC coherent NC coherent norm
NC 1� NC 1� norm*
NC other NC other norm*
�
⌫e/�⌫µ CC norm*
�
⌫̄e/�⌫̄µ CC norm*

BeRPA A CCQE shape
BeRPA B CCQE shape
BeRPA D CCQE shape
BeRPA E CCQE shape
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Event Type Selection criteria
⌫
e

CC1e ⌫
e

CC && N
⇡

0 == 0 && N
⇡

± == 0 && N
P

== 0
⌫
e

CC other ⌫
e

CC && !(⌫
e

CC1e)
⌫
µ

CC1µ ⌫
µ

CC && N
⇡

0 == 0 && N
⇡

± == 0 && N
P

== 0
⌫
µ

CC ⌫
µ

CC && N
⇡

0 == 0 && !(⌫
µ

CC1µ)
⌫
µ

CCµ⇡0 other ⌫
µ

CC && N
⇡

0 > 0
NC 1⇡0 NC && !(NC�) && N

⇡

0 == 1 && N
⇡

± == 0 && N
P

== 0
NC ⇡0 other NC && !(NC�) && N

⇡

0 � 1 && !(NC 1⇡0 )
NC � mode == 38 k mode == 39
NC 1⇡± NC && !(NC�) && N

⇡

0 == 0 && N
⇡

± == 1 && N
P

== 0
NC other NC && !(NC 1⇡0 ) && !(NC ⇡0 other) && !(NC�) && !(NC 1⇡±)

Table 6.18: Criteria for event categorisation using final state information. Mode refers to the
NEUT interaction mode number. The number of charged pions (N

⇡

±) and protons (N
P

) only
includes those particles produced with momentum above Cherenkov threshold set at 156.0
MeV/c and 1051.0 MeV/c respectively.

Table 6.19: Momentum binning of f sk parameters for appearance samples

Neutrino Flavour Interaction mode Momentum Binning (GeV/c)
Osc. ⌫

e

/⌫̄
e

CC 0-0.3, 0.3-0.7, 0.7-1.5
⌫
µ

/⌫̄
µ

CC 0-0.3, 0.3-0.7, 0.7-1.5
Bckgd. ⌫

e

/⌫̄
e

CC 0-0.3, 0.3-0.7, 0.7-1.5
All NC 0-0.3, 0.3-0.7, 0.7-1.5

the SK FS modes using the SK atmospheric neutrino control sample. The di↵erent FS modes

are described in Table 6.18. The SK FS type error estimations are applied by generating 106

toy MC events and assign random Gaussian fluctuations of the FS mode errors for each event.

The toy MC method is used to study fractional errors of event rates categorised by neutrino

flavour, charged and neutral current, and p � ✓ or E
rec

bins. The fractional shifts from the

nominal values and correlation between each sample category are calculated and converted into

a covariance matrix.

Appearance samples are divided into oscillated ⌫
e

/⌫̄
e

CC, ⌫
µ

/⌫̄
µ

CC, beam ⌫
e

/⌫̄
e

CC and NC

modes. Disappearance samples into ⌫
µ

/⌫̄
µ

CCQE, ⌫
µ

/⌫̄
µ

CC Other, ⌫
e

/⌫̄
e

CC and NC modes.

Some modes are divided into three bins in E
rec

or P
lepton

. This gives a total of 12+6+12+6+12 =

48 bins which are summarised in tables 6.19 and 6.20.
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Table 6.20: Energy binning of f sk parameters for disappearance samples

Neutrino Flavour Interaction mode Energy Binning (GeV)
⌫
µ

/⌫̄
µ

CCQE 0-0.4, 0.4-1.1, 1.1-30.0
⌫
µ

/⌫̄
µ

CC Other 0-30.0
⌫
e

/⌫̄
e

CC 0-30.0
All NC 0-30.0

Final state interaction and secondary interaction model uncertainties Uncertainties

from hadron re-interactions in the target nucleus (Final State Interaction, or FSI) and in the

detector (Secondary Interaction, or SI) at SK are are added in quadrature to the SK matrix in

order to reduce the total number of parameters in the analysis. Since the same model is used

for FSI and SI, it is possible to evaluate the uncertainties in both FSI and SI simultaneously.

Photo-nuclear e↵ect The SK detector simulation contains a model of the photo-nuclear e↵ect

i.e. the interaction of � � ray photons with nuclei. This process can lead to the absorption of

a photon before it can pair-produce and generate Cherenkov light, in which case the photon

would not be reconstructed. This has important consequences for the detection of ⇡0 which

decay to two photons. This is also added in quadrature to the SK matrix.

Energy scale uncertainty The SK energy uncertainty is applied after the other nuisance

parameters to find how the energy spectrum changes after multiplying the E
rec

of all of the

events by the fE�scale systematic parameter. We assume that events are uniformly distributed

in each bin and thus that if a fraction ↵% of the energy range covered by bin i moves into the

range of bin i+1, that ↵% of the events would behave in the same manner. The final pdf used

in the likelihood is produced after this event migration has been calculated.

6.4.5 E↵ect of the systematic parameters

The e↵ects of the systematic parameters are described in this section. By making a large number

of throws of di↵erent subsets of the systematic parameters, as well as all in concert, we can

determine the contribution to the uncertainty from each error source (Beam flux, cross-section
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model etc.) and the reduction in the uncertainty due to the near-detector constraint.

The uncertainties on the predicted event rates are estimated by making 10,000 throws of the

systematic and oscillation parameters and evaluating the RMS of the predicted event rates

among the throws. Table 6.21 summarises the systematic errors from each error source, using

oscillation parameter Set A in Table 6.1 and 1.47 ⇥ 1021 POT and 0.76 ⇥ 1021 POT for FHC

and RHC respectively. Tables A.6-A.10 shows comparisons between pre-BANFF fit and post-

BANFF fit.

The non-constrained parameters here are NC1�, NC other, and the ⌫
e

/⌫
µ

and ⌫̄
e

/⌫̄
µ

cross-

section ratio parameters whose error sizes hardly change with BANFF constraint. The con-

strained parameters here are the flux parameters and the other xsec parameters. The variation

of the event rates with BANFF non-constrained parameters is not so large between when

BANFF prefit parameters are used and when BANFF postfit parameters are used.

Table 6.21: Percent errors on the predicted event rates in each sample. The last column is the
error on the ratio of predicted event rates in the neutrino and antineutrino mode 1Re samples.

1Rmu 1Re
Error Source FHC RHC FHC RHC FHC 1 d. e. FHC/RHC
SK Detector 1.9 1.6 3.0 4.2 16.5 1.6
SK FSI+SI+PN 2.2 2.0 2.9 2.5 11.3 1.6
SK Detector+FSI+SI+PN 2.9 2.5 4.2 4.8 19.2 2.1
ND280 const. flux & xsec 3.3 2.7 3.2 2.9 4.1 2.5
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 0.0 0.0 2.6 1.5 2.6 3.1
NC1� 0.0 0.0 1.1 2.6 0.3 1.5
NC Other 0.3 0.3 0.1 0.3 1.0 0.2
Syst. Total 4.4 3.8 6.3 6.4 19.6 4.7
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6.5 Sensitivity studies

This section describes sensitivity studies for the five sample fit assuming 1.47 ⇥ 1021 POT in

FHC and 0.76⇥ 1021 POT in RHC which is equal to the total T2K-SK Run1-8 data.

The same two sets of “true” oscillation parameter values were used as in Section 6.2.2. Rather

than average over the results of many toy data sets throwing the systematic parameters, the

sensitivities presented are derived only from a fit to a single data set generated with all of the

systematic parameters at their central values. This is referred to as the “Asimov” data set [132],

a single data set representative of the distribution of possible data sets. Within the fit itself,

the systematic parameters are marginalised. This method saves a great deal of computation

time. The result of the fits can be viewed as a “Asimov Sensitivity”: the contours from this

Asimov fit will indicate the ability to measure the oscillation parameters, in the absence of

statistical fluctuations if the true parameter values are the input values.

The sensitivities have been evaluated both with and without the reactor constraint. The best

fit point, denoted by a triangle marker, is the centre of the highest bin in the likelihood surface.

For the two-dimensional contours the normal and inverted hierarchy ��2 are calculated with

respect to their own �2 minima. For the one-dimensional case a single global minimum is used.

We use the posterior probability for the hierarchies to evaluate the datas preference for one

hierarchy or the other, the Asimov fit results are shown in section 6.5.2. The results have been

compared with the other two fitting frameworks and we see consistent sensitivities for Asimov

Set A and Asimov Set B.

The results for Set A are presented in Figures 6.6-6.8. As expected, the best fit points from the

fits are close to the input oscillation parameters set values. Note in Figure 6.6 the change in

octant preference from low to high when the reactor constraint is applied and �
CP

is constrained

towards negative values. A stronger preference of mass hierarchy is seen in figure 6.8b with the

di↵erence of ��2 values at best-fit point between the two hierarchies is larger when including

reactor constraint. This is expected since a stronger constraint on sin2 ✓13 gives additional

power to separate between the two hierarchies.
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Figure 6.6: Asimov sensitivity 2D confidence level contours in |�m2
32 | vs.sin2 ✓23 for normal

and inverted hierarchy using Set A
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Figure 6.7: Asimov sensitivity 2D confidence level contours in �
CP

vs. sin2 ✓13 for normal and
inverted hierarchy using Set A

CP
δ

3− 2− 1− 0 1 2 3

2
χ 

∆

0

1

2

3

4

5

6

NH

IH

(a) T2K only

CP
δ

3− 2− 1− 0 1 2 3

2
χ 

∆

0

2

4

6

8

10

12

14

16

18

NH

IH

(b) T2K + reactor

Figure 6.8: Asimov sensitivity 1D ��2 in �
CP

for normal and inverted hierarchy using Set A
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Figure 6.9: Asimov sensitivity 2D confidence level contours in |�m2
32 | vs.sin2 ✓23 for normal

and inverted hierarchy using Set B
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Figure 6.10: Asimov sensitivity 2D confidence level contours in �
CP

vs. sin2 ✓13 for normal and
inverted hierarchy using Set B
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Figure 6.11: Asimov sensitivity 1D ��2 in �
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for normal and inverted hierarchy using Set B
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The results for Set B follow in Figures 6.9-6.11. Since the �
CP

value in this case is set to zero,

the expected exclusion ranges for �
CP

are smaller compared to oscillation parameter set A.

These are shown in Figure 6.11a and 6.11b. It is interesting to note that although Set B uses

the normal hierarchy as the true configuration, the best fit prefers the inverted hierarchy. This

occurs as a result of marginalising over all of the other parameters. At some values of �
CP

the

inverted hierarchy �2 is lower averaging over values of the latent parameters. The di↵erence in

the �2 between the best fit points for normal and inverted hierarchy in these instances is very

small and thus while a preference for the wrong hierarchy exists, it is very weak indeed and no

statement about real data could be made in such circumstances.
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6.5.1 Sensitivity studies using Credible Intervals

This section presents the results of sensitivity studies for �
CP

using one-dimensional credible

intervals. The same marginal likelihoods were used as for the confidence level sensitivity in the

previous section. The credible intervals are constructed by treating the marginal likelihood as

proportional to the posterior probability. Sensitivities using oscillation parameter Set A can be

found in Figures 6.12 to 6.14 and using Set B in Figures 6.15 to 6.17.
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Figure 6.12: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for the normal hierarchy fit,
oscillation parameter Set A
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Figure 6.13: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for the inverted hierarchy fit,
oscillation parameter Set A
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Figure 6.14: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for both hierarchies, oscillation
parameter Set A
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Figure 6.15: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for the normal hierarchy fit,
oscillation parameter Set B
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Figure 6.16: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for the inverted hierarchy fit,
oscillation parameter Set B
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Figure 6.17: 68.3%, 90% and 95% 1D Credible intervals in �
CP

for both hierarchies, oscillation
parameter Set B
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6.5.2 Comparison of hypotheses on mass hierarchy and sin2 ✓23 octant

We also look at the posterior probability of di↵erent hypotheses. Here we consider the mass

hierarchy and the octant of ✓23. We define the posterior probability of an hypothesis H
i

as:

P (H
i

|N obs.,x) =
L

marg

(N obs.,x, H
i

)P (H
i

)P
j

L
marg

(N obs.,x, H
j

)P (H
j

)
(6.18)

Where:

• the hypothesis H
j

runs through the 4 combinations which can be made with the two mass

hierarchies and the two octants for ✓23.

• the likelihood of the observed measurement (N obs.,x) in the hypothesis H
i

is given by

the marginal likelihood for this hypothesis. The range over which sin2(✓23) is integrated

is adjusted depending on the octant corresponding to H
i

.

• the prior probabilities for each hypothesis are taken equal, P (H
j

) = 0.25 for all j.

The posterior probabilities for the various combinations of mass hierarchies and octants for

Asimov A and B are summarised in tables 6.22 and 6.23. Reactor constrain is imposed to give

better ability to constrain models.

Table 6.22: Posterior probabilities for di↵erent hypotheses assuming Asimov A oscillation pa-
rameters.

sin2 2✓23 < 0.5 sin2 2✓23 > 0.5 Line total
Inverted hierarchy 0.07 0.21 0.28
Normal hierarchy 0.22 0.50 0.72
Column total 0.29 0.71 1
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Table 6.23: Posterior probabilities for di↵erent hypotheses assuming Asimov B oscillation pa-
rameters.

sin2 2✓23 < 0.5 sin2 2✓23 > 0.5 Line total
Inverted hierarchy 0.23 0.29 0.52
Normal hierarchy 0.24 0.25 0.49
Column total 0.47 0.54 1
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6.6 Data fit results

In this section are the results obtained when fitting the four one-ring CCQE-like samples and a

one-ring CC1⇡-like sample observed at Super-Kamiokande over the 2009-2017 T2K data sets.

This dataset is made of 74 1Re and 240 1Rµ candidate events in FHC mode, 7 1Re and 68 1Rµ

in RHC mode, and 15 1R ⌫
e

CC1⇡ candidate events which passed all the selection cuts [133].

The five samples are reproduced in the variables used for the analysis in Figure 6.18. This is

important when considering the fit results compared to the sensitivities in the previous section.

We will first present the results obtained when using a frequentist approach, where we build

confidence intervals for the parameters, and then additional results obtained when following

a Bayesian approach. For the mass splittings, we will be giving the results for |�m2
32| in the

normal hierarchy, and |�m2
31| in the inverted hierarchy.
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Figure 6.18: Events of the Run 1-8 data set for all five samples considered, overlay with spectra
produced using best fit points from Section 6.6.1 assuming NH.
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6.6.1 Global Best-fit Results

Results for T2K only data

We will start by fitting the T2K data without external constraints for the four oscillation pa-

rameters allowed to vary. Performing a simple minimisation over the systematic and oscillation

parameters yields a best fit point in the 4D oscillation space. Best fit values for the individual

parameters are given in table 6.24 for the normal hierarchy case, and in table 6.25 for the

inverted hierarchy case.

Table 6.24: Results of the fit of the T2K run 1-8 data in the normal hierarchy

Parameter Best fit
sin2(2✓13) 0.105
�
CP

-2.02
|�m2

32|(eV2/c4) 2.46⇥ 10�3

sin2(✓23) 0.518

Table 6.25: Results of the fit of the T2K run 1-8 data in the inverted hierarchy

Parameter Best fit
sin2(2✓13) 0.120
�
CP

-1.22
|�m2

31|(eV2/c4) 2.44⇥ 10�3

sin2(✓23) 0.520

Results with reactor constraint for sin2(2✓13)

In this section are the results obtained when fitting the T2K data while constraining the

variations of sin2(2✓13) in the fit using the results of the reactor experiments. We will take

for this the value coming from the PDG 2016 summary table:

sin2(2✓13) = 0.0857± 0.0046
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and so a Gaussian constraint is applied with mean 0.0857 and � 0.0046 for sin2(2✓13). The best

fit values obtained for the di↵erent parameters in both mass hierarchies are shown in tables

6.26 and 6.27.

Table 6.26: Results of the fit of the T2K run 1-8 data in the normal hierarchy

Parameter Best fit
sin2(2✓13) 0.087
�
CP

-1.77
|�m2

32|(eV2/c4) 2.46⇥ 10�3

sin2(✓23) 0.528

Table 6.27: Results of the fit of the T2K run 1-8 data in the inverted hierarchy

Parameter Best fit
sin2(2✓13) 0.088
�
CP

-1.44
|�m2

31|(eV2/c4) 2.44⇥ 10�3

sin2(✓23) 0.533

6.6.2 Frequentist results using marginalisation

In this section can be found the confidence level contours for the data fit. They are built

using the fixed ��2 method on the distribution of the 1D/2D marginal likelihood for the pa-

rameter(s) considered (marginalised over the nuisance parameters, and all the other oscillation

parameters). Figure 6.19 shows the contours in sin2 ✓23 vs. �m2
32 space. For both T2K only

and T2K plus reactor the best fit point lies in the higher octant with T2K only best fit point

lies closer to maximal oscillation. Figure 6.20 shows the contours in �
CP

vs. sin2 ✓13 space.

Here the contours for normal and inverted hierarchy are constructed relative to a common �2

minimum. Figure 6.21 shows the ��2 distribution as a function of �
CP

. Even assuming nor-

mal hierarchy without reactor constrain, �
CP

= 0 is still excluded at 2� CL. These results are

presented with local contours for each hierarchy hypothesis, expect for 1D ��2 distribution for

�
CP

, where global minimum is used. The preference in hierarchy will be evaluated using the

posterior probabilities in the Bayesian approach shown in the next section.
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Figure 6.19: 2D confidence level contours in |�m2
32 | vs. sin2 ✓23 for normal and inverted

hierarchy. These results are presented with local contours for each hierarchy hypothesis.
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Figure 6.20: 2D confidence level contours in �
CP

vs. sin2 ✓13 for normal and inverted hierarchy.
These results are presented with local contours for each hierarchy hypothesis.
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Figure 6.21: 1D ��2 plots in �
CP

for normal and inverted hierarchy. Global minimum is used
for 1D results. Confidence level intervals have been built using the fixed ��2 method.
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6.6.3 Bayesian results using marginalisation

Here, instead of the ��2 distribution, we can look at the posterior probability for this parame-

ter, and build credible intervals from it. An additional di↵erence is that we can also marginalise

over the mass hierarchy, taken as a discrete variable with two values to which we can assign

prior probabilities P(NH) and P(IH). The normal hierarchy scenario corresponds to P(NH)=1

and P(IH)=0, the inverted hierarchy one to P(NH)=0 and P(IH)=1. When marginalising over

the mass hierarchy we will assume that both hierarchies were equally likely before the fit and

take P(NH)=P(IH)=0.5. The posterior probability for �
CP

is then given in each case by:

P (�
CP

) = ↵⇥ [L
marg

(�
CP

|NH)P (NH) + L
marg

(�
CP

|IH)P (IH)] (6.19)

where ↵ is a constant so that the probability over the whole range [�⇡; ⇡] is equal to 1.

In the section below can be found 1D Bayesian credible intervals in �
CP

for normal hierarchy,

inverted hierarchy and both together. Equivalent intervals in sin2 2✓13 , sin
2 ✓23 and�m2

32 can be

found in section B. Below the plots/analysis are tables summarising the extent of the credible

intervals for all four parameters. Within each table the second column contains the most

probable value (MPV), the peak of the posterior likelihood, and the third and fourth columns

contain the distance from the MPV to the lower and upper edges of the 68.3% credible interval.

These intervals form a clear and concise way to represent the fit results and have therefore

been chosen as the primary result from this thesis. From Figure 6.24 using the reactor prior

on sin2 2✓13 , �
CP

=0 is excluded at the 95% level. From figures B.3 we can see that the

reactor constraint clearly dominates the posterior in sin2 ✓13 , but also has a clear e↵ect on

sin2 ✓23 shown in figures B.6, causing it to favour the higher octant.
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Figure 6.22: 1D Credible intervals in �
CP

for the normal hierarchy fit
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Figure 6.23: 1D Credible intervals in �
CP

for the inverted hierarchy fit
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Figure 6.24: 1D Credible intervals in �
CP

for both hierarchies
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Table 6.28: Credible intervals for sin2 2✓13 using T2K only and with the reactor constraint

Hierarchy Most Probable Value Lower Range Upper Range

T2K only
Normal 0.1099 0.0185 0.0218
Inverted 0.1242 0.0203 0.0236
Both 0.1147 0.0197 0.0247

T2K + reactor
Normal 0.0875 0.0045 0.0043
Inverted 0.0882 0.0043 0.0055
Both 0.0876 0.0044 0.0045

Table 6.29: Credible intervals for sin2 ✓13 using T2K only and with the reactor constraint

Hierarchy Most Probable Value Lower Range Upper Range

T2K only
Normal 0.0283 0.0049 0.0058
Inverted 0.0321 0.0054 0.0064
Both 0.0296 0.0052 0.0066

T2K + reactor
Normal 0.0224 0.0012 0.0011
Inverted 0.0226 0.0011 0.0012
Both 0.0224 0.0012 0.0012

Table 6.30: Credible intervals for sin2 ✓23 using T2K only and with the reactor constraint

Hierarchy Most Probable Value Lower Range Upper Range

T2K only
Normal 0.512 0.031 0.036
Inverted 0.509 0.031 0.037
Both 0.511 0.032 0.036

T2K + reactor
Normal 0.529 0.035 0.029
Inverted 0.527 0.028 0.033
Both 0.530 0.034 0.028

Table 6.31: Credible intervals for �m2
32 (�m2

31 ) using T2K only and with the reactor constraint

Hierarchy Most Probable Value Lower Range Upper Range

T2K only
Normal 2.471 0.057 0.057
Inverted 2.439 0.056 0.056
Both 2.458 0.059 0.058

T2K + reactor
Normal 2.469 0.055 0.058
Inverted 2.440 0.056 0.056
Both 2.462 0.057 0.059
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Table 6.32: Credible intervals for �
CP

using T2K only and with the reactor constraint

Hierarchy Most Probable Value Lower Range Upper Range

T2K only
Normal -1.98 0.0.92 1.09
Inverted -1.31 0.84 0.78
Both -1.72 0.92 1.04

T2K + reactor
Normal -1.73 0.63 0.65
Inverted -1.47 0.52 0.52
Both -1.64 0.62 0.62
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Comparison of hypotheses on mass hierarchy and sin2 ✓23 octant

The posterior probabilities for the various combinations of mass hierarchies and octants are

summarised in tables 6.33 and 6.34. The Bayes factor which is the ratio of the posterior

likelihood is used to interpret the results. We can see that when using the results of the reactor

experiment as a prior for sin2(2✓13), the T2K data favours the normal hierarchy with a Bayes

factor of 7.47, stronger than previously reported in the last analysis, but still considered a weak

preference according to [134]. The preference for the normal hierarchy from this analysis is

somewhat stronger than that found by the MaCh3 group [124]. There is also a preference to

the higher octant with a Bayes factor of 3.24.

Table 6.33: Posterior probabilities for di↵erent hypotheses from T2K run 1-8 only

sin2 2✓23 < 0.5 sin2 2✓23 > 0.5 Line total
Inverted hierarchy 0.107 0.187 0.294
Normal hierarchy 0.254 0.452 0.706
Column total 0.361 0.639 1

Table 6.34: Posterior probabilities for di↵erent hypotheses from T2K run 1-8 data and the
results of the reactor experiments.

sin2 2✓23 < 0.5 sin2 2✓23 > 0.5 Line total
Inverted hierarchy 0.022 0.096 0.118
Normal hierarchy 0.214 0.668 0.882
Column total 0.236 0.764 1

6.6.4 Significance and Coverage Studies using Feldman-Cousins Method

Since the parameter �
CP

is periodic and the likelihood is clearly non-Gaussian (as shown in Fig-

ure 6.21), limits base on a Gaussian approximation are unlikely to have correct coverage. There-

fore, we produced the critical ��2 values for �
CP

using the Feldman-Cousins approach [130].

In order to perform the study, 10,000 toy MC experiments are generated with fixed value of

�
CP

and randomly thrown values for the other oscillation parameters according to the consid-

erations of the data fit and the reactor experiment. In the last analysis the toy experiments
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take the posterior likelihood distributions (separately for normal and inverted hierarchies) in

sin2 ✓23 - �m2
32 space based on the data fit results. T2K has decided to use instead the posterior

likelihood distributions from Asimov disappearance fits, which use best fits points from Run 1-8

data fits for sin2 ✓23 and �m2
32 , and a Gaussian distribution of sin2 2✓13 based on the reactor

experiment (sin2 2✓13 = 0.0857 ± 0.0046). The distributions of oscillation parameters used to

generate the toys are shown in Figure 6.25.
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Figure 6.25: 1D distributions of oscillation parameters for generating toy experiments used for
F&C studies from Asimov NH fit.

The ��2 values are calculated based on the di↵erence between the �2 values calculated using

the true values of �
CP

and mass hierarchy of interest and the best fit values:

��2(�
CP

,MH) = �2(�true
CP

,MH true)� �2(�bf
CP

,MHbf ) (6.20)

with MH is mass hierarchy, �true
CP

and MH true are the true values of �
CP

and mass hierarchy,

and �bf
CP

and MHbf are the best-fit values. The critical ��2 value for each �
CP

step is decided

by evaluating at which ��2 value the distribution contains X% of the toy experiment results.
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The X% is decided based on the Gaussian approximation. in this study, we consider the critical

��2 values for 1�, 90% confidence level, and 2� significances for 9 �
CP

steps between �⇡ and

+⇡ in an increment of ⇡/4.

Figure 6.26 shows the distributions of the critical ��2 values obtained with the Feldman-

Cousins method for each true �
CP

step for both normal and inverted hierarchy.

The obtained critical value distributions are used to evaluate the 2� confidence level of the

�
CP

with correct coverage. Using the Feldman-Cousins method, it gives the �
CP

values of [-

2.894,-0.561] and [-1.504,-1.265] at 2� confidence level for normal hierarchy hypotheses inverted

hierarchy hypotheses respectively as shown in Figure 6.27.
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Figure 6.26: Distributions of the critical ��2 values obtained with the Feldman-Cousins meth-
ods as a function of true �

CP

value for normal hierarchy (left) and inverted hierarchy (right).
Each step provides the critical value calculated with the statistical uncertainty considering the
binomial fluctuation with linear interpolation between points. Green, blue, and yellow lines
represent the critical values obtained by considering the 1�, 90%, and 2� confidence level,
respectively.
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Figure 6.27: 1D ��2 distribution as a function of �
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of the data fit with reactor constraint.
The critical ��2 values obtained with the Feldman-Cousins method are used to evaluate the
2� confidence level with the proper coverage.
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Conclusions and Outlook

Five SK samples (FHC/RHC 1Rµ, FHC/RHC 1Re and FHC 1R ⌫
e

CC1⇡+) from 2009-2017

T2K data sets have been analysed together in a fit to four oscillation parameters of the PMNS

matrix. Since the 2016 results were released, statistics almost doubled by data accumulation

increase and selection e�ciency increase. With a beam exposure of 1.47⇥1021 POT in neutrino

mode and 0.76 ⇥ 1021 POT in antineutrino mode, 88 ⌫
e

candidates and 7 ⌫
e

candidates were

observed while expected number is 67.5 and 9 for �
CP

= 0 in case of normal hierarchy. While

we see a large upward fluctuation in the CC1⇡ rate with 15 events observed and maximum

prediction of 6.92 events, the p-value for upward or downward fluctuation in one sample is

found to be 2.5%, and in at least 1 of 5 samples is 11.9%. Therefore what we observed could

well be just a statistical fluctuation and would need more data to confirm.

The results of the joint oscillation fit are summarised in Table 7.1, where the uncertainties

quoted represent the 1D 68% credible interval limits. The results using Feldman-Cousins

method gives the �
CP

values of [-2.894,-0.561] and [-1.504,-1.265] with 2� confidence level for

normal hierarchy hypotheses inverted hierarchy hypotheses respectively. We see a first indica-

tion of CP conservation in neutrino sector excluded at 2� level.

The T2K data weakly favours the normal hierarchy and the upper octant, a preference which

becomes stronger with the addition of a reactor constraint on sin2 2✓13 .

113
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Table 7.1: Best fit and 68% credible interval uncertainties from the T2K- only and T2K+reactor
data fits.

|�m2
32|(⇥10�3eV2) sin2 ✓23 sin2 ✓13 �

CP

T2K-only 2.458+0.058
�0.059 0.511+0.036

�0.032 0.0296+0.0066
�0.0052 �1.72+1.04

�0.92

with reactor 2.462+0.059
�0.057 0.530+0.028

�0.034 0.0224± 0.0012 �1.64± 0.62

Several aspects for this analysis can be improved in the future for the reductions of background

and systematic uncertainties. One of the dominant uncertainties in the analysis is from fi-

nal state and secondary interactions at ND280. These uncertainties are currently included as

cross-section systematic parameters at ND280, but included in the detector response systematic

uncertainty at SK, and such treatment neglects correlations between the two detectors. Cur-

rently there are some studies to pion data at ND280 that could potentially help to reduce the

uncertainty in the SK prediction due to these e↵ects. This data can be added to the BANFF

fit and the reduced FSI/SI uncertainties can be propagated to SK. Also, since the current

event selection at ND280 accepts forwards-going tracks only, there are plans for improving the

selection which will accept backwards-going and high-angle muon tracks, therefore providing a

model-independent method to extrapolate expected spectra at SK.

With T2K continuing to collect more data, the understanding of systematic uncertainties are

becoming more important. There has been ongoing e↵ort of studying new ND280 detector

configuration, with which we could get results on CP violation with better reliability. Initial

studies with the new ND280 configuration using simulations shows systematic uncertainties

can be significantly reduced. Together with the beamline upgrades and phase II data-taking,

T2K could observe CP violation with sensitivity greater than 3� with proposed 20⇥1021 POT.

With analysis upgrades and future data accumulation, T2K will continue to make a strong

contribution to the measurement of CP, and by combining atmospheric neutrino data and

other long-baseline neutrino experiment measurements, accurate measurements of the 3-flavour

neutrino oscillation parameters can be made. This also allows the 3-flavour oscillation model

to be tested.

The next generation water Cherenkov detector called Hyper-Kamiokande (HK) [135] has been
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proposed which is planned to start operation in 2026. With an order of magnitude larger

fiducial mass and higher performance photodetectors, it will provide much larger statistics for

neutrino oscillation studies. Figure 7.1 shows the expected significance to exclude sin� = 0 (the

CP conserved case) after 10 years of running. CP violation in the lepton sector can be observed

with more than 3(5)� significance for 78(62)% of the possible values of �
CP

. With T2K phase

II and Hyper-Kamiokande experiment planned to run in the next decade, neutrino physics will

continue to be one of the most exciting places to search for BSM physics.

Figure 7.1: Expected significance to exclude sin� = 0 assuming normal hierarchy after 10 years
of running HK. The sensitivity is estimated based on a framework developed in current T2K
experiment with updated systematic uncertainty estimation.
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Appendix A

Validations with other oscillation

analysis groups

The behaviour of the fitting framework was checked by comparing the total number of events

in each sample, the e↵ect of each systematic error and the sensitivity contours between the

three oscillation analysis groups (P-theta, VaLOR [123] and MaCh3 [124]).

A.1 Reference event rates using oscillation parameter

Set B

Expected event rates with with Run 1-8 POT are shown in Tables A.1-A.5. These numbers

assumes the oscillation parameters Set B listed in Table 6.1.
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Table A.1: Event rate table for 1Rµ, SKMC 14a with tuned RUN1-8 FHC flux 13av2 and with
BANFF/NIWG postfit reweight, 1.47⇥ 1021 POT.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 186.417 0.004 11.153 0.000 0.015 0.000 197.589
CCMEC 36.705 0.002 1.420 0.000 0.017 0.000 38.144
CC 1⇡ 28.202 0.002 2.628 0.000 0.017 0.000 30.849
CC coh. 0.294 0.000 0.093 0.000 0.000 0.000 0.387
CC other 5.478 0.001 0.407 0.000 0.000 0.000 5.886
NC 1⇡ 5.523 0.116 0.197 0.011 - - 5.847
NC coh. 0.000 0.000 0.000 0.000 - - 0.000
NC 1� 0.000 0.000 0.000 0.000 - - 0.000
NC other 2.056 0.074 0.131 0.009 - - 2.270
Subtotal 264.675 0.199 16.028 0.021 0.049 0.000
Total 280.971

Table A.2: Event rate table for 1Re, SKMC 14a with tuned RUN1-8 FHC flux 13av2 and with
BANFF/NIWG postfit reweight, 1.47⇥ 1021 POT.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.172 6.306 0.006 0.255 31.226 0.339 38.305
CCMEC 0.031 1.597 0.001 0.043 6.083 0.046 7.802
CC 1⇡ 0.048 0.932 0.003 0.067 3.284 0.056 4.390
CC coh. 0.000 0.008 0.000 0.004 0.025 0.004 0.042
CC other 0.013 0.128 0.000 0.009 0.075 0.004 0.230
NC 1⇡ 1.870 0.042 0.070 0.004 - - 1.987
NC coh. 0.528 0.007 0.048 0.003 - - 0.586
NC 1� 0.942 0.017 0.050 0.002 - - 1.011
NC other 0.318 0.017 0.021 0.001 - - 0.357
Subtotal 3.924 9.054 0.200 0.390 40.694 0.448
Total 54.709
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Table A.3: Event rate table for 1Rµ, SKMC 14a with tuned RUN5c-7b RHC flux 13av2 and
with BANFF/NIWG postfit reweight, 0.76⇥ 1021 POT.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 15.541 0.001 31.141 0.001 0.001 0.002 46.686
CCMEC 4.510 0.000 2.928 0.000 0.000 0.000 7.439
CC 1⇡ 3.976 0.000 4.600 0.000 0.000 0.001 8.578
CC coh. 0.047 0.000 0.182 0.000 0.000 0.000 0.230
CC other 0.944 0.000 0.607 0.000 0.000 0.000 1.551
NC 1⇡ 0.420 0.017 0.522 0.014 - - 0.973
NC coh. 0.000 0.000 0.002 0.000 - - 0.002
NC 1� 0.000 0.000 0.000 0.000 - - 0.000
NC other 0.316 0.016 0.201 0.008 - - 0.541
Subtotal 25.753 0.035 40.183 0.023 0.001 0.003
Total 65.999

Table A.4: Event rate table for 1Re, SKMC 14a with tuned RUN5c-7b RHC flux 13av2 and
with BANFF/NIWG postfit reweight, 0.76⇥ 1021 POT.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.013 0.509 0.025 0.848 0.725 3.396 5.517
CCMEC 0.003 0.144 0.002 0.113 0.175 0.391 0.828
CC 1⇡ 0.008 0.101 0.007 0.144 0.113 0.396 0.770
CC coh. 0.000 0.001 0.000 0.011 0.001 0.037 0.050
CC other 0.004 0.021 0.001 0.012 0.009 0.008 0.055
NC 1⇡ 0.163 0.007 0.196 0.005 - - 0.372
NC coh. 0.048 0.002 0.203 0.003 - - 0.256
NC 1� 0.079 0.004 0.175 0.004 - - 0.263
NC other 0.057 0.002 0.027 0.001 - - 0.087
Subtotal 0.375 0.792 0.637 1.141 1.024 4.227
Total 8.197
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Table A.5: Event rate table for 1R ⌫
e

CC1⇡+, SKMC 14a with tuned RUN1-8 FHC flux 13av2
and with BANFF/NIWG postfit reweight, 1.47⇥ 1021 POT.

Event Type ⌫
µ

! ⌫
µ

⌫
e

! ⌫
e

⌫̄
µ

! ⌫̄
µ

⌫̄
e

! ⌫̄
e

⌫
µ

! ⌫
e

⌫̄
µ

! ⌫̄
e

Total
CCQE 0.033 0.024 0.001 0.002 0.146 0.003 0.210
CCMEC 0.011 0.022 0.001 0.001 0.117 0.001 0.152
CC 1⇡ 0.081 0.761 0.003 0.004 3.477 0.003 4.328
CC coh. 0.000 0.018 0.000 0.000 0.076 0.000 0.095
CC other 0.039 0.112 0.001 0.003 0.098 0.002 0.255
NC 1⇡ 0.085 0.002 0.005 0.000 - - 0.093
NC coh. 0.000 0.000 0.000 0.000 - - 0.000
NC 1� 0.028 0.000 0.001 0.000 - - 0.029
NC other 0.206 0.008 0.013 0.001 - - 0.228
Subtotal 0.485 0.948 0.024 0.011 3.914 0.009
Total 5.3899
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A.2 Systematic Variation Comparisons

To ensure that each systematic parameters are implemented correctly in each of the fitting

code, we compare E
rec

spectra for each event sample by varying ± 1 and 3 sigma of each of the

parameters one at a time (see Figure A.1 to A.3 for examples).

(a) 1Re (b) 1Rµ

Figure A.1: Varying ± 1 and 3 sigma of MQE

A

have on E
rec

spectra of 1Re and 1Rµ-like events.
Dash line represents MaCh3 and solid line represents P-theta.
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(a) 1Re (b) 1Rµ

Figure A.2: Varying ± 1 and 3 sigma of CRES

A

have on E
rec

spectra of 1Re and 1Rµ-like events.
Dash line represents MaCh3 and solid line represents P-theta.

(a) 1Re (b) 1Rµ

Figure A.3: Varying ± 1 and 3 sigma of BeRPA E have on E
rec

spectra of 1Re and 1Rµ-like
events. Dash line represents MaCh3 and solid line represents P-theta.
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A.3 Comparisons of data fit between di↵erent oscillation

analysis groups

Data fit contours are compared among the other two independent analysis groups. Figures A.4

to A.6 show the comparisons of data fit contours with reactor constraint. The contours seem

to agree well amongst the three analyses. The disagreements seen in the 1D �
CP

contours are

due to the fact that confidence intervals in MaCh3 are constructed by obtaining an estimate

of the likelihood involving the inverse of the posterior probability in each bin of the histogram

(see [124] for details).
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inverted hierarchy to VaLOR and MaCh3. These results are presented with local contours for
each hierarchy hypothesis.
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Figure A.5: Comparison of 2D confidence level contours in �
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vs. sin2 ✓13 for normal and
inverted hierarchy to VaLOR and MaCh3. These results are presented with local contours for
each hierarchy hypothesis.
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A.4 E↵ect of the number of throws used for marginali-

sation

As stated in section 6.3.2 , we use 10k throws of the nuisance parameters to numerically integrate

the likelihood over the nuisance parameters and construct the distribution of the marginal

likelihood as a function of the parameters of interest. Previously, all fits were performed using

10k throws but it was found that this number of throws is insu�cient to properly sample

the tails of oscillation parameters (in particular sin2 2✓13 when performing 1D fits) given the

significant increase in sensitivity compare to previous analyses. As a result, each separate 1D

fits result in di↵erent distributions of marginal likelihood (and hence the contours). This is

demonstrated in figure A.7.

To check whether the number of throws is su�cient, we perform several fits on Asimov data set

A using di↵erent sets of throws and check for convergence. Figure A.8 shows the result of the

1D �
CP

fits using 40k and 80k throws respectively. It was found that 80k throws is su�cient

enough to obtain a good stability of the fits.
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Figure A.7: Asimov A sensitivity of 1D �
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contours using di↵erent sets of 10k throws.

CP
δ

3− 2− 1− 0 1 2 3

2
χ 

∆

0

0.5

1

1.5

2

2.5
Set 1

Set 2

Set 3

(a) 40k throws

CP
δ

3− 2− 1− 0 1 2 3

2
χ 

∆

0

0.5

1

1.5

2

2.5
Set 1

Set 2

Set 3

(b) 80k throws

Figure A.8: Asimov A sensitivity of 1D �
CP

contours using di↵erent sets of throws.



A.5. E↵ect of the systematic parameters for each sample 141

A.5 E↵ect of the systematic parameters for each sample

Tables A.6-A.10 describe the e↵ect of systematic uncertainties for each of the sample. These

numbers assumes the oscillation parameters Set A listed in Table 6.1.

Table A.6: ⌫
e

1R

Pre-BANFF Post-BANFF
Sample mean 1� % mean 1� %
SK Detector 64.77 2.00 3.1 74.78 2.25 3.0
SK FSI+SI+PN 64.43 1.83 2.8 74.47 2.16 2.9
SK Detector+FSI+SI+PN 63.78 2.63 4.1 73.78 3.13 4.2
ND280 const. flux & xsec 63.74 9.67 15.2 72.63 2.34 3.2
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 63.45 1.63 2.6 73.54 1.95 2.7
NC1� 63.73 0.82 1.3 73.81 0.80 1.1
NC Other 64.43 0.11 0.2 73.52 0.11 0.1
Syst. Total 64.33 10.11 15.7 73.23 4.39 6.0

Table A.7: ⌫
µ

1R

Pre-BANFF Post-BANFF
Sample mean 1� % mean 1� %
SK detector 241.95 5.63 2.3 268.57 5.10 1.9
SK FSI+SI+PN 241.05 6.82 2.8 267.69 5.90 2.2
SK Detector+FSI+SI+PN 242.89 8.84 3.6 268.93 7.75 2.9
ND280 const. flux & xsec 243.56 35.22 14.5 266.72 8.69 3.3
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 241.92 0.00 0.0 268.36 0.00 0.0
NC1� 241.92 0.00 0.0 268.36 0.00 0.0
NC Other 241.92 0.68 0.3 268.37 0.68 0.3
Syst. Total 244.47 36.08 14.8 267.48 11.79 4.4
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Table A.8: ⌫
e

1R

Pre-BANFF Post-BANFF
Sample mean 1� % mean 1� %
SK detector 7.48 0.33 4.4 8.07 0.34 4.2
SK FSI+SI+PN 7.39 0.20 2.8 7.99 0.20 2.5
SK Detector+FSI+SI+PN 7.44 0.36 4.8 7.99 0.38 4.8
ND280 const. flux & xsec 7.45 0.91 12.3 7.85 0.23 2.9
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 7.36 0.11 1.5 7.92 0.12 1.5
NC1� 7.43 0.21 2.8 8.00 0.21 2.6
NC Other 7.36 0.03 0.3 7.92 0.03 0.3
Syst. Total 7.61 1.01 13.3 8.00 0.51 6.4

Table A.9: ⌫
µ

1R

Pre-BANFF Post-BANFF
Sample mean 1� % mean 1� %
SK detector 58.19 1.07 1.8 63.21 0.99 1.6
SK FSI+SI+PN 58.03 1.38 2.4 63.04 1.27 2.0
SK Detector+FSI+SI+PN 60.02 1.75 2.9 64.36 1.60 2.5
ND280 const. flux & xsec 60.44 7.24 12.0 63.98 1.75 2.7
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 59.84 0.00 0.0 64.26 0.00 0.0
NC1� 59.84 0.00 0.0 64.26 0.00 0.0
NC Other 59.84 0.16 0.3 64.26 0.16 0.3
Syst. Total 60.66 7.39 12.2 64.11 2.43 3.8

Table A.10: 1R ⌫
e

CC1⇡+

Pre-BANFF Post-BANFF
Sample mean 1� % mean 1� %
SK detector 8.669 0.152 1.8 7.04 1.16 16.5
SK FSI+SI+PN 7.73 0.88 11.4 6.95 0.79 11.3
SK Detector+FSI+SI+PN 7.79 1.49 19.1 7.03 1.35 19.2
ND280 const. flux & xsec 7.68 0.90 11.7 6.90 0.28 4.0
�(⌫

e

)/�(⌫
µ

), �(⌫
e

)/�(⌫
µ

) 7.70 0.20 2.6 6.92 0.18 2.6
NC1� 7.71 0.02 0.3 6.93 0.02 0.3
NC Other 7.70 0.07 0.9 6.92 0.07 1.0
Syst. Total 7.68 1.64 21.3 6.99 1.37 19.6
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One-dimensional Marginalised

Likelihood
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Figure B.1: 1D Credible intervals in sin2 ✓13 for the normal hierarchy fit
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Figure B.2: 1D Credible intervals in sin2 ✓13 for the inverted hierarchy fit
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Figure B.3: 1D Credible intervals in sin2 ✓13 for both hierarchies
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Figure B.4: 1D Credible intervals in sin2 ✓23 for the normal hierarchy fit
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Figure B.5: 1D Credible intervals in sin2 ✓23 for the inverted hierarchy fit
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Figure B.6: 1D Credible intervals in sin2 ✓23 for both hierarchies

2 m∆

2 2.2 2.4 2.6 2.8 3

3−10×

L
ik

el
ih

o
o
d
 D

en
si

ty

0

1

2

3

4

5

6

7

8

9

3−10×
68.3%

90%

95%

(a) T2K only

2 m∆

2 2.2 2.4 2.6 2.8 3

3−10×

L
ik

el
ih

o
o
d
 D

en
si

ty

0

1

2

3

4

5

6

7

8

9

3−10×
68.3%

90%

95%

(b) T2K + reactor

Figure B.7: 1D Credible intervals in �m2
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Figure B.8: 1D Credible intervals in �m2
31 for the inverted hierarchy fit
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Figure B.9: 1D Credible intervals in |�m2| for both hierarchies
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List of Acronyms

MC Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

A method of generating simulated data by throwing random variables.

J-PARC Japan Proton Accelerator Research Complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

T2K the Tokai-to-Kamioka Experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

FV fiducial volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

This has been re-defined since this analysis and is di↵erent for di↵erent SK samples

considered.

POT protons on target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

FHC Forward Horn Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28

Equivalent to neutrino beam mode.

RHC Reverse Horn Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Equivalent to antineutrino beam mode.

147
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PID particle identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

NC Neutral-current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

CC Charged-current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

SF spectral function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

PDD Pionless Delta decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Process which consider absorption of baryon resonance.

FSI Final-state interactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

SI Secondary interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

FS final state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

RPA Random Phase Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Takes into account the long range nucleon-nucleon correlation in a nucleus.

SPD Single ⇡ production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

DPD Double ⇡ production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

PMTs photomultiplier tubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36



149

ID inner detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

OD outer detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

BANFF Beam And Nd280 Flux Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

BeRPA Bernstein Random Phase Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A parameterisation to the RPA function.

fiTQun Reconstruction algorithm.

NEUT A neutrino event generator which is primarily used in T2K.


