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Abstract

This thesis reports the measurement of the neutrino oscillation parameters with studies of neu-

trino interaction effects in the T2K experiment.

The T2K experiment is a long-baseline neutrino oscillation experiment in which the neutrino

beam produced at J-PARC is measured with a near detector located 280 m away and a far detec-

tor Super-Kamiokande located 295 km away from the neutrino production target. The neutrino

oscillation parameters δCP , θ23, and ∆m2
32 have been measured with the highest accuracy in

the world. In particular, the goal of T2K is to obtain evidence of the CP violation (δCP 6= 0, π)

in neutrino oscillations. To achieve this goal, it is important to precisely evaluate systematic

uncertainties.

Especially, the uncertainty of the neutrino interaction model is a major source of the sys-

tematic errors in the current neutrino oscillation measurements. In the current analysis, these

uncertainties are incorporated based on theoretical models and measurements from external

experiments, and they are reduced using data from near detector measurements of neutrino

interactions. Using the constraints on the systematic errors with the near detector measure-

ments, we compared the MC prediction with the data at the far detector. Finally, assum-

ing the normal mass ordering and using the reactor experiment results for θ13, we obtained

sin2 θ23 = 0.561+0.021
−0.032, ∆m2

32 = 2.494+0.041
−0.058 × 10−3eV2/c4 and δCP = −1.97+0.97

−0.70. For more

precise measurements, event selections for the near and far detectors were updated. The new

selections for the near detector fit are based on the existence of the photons and protons in the

final state. They were adopted in order to get more precise prediction of backgrounds for νe
events and several neutrino interaction events deeply related to the outgoing proton kinematics

at the far detector. As for the far detector analysis, a new selection for multi Cherenkov rings

was added to increase the statistics.

In addition, there are several neutrino interaction model candidates in the oscillation analysis

since our understanding of the neutrino interactions is not sufficient. Therefore, ”choice” of the

interaction models was required. This choice can be a potential bias which should be considered

as the large systematic errors in the oscillation analysis results. To address this issue, we used

simulation data with a set of alternative neutrino interaction models to evaluate the biases for

that choice. We compared the analysis results between the nominal models and the alternative

models, and then examined the effect of the model changes on the measurement results of the

neutrino oscillation parameters. Taking into account the selection updates, we evaluated various

interaction models related to events that include protons and pions in the final state. For δCP
and θ23, there is no significant bias. On the other hand, it was found that there is a deviation

of approximately 2.7 × 10−5 eV4/c2 for ∆m2
32. This bias was considered as a systematic error

and the final analysis results were obtained.

As a result of the updated oscillation analysis, we obtained sin2 θ23 = 0.561+0.019
−0.038, |∆m2

32| =
2.494+0.040

−0.057eV2/c4, and δCP = −1.97+0.97
−0.62 with the reactor experiment results for θ13. CP con-

serving values of δCP are excluded at 90% confidence level. These results are the world’s highest

precision for these oscillation parameters.
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Chapter 1

Introduction

This chapter describes the physics of neutrinos mainly about neutrino oscillations, we also

introduce the outline of this thesis.

1.1 Neutrino

1.1.1 History of Neutrino

The history of neutrino began in the early 20th century and its various fascinating characters

have been revealed up to the present. In 1930, neutrino existence hypothesis was first proposed

by W. Pauli to explain the continuous energy spectrum of β-rays (n → p + ν̄ + e−) [1]. The

existence of neutrinos was confirmed in 1956. C. L. Cowan and F. Reines detected anti-electron

neutrinos from a reactor by observing inverse β decay(ν̄ + p → n + e+) [2]. In 1962, L. M.

Lederman, M. Schwartz, and J. Steinberger confirmed the existence of the second flavor of

neutrinos, based on the experimental fact that the neutrinos from π+ decay differ from those

from β decay [3]. Furthermore, it was experimentally confirmed that the number of generations

of light neutrinos is three by measuring the decay width of the Z0 bosons by LEP and SLC in

1989 [4]. On the other hand, tau neutrino, which is the third-generation neutrino was directly

observed by DONUT in 2000 [5].

Based on the above experimental facts, it was found that neutrinos have three generations

corresponding to each charged lepton flavor (e, µ, τ). In addition to these characteristics,

neutrinos are considered to be neutral particles with spin 1/2 which interact via the weak

interaction in the Standard Model.

1.1.2 Neutrino Oscillation

Neutrino oscillation is a periodic change of the lepton flavor of neutrino during its flight. This

phenomenon exists when mass eigenstates and flavor eigenstates are not identical. In the Stan-

dard Model, neutrinos are regarded as massless particles. However, the fact that neutrinos have

tiny mass was discovered experimentally by the observation of this phenomenon as described

later.

3
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Thus, it is known that neutrino have three different eigenstates for mass and flavor, and the

relationship between them can be described with a unitary matrix as follows,

|νl〉 = Ul,i |νi〉 with

{
l = e, τ, µ

i = 1, 2, 3

}
(1.1)

where νl and νi are the flavor and mass eigenstates and, Ui,j is a three by three unitary matrix

which is called PMNS (Pontecorvo, Maki, Nakagawa, Sakata) matrix [6]. The unitarity matrix

U can be parametrized using θ23, θ13, θ12, δ, and written as,

UPMNS =




1 0 0

0 c23 s23

0 −s23 c23







c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13







c12 s12 0

−s12 c12 0

0 0 1




=




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


 (1.2)

where cij and sij are cos θij and sin θij , respectively. The complex phase δ is called the Dirac CP

phase (δCP ) since the PMNS matrix yields CP symmetry breaking when δCP is not equal to 0 or

π. If neutrinos are Majorana particles, two additional Majorana CP phases appear [7]. Unlike

to the Dirac CP phase, they do not change the (anti) neutrino oscillation probabilities and only

turn up in the lepton number violating processes such as 0νββ decay and neutrino-antineutrino

oscillation.

When we consider the time variation of the neutrino’s mass eigenstates, assuming that they

are the plane waves, we can find that :

|νi, t〉 = |νi, 0〉 e−i(Eit−pix) (1.3)

where Ei and pi are the energy and momentum for each mass eigenstate respectively. Further-

more, since the flavor eigenstates |νl, t〉 can be written as a superposition of the mass eigenstates

|νi, t〉, the time variation of them are described as,

|νl, t〉 =
∑

i

Ul,i |νi, t〉 =
∑

i

Ul,i |νi, 0〉 e−i(Eit−pix) =
∑

i,l′′

Ul,iUi,l′′ |νl′′ , 0〉 e−i(Eit−pix)

=
∑

i,l′′

{Ul,ie−i(Eit−pix)U∗l′′,i}
∣∣νl′′,0

〉
(1.4)

where we use U † = U−1 due to its unitarity. Thus, the transition amplitudes of the flavor
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eigenstates Ul′,l(t) are written as,

Ul′,l(t) = 〈νl′ , 0|νl, t〉 = 〈νl′ , 0|
∑

i,l′′

{Ul,ie−i(Eit−pix)U∗l′′,i} |νl′′ , 0〉 =
∑

i

Ul,ie
−i(Eit−pix)U∗l′,i. (1.5)

Therefore, oscillation probability is given as follows,

Pl,l′(t) = |Ul′,l(t)|2 = |
∑

i

Ul,ie
−i(Eit−pix)U∗l′,i|2. (1.6)

Assuming the relativistic limit, approximation formula is given as

Eit− piL ' E(t− L) +m2
i

L

2E
= m2

i

L

2E
(1.7)

where E and L (= t in natural units) are the energy and traveling distance of the neutrinos,

respectively. Using this approximation, oscillation probability can be written as follows,

P (να → νβ) '
∑

i

Uαie
−im2

i
L
2EU∗jα

∑

j

U∗αje
im2

j
L
2EUβj

=
∑

i

UαiU
∗
iβU

∗
iαUβi +

∑

i>j

2Re(UαiU
∗
iβU

∗
jαUβje

−im2
i
L
2E )

= δαβ − 4
∑

i>j

Re(UαiUβiUαjUβj) sin2

(
∆m2

ijL

4E

)

+ 2
∑

i>j

Im(UαiUβiUαjUβj) sin2

(
∆mijL

2E

)

= δαβ − 4
∑

i>j

Re(UαiUβiUαjUβj) sin2

(
1.27∆m2

ij([eV]2)L[km]

4E[GeV]

)

+ 2
∑

i>j

Im(UαiUβiUαjUβj) sin2

(
1.27∆m2

ij([eV]2)L[km]

2E[GeV]

)
. (1.8)

While this is the neutrino oscillation probability in vacuum, actual measurement needs to con-

sider neutrino oscillation probability in matter. Especially, in the current long baseline neutrino

oscillation experiments with accelerator neutrinos, two oscillation probabilities are measured

mainly :
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P (νµ → νe) ' 4c2
13s

2
13s

2
23 sin2 φ31 (1.9)

+ 8c2
13s12s13s23(c12c23 cos δCP − s12s13s23) cos Φ32 sin Φ31 sin Φ23

− 8c2
13c12c23s12s13s23 sin δCP sin2 Φ32 sin2 Φ31 sin2 Φ21

− 2c2
13s

2
12s

2
23

aL

E
(1− 2s2

13) cos Φ32 sin Φ31

+ 8c2
13s

2
13s

2
23

a

∆m2
31

(1− 2s2
13) sin2 Φ31

P (νµ → νµ) ' 1− 4c2
13s

2
13(c2

12c
2
23 + s2

12s
2
13s

2
23) sin2 Φ32 (1.10)

where a = 2
√

2GFneE, Φij =
∆m2

ijL

4E , GF is the Fermi constant and ne is the electron density

in the matter. Here the main terms are written down using ∆m2
21 � ∆m2

32 and the first line

of Eq.1.9 is the dominant term. As shown in these Eq.1.9 and 1.10, these probabilities can be

described as a function of fixed distance L and energy E. Therefore, oscillation parameters θij
and ∆mij can be measured through the observation of these oscillations.

The oscillation probability for the anti-neutrinos is obtained just by inverting the sign of δCP
and a. Thus, third line of Eq.1.9 causes the differences between the probability of νµ → νe and

ν̄µ → ν̄e when sin δCP 6= 0 and this term is called CP violating term. Using this character δCP
is measured.

Fourth and fifth lines of Eq.1.9 describe matter effect terms. These terms appear due to

the interaction with matter when the neutrinos travel through a dense substance such as earth

and sun [8], [9]. Tau neutrinos and muon neutrinos can interact with the matter only through

the neutral current, while electron neutrinos can interact through both of neutral and charged

currents. Thus, Hamiltonian during the flight of electron neutrinos is slightly different from the

other neutrinos’ and it changes the oscillation probability. This property can be used to measure

the sign of the mass-squared difference and several experiments determine that of ∆m2
12 with

solar neutrino oscillations. On the other hand, the sign of ∆m2
13 has not yet been determined.

1.2 Current Knowledge of Neutrino Oscillations

1.2.1 Measurements of the Neutrino Oscillations

The solar neutrino problem was the first indication of the neutrino oscillations. In 1968, the

Homestake experiment measured the neutrino flux from the nuclear fusion in sun and found the

neutrino flux rate was 1/3 of expected value from the standard solar model [10]. After that,

Kamiokande [11], GALLEX (GALLium EXperiment) [12], GNO (Gallium Neutrino Observa-

tory) [13] and SAGE (Soviet American Gallium Experiment) [14] also observed this deficit. For

a long time, this issue had been an open question. However, in 1998, neutrino oscillations were

experimentally discovered by the measurement of atmospheric neutrino at Super-Kamiokande

[15]. Figure 1.1 shows that the number of detected νµ was greatly reduced by the neutrino

oscillations. Neutrinos had been thought to be massless spin 1/2 particle called Weyl particles
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in the Standard Model. However, this discovery proved that neutrinos are massive and now

considered to be Majorana or Dirac particles.

After this discovery, several experiments have measured the oscillation parameters precisely

using various kinds of neutrino sources which include not only natural ones but also artificial

ones, such as reactors and accelerators. The current status of the measurements of each oscilla-

tion parameter will be described briefly and the latest results are summarized in Tab.1.1.

θ23,∆m
2
32

Measurements of these parameters started with the atmospheric neutrinos in the Super-Kamiokande

[16]. Ice-Cube [17] experiment is also performing the measurement with the atmospheric neu-

trinos. Nowadays, accelerator neutrino experiments including the T2K and NoνA experiments

measure them with muon neutrino disappearance.

θ13

Whether this parameter is zero or not had been an open question for many years. In 2011, the

T2K experiment indicated this value is not equal to 0 with the measurement of electron neutrino

appearance [18]. Nowadays, short baseline reactor neutrino experiments Daya Bay [19], RENO

[20] and Double Chooz [21] are world-leading measurements of this parameter.

θ12,∆m
2
12

These parameters have been measured by solar neutrino experiments such as Homestake [10],

Kamiokande [11], Super-Kamiokande [22], SNO [23], and Borexino [24] with electron neutrino

disappearance. In addition, KamLAND [25] measures the values with anti-electron neutrino

disappearance of reactor neutrinos.

δCP

The oscillation parameters except for δCP were measured with about 5% precision. Nevertheless

δCP is still difficult to measure precisely. Currently, this value is being measured mainly by

accelerator neutrino experiments such as T2K, Super-Kamiokande[22] and NoνA [26].

1.2.2 Physics behind Neutrino Oscillations

Neutrino oscillations themselves are physics beyond the Standard Model, and its discovery is an

interesting topic in modern physics. Nowadays, a number of experiments measure the oscillation

parameters and have revealed several things. However, there are still open questions behind

them.

Leptogenesis via CP Violation in Neutrino Oscillation

To explain the matter-antimatter asymmetry in Universe, Sakharov Conditions [29] are required

as follows,
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Figure 1.1: Zenith angle distributions of charged leptons from the interactions
of the atmospheric neutrinos measured by SK. The hatched region
describes the no-oscillation case, and the bold line corresponds to the
case assuming neutrino oscillation. The distributions are consistent
with the case assuming neutrino oscillation [15].

• Violation of baryon number

• Violation of both C-symmetry and CP-symmetry

• Interactions out of thermal equilibrium

The violation of the CP symmetry in quarks has already been discovered by the decays of K

mesons [30], and also confirmed by B mesons at BaBar [31] and Belle [32]. That CP violation is

described as the Dirac CP phase in the CKM matrix. However, the size of the CP violation in

the CKM matrix alone is not sufficient to explain the matter-antimatter asymmetry in Universe

[33]. To resolve this deficit, a theory was proposed to explain it by the CP symmetry breaking

in leptons through sphaleron process [34]. This idea is called leptogenesis. The leptogenesis

requires the CP violation in the lepton sector and the discovery of the CP violation in neutrino

mixing matrix is important to reveal the mystery of cosmic generation.

Mixing Angle

Theoretical description of the PMNS matrix is very similar to the Cabibbo Kobayashi Maskawa

(CKM) matrix [35, 36], which describes the mixing of quarks. However, the mixing angles of the

PMNS matrix is much larger than those of the CKM matrix. To explain its difference, several

physics theories are proposed. Especially, θ23 is close to the maximum angle (π/4) according to

the latest measurement. If it is the maximum mixing, there could be unknown physics behind
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Table 1.1: Summary of the results of the latest oscillation measurement [27, 28].
NO and IO are normal and inverted orderings of neutrino mass, respec-
tively. What these orderings are will be explained in Sec. 1.2.2.

Parameter Ordering Best-fit ±1σ 3σ range

∆m2
32/10−3eV2 IO −2.498+0.028

−0.029 −2.584 - −2.413

∆m2
31/10−3eV2 NO 2.515+0.028

−0.028 +2.431 - +2.599

∆m2
21/10−5eV2 NO, IO 7.42+0.21

−0.20 6.82 - 8.04

sin2θ12 NO 0.304+0.013
−0.012 0.269 - 0.343

IO 0.304+0.012
−0.012 0.269 - 0.343

sin2θ23 NO 0.573+0.018
−0.023 0.405 - 0.620

IO 0.578+0.017
−0.021 0.410 - 0.623

sin2θ13 NO 0.02220+0.00068
−0.00062 0.02034 - 0.02430

IO 0.02238+0.00064
−0.00062 0.02053 - 0.002434

δCP [o] NO 194+52
−25 105 - 405

IO 287+27
−32 192 - 361

it. Thus, the precise measurement of these mixing angles is very important to validate these

theories.

Neutrino Mass Ordering

With the measurement of neutrino oscillations in vacuum, it is possible to obtain the absolute

value of the differences in mass squared of the neutrino mass eigenstates, while it is impossible

to determine if they are positive or negative values. The sign of ∆m2
12 was determined by the

measurements of solar neutrinos using matter effect. However, the other sign has not yet been

determined, and whether the ordering is normal ordering (m2
3 > m2

2 > m2
1) or inverted ordering

(m2 > m1 > m3) is still unknown as shown in Fig. 1.2. Neutrino masses themselves cannot

be explained by the Standard Model, and various models are being proposed to describe them.

Some of these models predict the normal or inverted ordering, and the determination of the

mass ordering is important for the validations [37].

1.3 Introduction of T2K experiment

The Tokai to Kamioka (T2K) experiment is aiming to measure the neutrino oscillation param-

eters using accelerator neutrinos. Figure 1.3 shows the overview of the T2K experiment. In

the T2K experiment, a neutrino beam is produced at the Japan Proton Accelerator Research

Complex (J-PARC) in Tokai. The neutrino beam is measured at the near detector located

280 m from the neutrino beam production point and a far detector (Super-Kamiokande) located

295 km away from the beam production point.

The current main goal of the T2K experiment is to search for CP violation through the

measurement of δCP . The measurement precision of δCP is dominated by the statistical un-
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Figure 1.2: Concept of normal (left) and inverted (right) ordering of neutrino
mass. The absolute difference in the mass squared of each mass eigen-
state is known from measurements of neutrino oscillations. However,
the magnitude of m1, m2 and m3 is not known. Taken from [38]

Figure 1.3: Overview of the T2K experiment.

certainty since neutrino rarely interacts with matters. However, understanding of systematic

uncertainties is essential for the accurate measurements of the neutrino oscillation parameters.

Furthermore, systematic uncertainty will be more important when we get more statistics in the

next generation experiments, such as Hyper-Kamiokande [39]. Table 1.2 shows the systematics

uncertainty for each sample at the Super-Kamiokande. The systematic uncertainty is dominated

by that for the cross section of the neutrino interactions as shown in the second and third rows

of the table. The total systematic uncertainty in the T2K oscillation analysis is summarized in

the bottom row of this table.
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Table 1.2: The systematic uncertainties on the number of the events at the Super-
Kamiokande for each sample in T2K. The detail of these samples will
be described in Sec. 4.5.3. Taken from [40].

1-Ring µ 1-Ring e

Error source ν mode ν̄ mode ν mode ν̄ mode ν mode CC1π

Beam 4.3% 4.1% 4.4% 4.2% 4.4%
Cross section (constrained by near detectors) 4.7% 4.0% 4.8% 4.1% 4.1%

Cross section (all) 5.6% 4.4% 8.4% 6.2% 5.6%
Beam + Cross section (constrained by near detectors) 3.3% 3.3% 3.3% 3.1% 4.0%

Beam + Cross section (all) 4.4% 2.9% 7.7% 5.7% 5.6%
Super-Kamiokande detector sytematics 3.3% 2.9% 4.1% 4.3% 16.6%

Total 5.5% 4.4% 8.8% 7.3% 17.8%

1.4 Problems toward the Precise Measurement of the Oscilla-

tion Parameters

Precise measurement of oscillation parameters, especially δCP is very important for our progress

in physics. However, there are still large systematic uncertainties which is driven from the

uncertainties of the neutrino interaction models in the T2K experiment as described in the

previous section.

The uncertainty of neutrino-nucleus interaction models is a main source of the systematic

uncertainty because the prediction of event rates and spectrum at each detector are calculated

based on the models. Figure 1.4 shows the neutrino flux prediction for each neutrino-nucleus

interaction mode in the T2K experiment. Although Charged Current Quasi Elastic (CCQE)

Interaction (νl+n→ l−+p) is dominated, the other various neutrino interaction modes contam-

inate significantly. It requires us to combine a variety of neutrino-nucleus interaction models.

Even though many theoretical works have been performed to understand them, there are still

large systematic uncertainties of the interaction models due to its complexities.

To constrain these uncertainties, T2K performs the fit comparing the data and MC prediction

at the near detectors (near detector fit). Many improvements of the near detector fit, such as

new modelings and new sample selections were achieved to be more sensitive to the nuclear

effects in the latest analysis. This nuclear effect is one of the key aspects in understanding the

interaction models, as described in Sec 3.3. Furthermore, in order to see more of the nuclear

effects, new proton kinematics parameters are also being implemented for the future analysis.

On the other hand, it is still difficult with the near detector fit and the current modeling to cover

the potential systematics error sources which stem from the ”choice” of the neutrino interaction

models. The evaluation of the such errors will be a key to the accurate measurement of neutrino

oscillation.
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tion for muon neutrinos interacting as a function of neutrino energy.
CCQE interaction (blue line) is a dominant mode in the T2K energy
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and CC Multi-π and DIS (magenta line) interactions exist. The detail
of these interactions will be described in Sec. 3.2. Taken from [41].
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1.5 Outline of This Thesis

This thesis describes the results of the oscillation analysis in the T2K experiment in which we

used the neutrino beam data collected from Jan. 2010 to Feb. 2020. First, Chapter 2 describes

an overview of the T2K experiment. Chapter 3 explains in detail the neutrino interaction model

which is an important part in the measurement of the oscillation parameters.

From Chapter 4 to Chapter 7, the details of T2K oscillation analysis are described focusing

on the uncertainty of neutrino interaction model and near detector fit. Chapter 4 introduces

the overview of how the T2K experiment measures the oscillation parameters and the results of

the original analysis. In Chapter 5, we describe how the near detector fit is improved for the

updated analysis. Chapter 6 introduces the evaluation of potential systematics error from the

neutrino interaction modeling in our oscillation analysis. Chapter 7 presents the results of our

latest oscillation analysis. Prospects mainly about the improvement of our analysis and near

detectors are discussed in Chapter 8. Finally, this thesis is concluded in Chapter 9.
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Chapter 2

T2K Experiment

Tokai to Kamioka (T2K) experiment is a long-baseline neutrino oscillation measurement [42].

As described in the previous chapter, in the T2K experiment, a high-intensity neutrino beam

is generated at the Japan Proton Accelerator Research Complex (J-PARC) in Tokai. The

neutrino beam is measured at the near detectors placed at the J-PARC and a far detector

(Super-Kamiokande) placed 295 km away from the neutrino beam source. We will describe the

overview of each component in this section. The overview of the analysis flow will be described

later in the Chapter 4.

2.1 Neutrino Beam (J-PARC)

2.1.1 Overview of Neutrino Beamline

The T2K neutrino beam is produced by the J-PARC accelerators, which consist of LINear

ACcelerator (LINAC), Rapid Cycling Synchrotron (RCS), and Main Ring (MR), as shown in

Fig. 2.1. LINAC accelerates an H− ions up to 400 MeV and converts them to protons at

injection to RCS with charge stripping foils. At RCS, these protons are accelerated up to 3 GeV

with a 25 Hz cycle and then injected into the MR synchrotron. MR accelerates them up to 30

GeV and transports them as eight bunches to Target Station (TS) every 2.48 seconds. Each

bunch of the proton beam has about 58 ns width and they are separated by about 580 ns. In

TS, these protons strike a carbon target, and outgoing charged pions and kaons are focused by

the three electromagnetic horns [43]. These hadrons decay mainly into muons and neutrinos in

a 96 m-long decay volume as follows,

π+ → µ+νµ (2.1)

π− → µ−ν̄µ. (2.2)

The sign of these hadrons, positive or negative, can be selected by the polarity of the horn

currents. Therefore, either neutrino or anti-neutrino also can be chosen. We call the former

17
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Figure 2.1: An aerial photograph of the J-PARC accelerators.

neutrino mode and the latter anti-neutrino mode. The remaining particles except for neutrinos

and muons are absorbed by a beam dump at the end of the decay volume. These muons above

5 GeV are profiled by a muon monitor (MUMON)[44, 45] downstream of the beam dump and

the neutrino beam profiles is measured by INGRID which will be described later.

2.1.2 Off-Axis Method

Neutrino beam is generated by the two-body decay of hadrons, thus neutrino energy beam

spectrum has a broad distribution. To make it narrow, off-axis method is adopted in T2K

experiment [46]. Figure 2.2 shows the layout of overall T2K experiment. Super-Kamiokande

detector and one of near detectors are placed 2.5◦ off-axis with respect to the beamline direction.

The neutrino beam in T2K is mainly produced by the two-body decay of charged π particles.

Thus, the neutrino energy Eν is given as,

Eν =
m2
π −m2

µ

2(Eπ − pπ cos θν)
(2.3)

where Eπ, mπ and pπ are energy, mass and momentum of charged π particles respectively. θν is

the decay angle between directions of the neutrino and the charged π particle. As shown in Fig.

2.3, neutrino energy increases linearly in response to pπ when θν is equal to 0. On the other

hand, when θν has a non-zero value, Eν does not exceed certain value even for large pπ. Figure
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Figure 2.2: An arrangement of the main apparatus in T2K experiment.
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Figure 2.3: Comparison plots of neutrino energy as a function of pion momentum
for each neutrino beam direction.

2.4 shows the neutrino energy spectrum for each off-axis angle and oscillation probabilities in

T2K. As shown in the bottom plot, energy spectrum gets narrow when off-axis angle compared

to on-axis. T2K adopted 2.5◦ to set the energy spectrum peak 0.6 GeV where the oscillation

probabilities are maximized at Super-Kamiokande as shown in top and middle plots.

2.2 Near Detectors

T2K experiment has two kinds of near detectors to measure the neutrinos before oscillations

and they are placed at 280 m downstream from the neutrino beam target. One detector is called

INGRID located on-axis and the other one is called ND280 located off-axis.

2.2.1 INGRID (On-axis detector)

INGRID, an on-axis detector is designed to measure the neutrino beam profile and stability.

This detector consists of 14 identical modules arranged in a 10 m×10 m cross-shape as shown
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Figure 2.5: Overview of the INGRID detector.

in Fig. 2.5. Each of these modules has a sandwich structure consisting of nine layers of iron and

eleven layers of scintillator plates, and its total weight is about 7 tons. Using these modules,

INGRID can measure the beam direction with a precision better than 1 mrad which is the

requirements in the T2K experiment. Figure 2.6 shows one example of a neutrino beam profile

measured by INGRID. The event rate for each module is fitted by Gaussian distribution, from

which we can obtain the center values as the peak positions and beam widths from the Gaussian

1σ values.

2.2.2 ND280 (Off-axis detector)

ND280, off-axis near detector is designed to constrain the neutrino flux and neutrino interaction

models in our analysis by measuring the neutrino beam flux and neutrino-nucleus cross section

before oscillations. This detector is a complex detector as shown in Fig. 2.7 and surrounded by

a dipole magnet which was used for the UA1 experiment [47]. This UA1 magnet can provide

a magnet field of 0.2 T and allows us to measure the sign and momentum of charged particles

precisely.
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Fine Grained Detector (FGD)

FGD [48] is dedicated to measuring the vertex and tracks of neutrino interactions. There are

two FGDs and each detector has a slightly different detector structure. The upstream one is

called FGD1 and consists of 15 layers of rod-shaped scintillators. The vertical and horizontal

layers of the scintillators are arranged alternately in a plane perpendicular to the beam direction.

Each scintillator has WaveLength Shifting (WLS) fibers through a hole in its center to read out

scintillation light by MPPCs(Multi Pixel Photon Counters) which are placed at one edge of the

fibers.

The downstream one is FGD2 and it has a similar structure but contains seven alternating

scintillator modules interleaved with six passive water modules. This water target allows us

to measure the neutrino interaction cross-section on water which is the same target as the far

detector. The outer dimensions of each FGD are 230 cm (width) × 240 cm (height) × 36.5 cm

(depth in beam direction), and the target mass is 1.1 t.

Time Projection Chamber (TPC)

There are three TPCs [49] in the tracking region to reconstruct 3D track the charged particles

from P0D and two FGDs. These detectors with the magnetic field are capable of performing

the measurements of sign, momentum, and identification of the particles through the curvatures

and energy deposits of the tracks.

Figure 2.8 shows a simplified drawing of the TPC design. The TPC adopted a double box

design, where the walls of the inner box act as the field cage and those of the outer box do at

ground potential by CO2 acting as an insulator between them. The inner box is filled with a gas

mixture, Ar : CF4 : C4H10 (95 : 3 : 2). The inner box panel surfaces form a copper strip pattern

and produce a uniform electric field to drift the ionization electron from the central cathode

towards micromegas [50] in the readout planes. The micromegas is used for gass-amplified read

out of the ionizing electrons.

The TPCs perform the particle identification (PID) by using a truncated mean of measure-

ments of energy loss of charged particles [49]. Figure 2.9 shows the distribution of the deposited

energy as a function of momentum. The PID in the TPC uses ”pull” which is determined by

the energy deposit along the track for the calculation of probability of each particle type.

The pull for each particle type α is given as,

Pullα =

(
dE
dx

)
means

−
(
dE
dx

)
MC,α

σ
(2.4)

where (dE/dx)means is the measured energy loss per length and (dE/dx)MC,α is expected energy

loss per length for given particles α. σ is the resolution of the energy deposit. Using this pull,

the likelihood for PID of particle α in the TPC can be defined as,

Lα =
e−Pull

2
α

∑
i e
−Pull2i

. (2.5)
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Figure 2.8: A simplified diagram of the TPC design. Taken from [49].

where the dominator is sum of the pulls of the charged particles which should be considered.

The resolution of energy deposit is 7.8 ± 0.2% for minimum ionizing particles, better than

the requirements in the T2K experiment. This resolution with this pull method allows us to

distinguish a muon from an electron with a misidentification rate of 0.2% where its momentum

is below 1 GeV/c.

Figure 2.9: Energy deposit per unit length as a function of momentum for negative
(left) and positive (right) particles in the TPCs. Taken from [49].
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Other Detectors in ND280

There are Pi-zero Detector (P0D), Elector Magenetic CALorimeter (ECAL) and Side Muon

Range Detector (SMRD) in addition to FGDs and TPCs in ND280. P0D is dedicated to measure

the neutral pions which can be the background in electron neutrinos measurement at Super-

Kamiokande. This detector is located at the most upstream of the beam and is composed of

layers of scintillator alternated with water bugs. ECAL is located in the outermost layer and

downstream. This detector can capture the electromagnetic showers of electrons and gamma

rays produced by neutrino interaction. SMRD consists of scintillator planes which are placed in

the air gaps between iron plates of UA1 magnet. This detector can track muons which escape

the inner detectors at high angle. It also provides a cosmic trigger signal and veto for particles

coming from outside.

2.3 Far Detector (Super-Kamiokande)

Super-Kamiokande (SK) is a 50 kt water Cherenkov detector and serves as the far detector in

T2K experiment. It is composed of two main volumes which are called inner detector (ID) and

outer detector (OD) respectively as shown in Fig. 2.10 and they are separated optically by

Tyvek sheets. The ID consists of 11129 inner PMTs with a 50 cm aperture, which surrounds the

water, and the OD does of 1885 outer PMTs with a 20 cm aperture installed to veto external

backgrounds. The inner PMTs which cover 40% of the detector’s total inner surface area can

detect neutrinos by the Cherenkov radiation of charged particles from the neutrino interactions

on water. The Cherenkov light forms a ring-shaped pattern which is useful for the extraction

of kinematic information of the neutrino. The shape of Cherenkov light from a muon is a clear

ring, while that from an electron is fuzzy due to its electromagnetic shower as shown in Fig.

2.11. This character makes it possible to determine whether the light is from a muon neutrino

or an electron neutrino.

2.4 T2K Data Taking

Figure 2.12 shows history of the MR proton beam power and the protons on target (POT). The

beam power has reached maximum of 515 kW and it will be upgraded to 1.3 MW in the near

future. The data w/ 3.6× 1021 POT are used for the current oscillation analysis.



Chapter 2 T2K Experiment 26

Detector hall Access tunnel

1,000m

Control room

Inner Detector

Outer Detector

Photo multipliers

41
m

39m

Figure 2.10: A schematics view of the SK [51].

Figure 2.11: Event display of the SK. A left figure shows a muon-like ring and a
right figure shows an electron-like ring.
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Figure 2.12: Accumulated POT and beam intensity between 2010 and 2020 for
the T2K experiment.
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Chapter 3

Neutrino Interaction

The uncertainty of neutrino-nucleus interaction is one of the main systematic uncertainty sources

in the T2K oscillation analysis as discussed in Chapter 1. This chapter describes the details of

the current understanding of neutrino-nucleus interaction models. First, we will describe the

overview of the neutrino interaction models which are used in our analysis including the general

description of its theoretical parts. Then, the details of the neutrino interaction with a nucleon

and nuclear effects will be explained. Finally, we will also introduce the alternative interaction

model candidates in our neutrino oscillation analysis. They are highly motivated to consider

the potential bias by the ”choice” of the interaction models in the analysis.

3.1 Introduction of Neutrino Interaction

For the measurement of the neutrino oscillation parameters, the neutrino-nucleus interaction

model is used to describe the data quantitatively. However, it is difficult to understand and

implement the uncertainties of these models due to the complexity of the nuclear effects. First,

this section describes the general description of the neutrino interaction and then introduces

NEUT which is a neutrino interaction simulation program used in our analysis.

3.1.1 General Description of the Neutrino Interaction

Neutrino interaction is based on the weak interaction in the Standard Model and the Lagrangian

density of neutrino interaction on free nucleon target is given as,

Lint = − g

2
√

2
JCC
µ W+µ + h.c.− g

2cosθW
JNC
µ Zµ (3.1)

where JCC
µ and JNC

µ are hadronic currents for CC and NC reactions, W+µ and Zµ are gauge

fields of positively charged boson and neutral weak boson, respectively.

Using this Lagrangian density for free nucleon, that for neutrino-nucleus interaction is written

as,

Lint = −GF√
2
aJhµ l

µ + h.c. (3.2)

29
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where GF is the Fermi coupling constant, and Jhµ and lµ are hadronic and leptonic current

respectively. This Lagrangian density will be used in the later discussion of the neutrino-nucleus

interaction. Following this effective interaction Lagrangian, we can calculate the differential

cross section and it is given as,

dσ

dq2
=

1

32π

1

M2E2
ν

G2
F c

2
EWLµνH

µν (3.3)

where Lµν is the leptonic tensor and Hµν is the hadronic tensor. The leptonic tensor can be

given as,

Lµν = 8
[
kµk′ν + k′µkν − gµνkk̇′ ± iεµναβk′αkβ

]
. (3.4)

While Lµν can be written easily, the hadronic tensor can not be given simply because it includes

nuclear physics. Therefore, each neutrino interaction model yields a different cross section due

to the treatment of the hadronic tensor.

3.1.2 Neutrino Interaction Simulation using NEUT

In our oscillation analysis in the T2K experiment, the cross section of the neutrino interac-

tions is calculated using NEUT which is the software to simulate neutrino-nucleus interaction

[41]. NEUT focuses on a precise neutrino-nucleus scattering simulation as with the GENIE [52],

NuWro [53], NUANCE [54] and GIBUU [55]. NEUT was originally developed for studying atmo-

spheric neutrino and nucleon decay in SK, and so far has been developed by many physicists for

the Kamiokande series of experiments including the T2K experiment. It is capable of simulating

the interaction for neutrinos between 100 MeV and a few TeV of energy in a number of the

reaction channels. This energy region is well-suited for the analysis in the T2K experiment.

3.2 Neutrino-Nucleon Interaction

In the current oscillation analysis, a set of neutrino interaction models is used as the baseline

model which is plausible. This section will explain the theory description of the neutrino inter-

action with a single nucleon. In the energy region of the T2K, such interactions are dominant

and the understanding of their models is essential. The nuclear effects including multi-body

effects will be described in the next section.

3.2.1 Charged Current Quasi Elastic (CCQE) Interaction

Charged current quasi elastic (CCQE) interaction is a two-body reaction of neutrinos and nu-

cleons as shown in Fig.3.1. The fundamental neutrino interaction for the CCQE scattering is

given by :



Chapter 3 Neutrino Interaction 31

νl l−

n p

W

ν̄l l+

p n

W

Figure 3.1: Diagrams of CCQE neutrino (left) and anti-neutrino (right) interac-
tions.

νl(k) + n(p)→ l−(k′) + p(p′) (3.5)

ν̄l(k) + n(p)→ l+(k′) + p(p′). (3.6)

On the other hand, that for the neutral current is written as,

νl(k) + n(p)→ νl(k
′) + n(p′) (3.7)

ν̄l(k) + n(p)→ l+(k′) + p(p′) (3.8)

where l = e, µ, τ . These CCQE interactions are commonly described using Llewellyn-Smith

formalization [56].

Using Eq. 3.2, the invariant matrix for these reactions is written as

M =
GF√

2
cos θC lµJ

µ (3.9)

where θC is the Cabibbo angle, lµ is the leptonic current and Jµ is the hadronic current. This

hadronic current can be separated into two components which consist of the vector and axial

vector parts and given as,

Jµ = ū(k′)Γµu(k) (3.10)

= ū(k′)(Vµ −Aµ)u(k)

where Vµ is the vector part and Aµ is the axial part respectively. For each part, the matrix
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elements with each nucleon can be calculated as follows,

〈
N ′(p′)

∣∣Vµ
∣∣N(p)

〉
= ū(p′)

[
γµf1(Q2) + iσµν

qν

M +M ′
f2(Q2) (3.11)

+
2qµ

(M +M ′)
f3(Q2)

]
u(p)

〈
N ′(p′)

∣∣Aµ
∣∣N(p)

〉
= ū(p′)

[
γµγ5g1(Q2) + iσµν

qν

M +M ′
γ5g2(Q2) (3.12)

+
2qµ

(M +M ′)
γ5g3(Q2)

]
u(p)

where N ′, N are each nucleon(n, p), Q2 is the four momentum transfer squared, and M,M ′ are

the masses of the initial and the final nucleon respectively.

Given these equations and using the Mandelstam variables s, t, u the differential cross section

for Q2 is written as,

dσ

dQ2
=
G2
FM

2 cos2 θC
8πE2

ν

[
A(Q2)∓B(Q2)

(s− u)

M2
+ C(Q2)

(s− u)2

M4

]
. (3.13)

Here the factors A(Q2), B(Q2), and C(Q2) are written as,

A(Q2) =
m2 − q2

4M2

[(
4− Q2

M2

)
g2

1(q2)−
(

4 +
Q2

M2

)
f2

1 (Q2)− Q2

M2

(
1 +

Q2

4M2

)
f2

2 (Q2)

− 4Q2

M2
f1(Q2)f2(Q2)− m2

l

M2
{(f1(Q2) + f2(Q2)}2 + {g1(Q2) + 2g3(Q2)}2

+

(
Q2

M2
− 4

)
g2

3(Q2)

]
(3.14)

B(Q2) = − Q
2

M2
g2

1(Q2)
[
f1(Q2) + f2(Q2)

]
(3.15)

C(Q2) =
1

4

[
g2

1(Q2) + (f1(Q2))2 − Q2

4M2
(f2(Q2))2

]
(3.16)

where f1,2 are the vector form factors and f3 is the scalar form factor. The factors g1,2 are the

axial-vector form factors and g3 is the pseudoscalar form factor. Especially axial vector form

factor (g1(Q2)) is parametrized as a dipole model in our analysis,

g1(q2) = gA(0)

[
1− q2

M2
A

]−2

(3.17)



Chapter 3 Neutrino Interaction 33

where gA(0) is determined by the β decay experiments [57]. MA is called the axial mass which

is determined by the several neutrino scattering experiments (NUISANCE [58], ANL [59], BNL

[60] [61], BEBC [62], and FNAL [63]) and it takes an important role in the history of neu-

trino interaction which is represented by ”MiniBooNE MA puzzle” [64]. This problem was first

indicated by the K2K experiment [65]. Measurement results by the MiniBooNE experiment

indicated MA = 1.35 ± 0.17 MeV/c2 which was much higher than the world average by the

bubble chamber data for higher neutrino energy (MA = 1.03 MeV/c2). This discrepancy is now

considered as the contribution of multi-nucleon correlation especially at low Q2 region and it

will be described in Sec. 3.3.2. In our current analysis, MA is set to 1.03 ± 0.06 MeV/c2 as the

pre-fit value which is given by the global fit results [66].

3.2.2 Single Pion Production

Single pion production for the neutrino interactions can be divided into two main categories:

resonant pion production and coherent pion production which are described in this subsection.

Resonant Pion Production

Resonant pion production occurs when the exchange boson has the four momenta necessary to

excite the target nucleon to the resonance state which decays to produce a final-state pion. In

general, the resonant pion production channels of the neutrino interaction are shown in Fig.3.2

and for the charged-current interactions are written as,

νl(k) + p(p)→ l−(k′) + p(p′) + π+(t)

νl(k) + n(p)→ l−(k′) + n(p′) + π+(t)

νl(k) + n(p)→ l−(k′) + p(p′) + π0(t) (3.18)

and for the neutral current interactions as:

νl(k) + p(p)→ νl(k
′) + n(p′) + π+(t)

νl(k) + p(p)→ νl(k
′) + p(p′) + π0(t)

νl(k) + n(p)→ νl(k
′) + n(p′) + π0(t)

νl(k) + n(p)→ νl(k
′) + p(p′) + π−(t). (3.19)

Rein Sehgal model [67] is used to describe the resonant pion production model and 18

baryon resonances are taken into account in invariant mass W < 2 GeV. In the Rein-Sehgal

model, non-resonant isospin I = 1/2 background contribution is also added incoherently. On

the other hand, the lepton mass effect is not considered in the Rein-Sehgal model. In NEUT,

that effect is calculated based on Ref. [68]. Furthermore, there is the structure of the nucleon

in the single pion production as with the CCQE interaction.



Chapter 3 Neutrino Interaction 34

νl l−

p

π+

p

W

∆++

ν̄l l+

n

π−

n

W
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Figure 3.2: Diagrams of CC resonant pion production with neutrino (left) and
anti-neutrino (right).

The ∆++(1232) is the dominant mode in the T2K energy region of the pion production. The

form factor of the ∆++(1232) is the calculated based on Ref. [69]. It is separated into axial

part and vector part as with the CCQE interaction and how it is determined will be described

in Sec. 4.3. In NEUT, a second-order derivative (W (θ, φ) = dσ
dΩ = d2σ

dQ2dW
) is introduced to

generate the interaction events within the Rein-Sehgal model. This value is calculated using the

density matrix elements calculated by the Fynman-Kislinger-Ravndal (FKR) model [70] as the

transition from N to ∆.

Coherent Pion Production

Coherent pion production is a reaction where neutrinos interact on the whole nucleus without

knocking out any nucleon. It contributes especially to the cross section at low Q2 region of the

single pion production and the cross section is small compared to the resonant pion production

in the T2K energy region. In past NEUT, the Rein-Sehgal model [71, 72] based on Partially

Conserved Axial Current (PCAC) [73] was originally used to simulate the coherent pion pro-

duction. However, it is well known that the prediction of this model does not match the data at

the lower energy region. Thus, the current model in NEUT is tuned to the Berger-Sehgal model

[74]. The Berger-Sehgal model predicts the better agreements at the low Q2 region with data

of MINERνA experiment [75].

3.2.3 Deep Inelastic Scattering (DIS)

In deep inelastic scattering (DIS) interactions, the neutrino directly interacts with a quark inside

a nucleon. The DIS interactions become dominant in the neutrino energy more than a few GeV

which is much larger than the typical T2K beam energy. In NEUT, the measurement results are

well implemented for W > 2 GeV using PYTHIA [76]. On the other hand, for W < 2 GeV, the

DIS interactions are calculated using a parton distribution function (PDF) with Bodek-Yang

(BY) correction [77]. This correction improved the form factors for the DIS at low W region.

There is a little uncertainty which is implemented as a fraction of the difference between the

GRV98 PDFs with and without the BY correction.
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Figure 3.3: Example diagrams of DIS neutrino (left) and anti-neutrino (right) in-
teractions.

3.3 Nuclear Effects

In the previous section, we introduce the basics of the neutrino interaction with a nucleus and

form factors. However, several nuclear effects such as the Fermi motion, and nucleon-nucleon

correlation should be considered to treat the neutrino-nucleus interactions more sophisticatedly.

This section describes how nuclear effects are modeled in our analysis. First, we will describe the

nuclear modeling of the fundamental CCQE interaction. Then, we will explain 2 particle 2 hole

interaction related to the short-range correlation between nucleus. Furthermore, several effects

that are related to the strong interaction and the electrostatic interaction inside the nucleus will

be described.

3.3.1 Nuclear Modeling for CCQE Interaction

In this subsection, first, we will describe the Relativistic Fermi Gas (RFG) model which was used

in the past analysis for the CCQE components. Then, we will introduce the Benhar Spectral

Function (SF) model used in the current analysis.

Relativistic Fermi Gas Model

Relativistic Fermi Gas (RFG) model [78] is one of the common nuclear models and used for the

analysis in several neutrino experiments including the past analysis in the T2K. In the RFG

model, it is assumed that all nucleons behave as an ideal Fermi gas uniformly spreading in a

nucleus. The momentum states are filled up from the ground state to the highest state. This

highest momentum state is called Fermi momentum (pFp). The Fermi momentum of the RFG

model is given as the constant with the radius of the Fermi sphere (ρp) as follows,

pFp = (3π2ρp)
1
3 . (3.20)

This Fermi momentum is extracted from the electron scattering data, and pF = 217 MeV/c

for Carbon and pF = 225 MeV/c for Oxygen in NEUT. The RFG model prohibits interactions

that scatter nucleons with momenta below this Fermi momentum due to the Pauli exclusion

principle. Thus, momentum distributions of a nucleon can be given with the binding energy



Chapter 3 Neutrino Interaction 36

0 100 200 300
pmiss (MeV/c)

0

20

40

60

E
m

iss
(M

eV
)

Benhar SF Local FG

Global FG NEUT 5.5.0, νµ
16O

Figure 3.4: Comparison of the missing energy and missing momentum distribu-
tions for SF (red-shaded region), LFG (blue-shaded region) and Global
Fermi gas (green-shaded region) models for oxygen in NEUT. Taken
from [41].

(Eb) to describe Fermi motion effect,

P (~p,E) = θ(pF − |~p|)δ(E +
√
M2
N + |~p|2 − Eb). (3.21)

Here θ is the step function and MN is the mass of a nucleon. The RFG model itself cannot

consider the long-range correlation between nucleons and then Random Phase Approximation

(RPA) [79] is used to describe it in NEUT. The RPA is originally to describe the excited states

of nuclei and suppresses the cross section at low Q2 region.

Spectral Function Model

Benhar Spectral Function (SF) [80] is a model to describe nuclear effects, especially for CCQE

components. This model is based on the impulse approximation, and momenta of nucleons and

nuclear removal energies which corresponds to the binding energy in the Fermi gas model are

implemented two-dimensionally. This two-dimensional probability function is extrapolated from

the electron scattering experiments based on the shell model. In that sense, the SF model is

more sophisticated to describe the nuclear effects in the neutrino interactions. As a result, the

SF model is that the electron scattering data agrees better with the SF model than the RFG

model. Therefore, this SF model is used in our oscillation analysis.
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Figure 3.5: Comparison of cross section predictions for Nieves, Martini and SuSA
v2 models. Taken from [84].

As shown in Fig. 3.4, each nuclear model predicts clearly different missing energy and

momentum distributions. The local Fermi gas model will be introduced in Sec. 3.4.2.

3.3.2 2 Particle 2 Hole Interaction (2p2h Interaction)

As discussed in the previous section, we introduced the RPA to describe the long range cor-

relation between nucleons. However, electron scattering experiments indicate the existence of

2 particle 2 hole interaction (2p2h interaction) which derives from the short-range correlation

between nucleons. The 2p2h is an interaction where two correlated nucleons interact via meson

exchange and nucleon-nucleon correlation. In NEUT, the Nieves model is adopted to describe

the 2p2h interaction [81]. To consider the variation for the different 2p2h interaction models

such as Martini et al. model [82] and SuSAv2 [83], several parameters are introduced to cover

that uncertainty and predictions of these three models are shown in Fig. 3.5.

3.3.3 Final State Interaction (FSI)

The pions from neutrino interaction can be absorbed, exchange charge, transfer energy, change

direction or produce more pions inside the nucleus as shown in Fig. 3.6. It is due to the

various processes with nucleons through strong interaction and it is called final state interaction

(FSI). The outgoing pion kinematics from the neutrino interactions can be changed by the FSI.

Furthermore, the single pion production events can be misidentified as the CCQE events by the

pion absorption of the FSI. Such changing kinematics and misidentifications have a large impact

on our analysis. Furthermore, the outgoing particles also interact with the detector materials

before being detected. Such reactions are referred to as Secondary Interaction (SI).
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In NEUT, the semi-classical nuclear cascade model by Salcedo and Oset [85] is adopted for

lower momentum pion (pπ < 500 MeV/c). For higher momentum pion, it is mainly tuned to

modern π-A scattering data [86].

µ- 

π+ 
νµ 

π+ 

Figure 3.6: Image of final state interaction of a pion in the nucleon.

3.3.4 Coulomb Correction

In a charged-current neutrino-nucleus interaction, the electrostatic interaction between residual

nucleons and outgoing charged leptons can shift the lepton’s momentum. This shift is taken

into account as the Coulomb correction and its size is determined with the electron scattering

data [87].

3.4 Alternative Neutrino Interaction Models

As described in Sec. 3.2 and 3.3, the several neutrino interaction models are used as the baseline

models in our analysis. On the other hand, there are some alternative model candidates which

are not considered in our analysis. Thus, our choice of the baseline models can be a potential

bias in the analysis. The effects on the analysis results will be discussed in Chapter 6 and the

theoretical descriptions of these models are explained in this section. The alternative models

and corresponding nominal models which should be considered in our analysis are summarized

in Tab. 3.1. We will describe each alternative model in order.

3.4.1 Alternative Axial Form Factors

A Dipole model is used in our current oscillation analysis to describe the axial form factor as

mentioned in Sec 3.3.1. However, this model cannot describe well bubble chamber data for high

momentum transfer region and three parameters are implemented to cover it in the current
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Table 3.1: Summary of the alternative neutrino interaction models used in our
analysis.

Nominal Model Alternative Model

Axial Form Factor Di-pole Model Z-expansion
3-Component

Nuclear Model SF Model LFG Model
CRPA Model

Single Pion Production Rein-Sehgal Model Martini Model
Pion Kinematics Alternation

Low Q2 Suppression Derived From MINERνA

analysis. To confirm the robustness of this model itself, we should take into account for the

alternative model of the axial form factors. The Z-expansion [88] and 3-Component models are

considered as representatives.

Z-Expansion The Z-expansion model is based on the QCD sum rules and the axial form

factor of this model is given as the Taylor expansion of Q2 as follows,

FA(Q2) =
∞∑

k=0

akz(Q
2)k. (3.22)

Here ak is a coefficient which is bounded to guarantee the convergence of the series and z is

defined as,

z =

√
tc +Q2 −√tc − t0√
tc +Q2 +

√
tc − t0

(3.23)

where tc = 9m2
π and t0 = −0.280 GeV2. The value of t0 is chosen to ensure that the maximum

size of |z| is small enough for specific Q2 region which interest T2K.

3-Component The 2-Component model originally was introduced to describe the deviation

of the data from the dipole model for the form factors of a nucleon [89]. The form factor of this

model is given as,

FA(Q2) = gA(1 + γQ2)−2 ×
(

1− α+ α
m2
α

m2
α +Q2

)
(3.24)

where gA(1 + γQ2)−2 with free parameter γ describes the form factors from the quark core of

the nucleon. The rest of the equation with free parameter α represents the axial meson quark-

antiquark cloud. However, this 2-Component model cannot describe properly high Q2 region of

the bubble chamber data. The 3-Component model has the additional shape freedom compared
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to the 2-Component model and is written as,

FA(Q2) = gA(1 + γQ2)−2 ×
(

1− α+ α
m2
α

m2
α +Q2

)
+ gAθ

′Q2e−βQ
2

(3.25)

where θ′ = sign(θ)
√
|θ|β, and θ and β are the additional free parameters.

In NEUT, the parameters of these two alternative models are tuned to the bubble chamber

data. Figure 3.7 shows the comparisons of the form factor as a function of Q2 with the dipole

model.
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Figure 3.7: The form factors for the di-pole, Z-expansion and 3-Component models
with uncertainties as a function of Q2 (left) and the ratio to the dipole
model for the alternative form factor models as a function ofQ2 (right).

3.4.2 Alternative Nuclear Model

Local Fermi Gas (LFG) Model

In the RFG model, it is assumed that the nucleon density is uniform in each nucleon. For a more

sophisticated approach, local density should be considered and local Fermi gas (LFG) model is

the natural extension to cover it. The nuclear density ρ(r) is extrapolated from the electron

scattering measurements and Fermi momentum (pFn) is formalized in the LFG model as,

pFn = (3π2ρn(r))
1
3 . (3.26)

The LFG model is also combined with Random Phase Approximation (RPA) to describe the

long-range correlation as with the RFG model.
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Continuous Random Phase Approximation (CRPA) Model

As discussed in the previous section, several Fermi gas models are used to describe the nuclear

effects of the neutrino-nucleus interactions. However, there is a discrepancy between the pre-

diction of these models and data especially at low Q2 region. Continuous RPA (CRPA) model

(Hartree Fock + CRPA model) is originally motivated by that discrepancy [90].

In this approach, the nuclear correlation contributions such as the particle-hole excitations

are treated in the way of the Green’s function based on the calculation with the Hartree Fock

approach. One of the important characters of this model is that it has different effect on each

target, each flavor of neutrino and anti-neutrino. It indicated the unique impact on the analysis,

for example, the CCQE cross section as a function of low Q2 differs significantly between the

near and far detectors compared to the other models. In spite of the agreement at that low Q2

region, there are difficulties to parametrize this model for our analysis unlike to the other Fermi

gas models. Hence, this model is not used as the baseline model in our analysis directly.

3.4.3 Alternative Models for the Single Pion Production

Martini Model for Single Pion Production

The Martini model [82, 91] is to describe the multi-nucleon effect over a wide range of neutrino

energy based on the calculation using RPA and the ∆ resonance excitations. A main difference

to the nominal pion production model in NEUT is that the Martini model can include the

nuclear effect with the theoretical calculation.

Pion Kinematics Alternation Related to ∆(1232) Resonance

In NEUT, the cross section of ∆(1232) resonance is calculated with the density matrix elements

based on the Rein Sehgal model as discussed in the previous section. However, there is no rich

theoretical ground for the density matrix to calculate the differential cross section. Thus, so

far, they are defined 30% variation of the cross section as 1σ error in our analysis by comparing

data and model predictions [70]. The 1σ (-1σ) variation of this alternation increase (decrease)

the cross section at low pion momentum region.

Low Q2 Suppression Derived from MINERνA Experiment

The MINERνA experiment data showed that the number of events in single pion production

at low Q2 region is over-predicted in NEUT. To take into account this suppression effect in

the MINERνA data, we created the simulated data used in the robustness study which will be

discussed later.
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Chapter 4

Neutrino Oscillation Analysis

This chapter describes the method of neutrino oscillation analysis. We analyze the data of the

near detector and the far detector to measure the oscillation parameters.

4.1 Flow of Oscillation Analysis

Oscillation analysis is performed by comparing the number of events and the energy spectra of

data and simulation prediction at SK. The number of events of MC predictions at certain energy

Eν at the far detector are given as,

NSK(Eν , θ) = φSK(Eν)σ(Eν)εSK(Eν)P (να → νβ, Eν , θ) (4.1)

whereNSK(Eν , θ) is the number of νβ events, φSK(Eν) is the neutrino flux, σ(Eν) is the neutrino-

nucleus interaction cross-section, εSK(Eν) is the detection efficiency of SK and P (να → νβ, Eν , θ)

is the oscillation probabilities from να to νβ.

However, there is a systematic uncertainty by the uncertainties of neutrino interaction and

beam flux models via the prediction at certain neutrino energy. In the T2K experiment, there

are mainly two ways to measure the oscillation parameters while reducing such systematic un-

certainties. One is a frequentist way and the other one is a Bayesian analysis way. This thesis

discusses mainly the frequentist way. Figure 4.1 shows the overview of the analysis flow in our

frequentist way. First, we build the models for flux, neutrino interaction, and the near and far

detectors. The tunings and uncertainties of these models are given by the external experimental

data and theory. Next, near detector fit is performed by comparing the prediction from these

models and the data of the near detector. Systematic uncertainties of neutrino interaction and

flux are reduced by the near detector fit. Finally, values of oscillation parameters are derivable

by comparing the data and MC prediction at the far detector.

Each section of this chapter explains the details of those analyses in order.

43
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Figure 4.1: Overview of our oscillation analysis in the T2K experiment. Section
4.2 describes the neutrino flux model which is based on the neutrino
beam monitor and the external experiment data. Section 4.3 explains
the neutrino interaction model whose uncertainty is the main source
of the systematic uncertainty of our analysis. Sections 4.4 and 4.5
describe the detail of the near and far detector fit. In Sec. 4.6, we will
discuss the results of our oscillation measurement.
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4.2 Neutrino Flux

4.2.1 Neutrino Flux Model and Prediction

In our analysis, FLUKA [92] is used to simulate the hadronic production in the target. These

hadronic interactions are tuned by the data of the NA61/SHINE experiment [93]. Next, the

tracks and decays of outgoing particles from the target are simulated with JNUBEAM [94]

which is a GEANT3-based software package. Figure 4.2 shows the flux predictions with a series

of these simulations for each neutrino flavor at the near and far detectors.
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Figure 4.2: Prediction of neutrino flux in neutrino mode (left) and anti-neutrino
mode (right) at ND280 (top) and SK (bottom).
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4.2.2 Systematic Uncertainty of Neutrino Flux

There are several systematic uncertainty sources for neutrino flux, such as the hadron interac-

tions, alignment and modeling of the beam line, horn current and field, and proton beam profiles.

Figure 4.3 shows the fractional errors for each systematic source as a function of neutrino energy.

The uncertainty which is driven by the hadron interaction dominates. As for the rest of the

sources, the proton beam profile is most important for right-sign νµ since it causes peak energy

shift due to its neutrino beam direction change. Beam alignment and horn filed asymmetries

are important for wrong-sing νµ.

The errors for this analysis (∼ 5%) are smaller than those of the past analysis (∼ 9%) near

the peak of the neutrino flux since the large uncertainties which are driven by proton production

cross section are drastically reduced by using the data on a replica of the T2K production target

in the NA61/SHINE [95].

Figure 4.4 shows the covariance matrix of the flux uncertainty which is used as the input of

the near detector fit. There are strong correlations between near detector flux and far detector

flux parts. Thus, uncertainties of far detector flux are strongly constrained by measuring near

detector flux via the correlation. Binning for ν energy of this covariance matrix is as follows,

• 1 - 25 : ND280 ν mode

• 26 - 50 : ND280 anti-ν mode

• 51 - 75 : SK ν mode

• 76 - 100 : SK anti-ν mode

4.3 Parametrization of Neutrino Interaction Model

As described in Sec. 3.2, we used several neutrino interaction models as baseline models for our

oscillation analysis. Almost all systematic parameters of the interaction models are implemented

as normalization or shape parameters. The normalization parameters are applied as weights that

affect all specific interaction events, while weights for shape parametrization are applied as the

response functions of the kinematics information for the outgoing particles.

Cross section parameters are explained in detail below. Tables 4.1 and 4.2 summarize the

nominal values, the uncertainties, and the parameter types of the cross section parameters

CCQE parameters

• MQE
A : This parameter is the nucleon axial mass and its tunings and uncertainties are given

by the global fit results as mentioned in Sec. 3.2.

• High Q2 normalization: Theoretical uncertainty of high Q2 region is large due to a lack of

understanding of axial components in the neutrino-nucleus interaction. The uncertainties
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Figure 4.3: Uncertainty on the right sign neutrino flux in neutrino mode (left)
and antineutrino mode (right) at ND280 (top) and SK (bottom), bro-
ken down by the sources (hadron interaction, proton beam profile,
horn current, and alighnment) of uncertainty. The gray-shaded region
shows the shape of the neutrino flux in the T2K experiment.
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Figure 4.4: Flux covariance matrix for our oscillation analysis. The parameter
number corresponds to the bin number of each neutrino energy.

of high Q2 parameters are determined by the comparison of the dipole model with the Z-

expansion model. Three parameters are introduced for three bins for Q2(0.25-0.50 GeV2,

0.50-1.0 GeV2 and > 1.0 GeV2).

• Low Q2 normalization: There is a lack of theoretical background for Q2 parameters in SF

model as described in Sec. 3.3. Thus, five low Q2 parameters for five bins for Q2 (0.00-0.05

GeV2, 0.05-0.10 GeV2, 0.10-0.15 GeV2, 0.15-0.20 GeV2 and 0.20-0.25 GeV2) are treated

as free parameters.

• Removal energy (Eb) : There are four removal energy parameters for oxygen or carbon

target and neutrino or anti-neutrino. Compared to the past oscillation analysis, the uncer-

tainties are drastically reduced by using the SF model and applying the electron scattering

data. The details of this parameter are described in this paper [96].

2p2h parameters

• 2p2h normalization : This parameter describes the uncertainty of the normalization of the

specific 2p2h contributions to the CC0π event topology. There are three parameters and

two of them are overall normalization for neutrino or anti-neutrino 2p2h events. The other

is to describe the ratio of 2p2h events on carbon to those on oxygen.

• 2p2h shape : The 2p2h shape parameters to cover the uncertainties of shifts in the trans-

ferred energy and transferred three momentum phase space between ∆ or non-∆ like con-
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tributions to 2p2h interaction. There are two shape parameters for each target (carbon or

oxygen).

• 2p2h energy dependence : This parameter is to cover the theoretical discrepancy between

Nieves, Martini, and SuSA v2 models as described in Sec. 3.3.2. There are four parameters

to control the energy dependence of 2p2h interactions below and above Eν = 600 MeV for

neutrino and anti-neutrino.

Single pion production parameters

• MRES
A : This parameter is axial mass of the resonance production. This value is tuned

with the several deuteron bubble chamber data (ANL [97, 98] and BNL [99, 100]).

• CA5 : This parameter is to control the coefficient of the axial form factor of resonance

production. This value corresponds to the axial form factor at zero transferred four mo-

mentum.

• I1/2 : This parameter is to control the normalization of I1/2 isospin non-resonant pion

production channels.

• I1/2 for low momentum pions : This parameter is implemented to introduce the extra

freedom of non-resonant pion production induced by anti-neutrino. This value is not

constrained by near detector fit and the uncertainty is 100%.

• CC and NC Coherent : These parameters are to control the normalizations of CC and

NC coherent cross sections. There are four parameters for each target (carbon or oxygen)

and NC or CC scattering. Nominal values are determined by the calculation based on

the Rein-Sehgal model. However, MINERνA data indicated a 30% difference and it is

assigned to the uncertainty of this value.

DIS parameters

• CC Bodek-Yang DIS and Multi-Pi : This parameter is to treat the difference between

with and without Bodek-Yang correction for DIS interaction in NEUT. This parameter is

separated into two parameters for invariant mass W < 2 GeV (multi-π) and W > 2 GeV

(DIS) interactions.

• CC AGKY Multi-Pi : This parameter is to consider the difference between our nominal

model and AGKY model [101] for multi-π interactions.

• CC DIS Mult-Pi Norm ν, ν̄ : This parameter is introduced to the normalization un-

certainties by the difference between the NEUT nominal model and the world average

measurements [102]. It is separated for ν and ν̄ interactions.

• CC Misc. : This parameter is to control the normalization of the other DIS events including

several hadrons such as η and K which are not major contributions to the DIS event

topology in the T2K experiment.
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FSI parameters

Five shape parameters (π-FSI QE (Quasi Elastic scattering of pions), π-FSI QE for high E, π-

FSI QE for low E, π-FSI Hadron Prod., π-FSI Absorption and Charge Exchange) are introduced

to control the components of FSI. Their values and uncertainties are tuned with several physics

theory and external experiments as mentioned in Sec. 3.3.3.

νe/νµ and ν̄e/ν̄µ differences

There are two normalization parameters to account for cross section difference between νe and

νµ and that between ν̄e and ν̄µ. These differences are mainly caused by the mass difference of

the outgoing lepton. On the other hand, radiative correction can be a large possible source of

these differences. However, this uncertainty has not yet been included in the current analysis as

the systematic parameter and it will be discussed in Chapter 6.

Other parameters

In addition to these CC parameters, there are several parameters to control neutral (NC) current

processes. There are four following parameters which are applied in our analysis,

• NC 1γ : This parameter is to control the single photon emission process during a non-

resonant NC scattering. There are no experimental data, and thus a conservative 100%

Gaussian uncertainty is applied to this parameter.

• NC Other normalization : There are two normalization parameters to control the other

NC contributions (DIS, multi-π production) for the near detector and the far detector

respectively.

Furthermore, there are two normalization parameters in order to control the process of the

coulomb effect for the neutrino-nucleus scattering [103, 104].
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Table 4.1: Summary of the CCQE cross section parameters.

Parameter Nominal Uncertainty Type

MQE
A 1.03 0.06 Shape

Q2 norm 0 1 1 Norm
Q2 norm 1 1 1 Norm
Q2 norm 2 1 1 Norm
Q2 norm 3 1 1 Norm
Q2 norm 4 1 1 Norm
Q2 norm 5 1 0.11 Norm
Q2 norm 6 1 0.18 Norm
Q2 norm 7 1 0.40 Norm

ECb,ν 2 6 Mom. Shift

ECb,ν̄ 0 6 Mom. Shift

EOb,ν 4 6 Mom. Shift

EOb,ν̄ 0 6 Mom. Shift

4.4 Near Detector Fit

4.4.1 Overview of Near Detector Fit

The log likelihood for the near detector fit is able to be separated into two components. One

accounts for the prior constraint which stems from the previous knowledge based on the ex-

ternal experiments and physics theory (Lpenalty). The other one is the statistical part for the

comparison between prediction and data statistics (Lstat.).

The systematic uncertainties for flux, cross sections, and detectors are modeled as the mul-

tivariate Gaussian distributions. Thus the former constraint component can be given as,

−2 lnLpenalty = −2 ln

[
(2π)

Nf
2 |Vf |

1
2 exp

(
−1

2
∆~fV −1

f ∆~f

)
+ (2π)

Nx
2 |Vx|

1
2 exp

(
−1

2
∆~xV −1

x ∆~x

)

+ (2π)
Nd
2 |Vd|

1
2 exp

(
−1

2
∆~dV −1

d ∆~d

)]

= ∆~f(V −1
f )∆~f + ∆~x(V −1

x )∆~x+ ∆~d(V −1
d )∆~d+ const. (4.2)

where Nf , Nx and Nd are the number of parameters of flux, cross section, and detector respec-

tively. The vectors ∆~f , ∆~x and ∆~d are the deviation of these parameters from nominal values in

the given iteration of the fit for each parameter. The operators Vf , Vx and Vd are the covariance

matrix of them.

Under the assumption that statistical fluctuation for each bin of data follows Poisson dis-

tribution with a Barlow-Beeston correction [105], the latter statistical component is written as,
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Table 4.2: Summary of cross section parameters other than CCQE.

Parameter Nominal Uncertainty Type

2p2h norm. ν 1 1 Norm
2p2h norm. ν̄ 1 1 Norm

2p2h norm. C to O 1 0.2 Norm
2p2h shape C 0 1 Shape
2p2h shape O 0 1 Shape

2p2h E. dep. low-Eν 1 1 Shape
2p2h E. dep. high-Eν 1 1 Shape
2p2h E. dep. low-Eν̄ 1 1 Shape
2p2h E. dep. high-Eν̄ 1 1 Shape

MRES
A 1.07 GeV 0.15 GeV Shape
CA5 0.96 0.15 Shape
I1/2 0.96 0.4 Shape

I1/2 low. pπ 0.96 1.3 Shape

CC norm. ν 1.00 0.02 Norm
CC norm. ν̄ 1.00 0.01 Norm

νe/νµ 1.000 0.028 Norm
ν̄e/ν̄µ 1.000 0.028 Norm

CC BY DIS 0 1 Shape
CC BY Multi-Pi 0 1 Shape

CC AGKY Multi-Pi 0 1 Shape
CC Misc. 1 1 Norm

CC DIS Multi-Pi Norm ν 1.000 0.035 Norm
CC DIS Multi-Pi Norm ν̄ 1.000 0.035 Norm

CC Coherent C ν 1.0 0.3 Norm
CC Coherent O ν̄ 1.0 0.3 Norm

NC Coherent 1.0 0.3 Norm
NC 1γ 1.0 1 Norm

NC Other Near 1.0 0.3 Norm
NC Other Far 1.0 0.3 Norm

π-FSI QE 1.069 0.313 Shape
π-FSI QE high 1.824 0.859 Shape

π-FSI Hadron Prod. 1.002 1.101 Shape
π-FSI Absorption 1.404 0.432 Shape

π-FSI Charge Exchange 0.697 0.305 Shape

lnLstat. =

total number of bin∑

i

ln

(
Ndata
i

NMC
i (~f, ~x, ~d)

)
+Ndata

i −NMC
i (~f, ~x, ~d)− (βi − 1)2

2σ2
βi

(4.3)

where Ndata
i is the number of events for i-the bin of data, and NMC

i is that of MC as a function
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of flux (~f), cross-section (~x), detector parameters (~d). The factor βi is the scaling parameter

to account for the MC statistical fluctuation based on the Barlow-Beeston correction such that

NMC
i = βNMC,gen

i where NMC,gen
i is the number of generated events in the simulation. The first

three terms represent the Poisson likelihood term and the last term corresponds to the Barlow-

Beeston correction. In the limit of infinite MC statistics, this statistical part gives Poisson

Likelihood (σβi → 0, βi → 1)

Considering these two contributions, the negative log likelihood is written as,

−2 lnLND = −2 lnLstat − 2 lnLpenalty

= −2
∑

i

[
Ndata
i −NMC

i (~f, ~x, ~d) ln

(
Ndata
i

NMC
i (~f, ~x, ~d)

)]
− (βi − 1)2

2σ2
βi

+ ∆~f(V −1
f )∆~f + ∆~x(V −1

x )∆~x+ ∆~d(V −1
d )∆~d

≡ χ2
ND280 (4.4)

Here the constant term is dropped and we assume a Gaussian distribution for the βi and minimize

this likelihood for βi. Thus, the analytic solution for βi is given as,

β2
i + (NMC,gen

i σ2
βi
− 1)βi −Ndata

i σ2
βi

= 0. (4.5)

The near detector log likelihood is minimized using the MIGRAD algorithm which is based

on the quasi-Newton method in the MINUIT package of ROOT [106]. When the statistics

is sufficient, −2 lnLND can be well approximated to χ2 distribution based on Wilks’ theorem

[107]. Thus, χ2
ND280 before the minimization is used as the pre-fit χ2 value and that after the

minimization is used as the post-fit χ2 value.

4.4.2 Event Selection

Near detector data used in the fit

Table 4.3 shows the collected data used in the near detector fit. We used 115.31 × 1019 POT

for the ν mode and 83.36 × 1019 POT for the ν̄ mode.

Event Categorization

For the event categorization of the near detector fit, we used the measurement only with FGD

and TPC and chose the events where νµ or ν̄ν CC interactions took place in FGD and the muon

from the interactions is scattered to the TPC. The following six selection criteria are applied to

meet this requirement.

• Event bunching : The tracks are grouped in the same beam bunch as one neutrino inter-

action event to avoid accidental pile-up events.

• Crossing track requirement : It is required that at least one reconstructed track crossing

TPC2 or TPC3. This requirement is needed for the momentum measurement and the
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Table 4.3: Summary of collected data for the near detector fit.

Run number Beam mode POT at ND280 (×1019)

2 ν mode 7.93
3 ν mode 15.81
4 ν mode 34.26
5 ν̄ mode 4.35
6 ν̄ mode 34.09
7 ν̄ mode 24.38
8 ν mode 57.31
9 ν̄ mode 20.54

Total ν mode 115.31
Total ν̄ mode 83.36

particle identification.

• Track quality and fiducial volume : It is required that the starting position of at least

one reconstructed track is inside the FGD1 or FGD2 fiducial volume. In addition to that,

only tracks with more than 18 clusters, vertical or horizontal are selected in order to reject

short tracks which is less reliable for reconstruction in TPC.

• Nearby track veto : One track produced at the P0D that undergoes a large scattering to

the FGD1 can be mis-reconstructed separately as the two tracks. To avoid such failures,

a cut vetoes events with the second highest momentum track starts 150 mm upstream of

the muon candidate track are rejected.

• Broken track : This cut intends to reject the mis-reconstructed events in which one muon

candidate track originating in the FGD fiducial volume is broken into two components:

one FGD only track (fully contained in FGD) followed by second track which starts in

last layers of FGD and passes the TPC module. Thus, the second track is considered

as muon candidate. To remove such events, it is required that start position of muon

candidate track is not in the last two layers of the FGD if the same event has at least one

reconstructed FGD-only track.

• Muon PID : We require one of the tracks is identified as muon. Muon particle identification

is performed with the energy deposits and the momentum of the tracks in the TPC using

the likelihood of Eq. 2.5. This PID cut is defined for νµ CC events as follows,

Lµ > 0.1 (4.6)

LMIP =
Lµ + Lπ
1− Lp

> 0.9 if p < 500 MeV/c. (4.7)

where LMIP , Lµ, Lπ, and Lp are the likelihoods for the PID of Minimum Ionized Particle
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(MIP), muon, pion and proton. p is the momentum of the muon candidate. For ν̄µ CC

selection, it is defined as follows,

0.1 < Lµ < 0.8 (4.8)

LMIP > 0.7 if p < 500 MeV/c. (4.9)

When an event passes these six criteria, it is categorized as the νµ CC candidate events.

Furthermore, pion selection is applied to divide the νµ CC events into three categories which

depend on the pion multiplicity. Using the same likelihood, the condition of the pion PID cut

is defined as follows,

LMIP > 0.8 if p < 500 MeV/c (4.10)

Lπ > 0.3. (4.11)

Events are categorized into 18 samples which are split into nine samples for FGD1 and FGD2

which are determined by whether the interaction point is FGD1 or FGD2. Furthermore, each

of the nine samples is separated into three samples for νµ in ν mode, ν̄µ in ν mode and ν̄µ in ν̄

mode. Each of the three samples is separated by the pion multiplicity which is determined by

the pion selection criteria. When the number of reconstructed pions is zero, it is categorized as

CC0π sample. A single charged pion with an opposite charge to the muon makes CC1π sample.

Any other number of charged pions or the existence of neutral pions is grouped as CCOther

sample.

The binning of muon kinematics distributions for each event category is optimized considering

the statistics in our current collected data. Figure 4.5 shows the comparison of the data and

pre-fit prediction for ν mode FGD1.

4.4.3 Detector Systematics

Detector systematics of the near detector is treated through bin-by-bin covariance matrix in

our analysis framework. The detector covariance matrix includes not only general detector

systematics effects but also pion secondary interaction (SI) effects. Contribution of Pion SI

effects is so large compared to the other detector systematics errors and its ratio is 70-95% of total

detector uncertainty. Implementation ways of these near detector systematics are divided into

three ways: observable-like, efficiency-like and normalization systematics. Table 4.4 summarizes

how each detector systematics are implemented in our analysis.

4.4.4 Near Detector Fit Results

Table 4.5 summarizes the results of the event rate for the data and MC prediction before and

after the near detector fit. Compared to the event rates of the prefit, those of the postfit are in

drastically good agreement with the data for each sample. Furthermore, Fig. 4.6 shows the MC
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Figure 4.5: Pre-fit predictions and data points of muon momentum (left) and an-
gular (right) distributions interaction mode by mode for CC0π, CC1π
and CCOther samples of ν mode. The black points and error bars rep-
resent the data with the statistical uncertainty. The shaded regions
show the contributions of the ν CCQE, ν 2p2h, ν CC resonant 1π, ν
CC coherent 1π, ν CC other, ν NC modes, and ν̄ modes. The bottom
insets show the ratio of data to simulation
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Table 4.4: Systematic error sources in our near detector fit and error propagation
model.

Systematic Error Sources Propagation Model

TPC related

B Field distortion Observable variation
TPC momentum scale Observable variation

TPC momentum resolution Observable variation
TPC PID Observable variation

TPC cluster efficiency Efficiency-like
TPC tracking efficiency Efficiency-like

TPC charge ID efficiency Efficiency-like

FGD-TPC related

TPC-FGD matching efficiency Efficiency-like

FGD related

FGD PID Observable variation
FGD hybrid tracking efficiency Efficiency-like

Michel electron efficiency Efficiency-like

Background related

OOFV background Normalization
Sand muon background Normalization

Pile-up Normalization

MC modeling related

Pion secondary interactions Normalization
Proton secondary interactions Normalization

FGD mass Normalization

prediction with the values after the near detector fit. The MC prediction gets better agreement

with the data bin by bin compared to Fig. 4.5.

Figure 4.7 and 4.8 show the neutrino flux and cross section parameters respectively before

and after the near detector fit. As for the flux parameters for the ν mode, post-fit values for lower

neutrino energy are higher by ∼ 10% than the pre-fit values of them. On the other hand, for the

higher neutrino energy, post-fit values are lower by ∼ 10% than the pre-fit values. This is due to

the correlation with CCQE cross section parameters such as MA
QE and Q2 parameters as shown

in Fig. 4.9 which shows the correlation matrix for neutrino flux and cross section parameters.

Clear anti-correlation between flux and cross section parameters can reduce total systematics

uncertainties on the oscillation parameters measurement. That is because the number of ν

events at the far detector is calculated as the product of the flux and the cross section. For the

CC0π parameters, MQE
A is pulled 2σ above its nominal value. The post-fit values of the low

Q2 parameters are consistent with other cross section data while high Q2 parameters are pulled

up from the nominal values to compensate the Q2 difference in CCQE events. More detailed

discussion including the updated oscillation analysis results will be described in the Sec. 7.1.
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Figure 4.6: Post-fit predictions and data points of muon momentum (left) and
angular (right) distributions for CC0π, CC1π and CCOther samples
of ν mode. The black points and error bars represent the data with
the statistical uncertainty. The shaded regions show the contributions
of the ν CCQE, ν 2p2h, ν CC resonant 1π, ν CC coherent 1π, ν CC
other, ν NC modes, and ν̄ modes. The bottom insets show the ratio
of data to simulation.



Chapter 4 Neutrino Oscillation Analysis 59

µν
N

D
28

0 
F

H
C

 

µν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

T2K Preliminary Mode FluxνND280 

µν
N

D
28

0 
R

H
C

 

µν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

T2K Preliminary Mode FluxνND280 

µν
SK

 F
H

C
 

µν
SK

 F
H

C
 

eν
SK

 F
H

C
 

eν
SK

 F
H

C
 

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

T2K Preliminary Mode FluxνSK 

µν
SK

 R
H

C
 

µν
SK

 R
H

C
 

eν
SK

 R
H

C
 

eν
SK

 R
H

C
 

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

T2K Preliminary Mode FluxνSK 

Figure 4.7: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for the
ND280 (top) and SK (bottom) from the near detector fit to the data.
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Figure 4.8: Pre- (red band) and post-fit (blue dots and black error bands), cross
section parameters for CC0π (CCQE and 2p2h), Eb, CC1π, FSI,
CCDIS, and CC normalization from the near detector fit to the data.
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Figure 4.9: Correlation matrix of flux and cross section (XSec) parameters. There
is a clear anti-correlation between flux parameters and cross section
parameters in the post-fit correlation matrix (right) while there is no
correlation in the pre-fit matrix (left).
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Figure 4.10: Correlation matrix of cross section (XSec) parameters.
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Table 4.5: Summary of the number of events at each event selection for data and
the MC prediction before (Prefit) and after (Postfit) the near detector
fit to the data.

Beam Event Topology Target Data Prefit Postfit

ν mode νµ CC

0π
FGD1 33443 27951.80 33387.70
FGD2 33156 27558.87 33150.90

1π
FGD1 7713 8358.62 7930.96
FGD2 6281 6723.79 6423.44

Other
FGD1 8026 7031.49 7946.17
FGD2 7700 6454.74 7313.67

ν̄ mode ν̄µ CC

0π
FGD1 8388 7270.33 8430.25
FGD2 8334 7036.50 8184.52

1π
FGD1 698 694.32 681.54
FGD2 650 624.69 636.19

Other
FGD1 1472 1286.79 1469.29
FGD2 1335 1176.53 1377.96

ν̄ mode νµ CC

0π
FGD1 3594 3035.59 3580.46
FGD2 3433 3012.40 3528.39

1π
FGD1 1111 1159.01 1154.22
FGD2 926 930.64 920.74

Other
FGD1 1344 1073.13 1290.46
FGD2 1245 1000.39 1196.24

4.5 Far Detector Analysis

4.5.1 Ring Reconstruction Algorithm (fiTQun)

In SK, charges and timing of PTM hits for the Cherenkov ring are used in order to measure

the kinematics information of outgoing charged particles from neutrino interaction. A new

ring reconstruction algorithm (fiTQun) [108] is used to reconstruct the Cherenkov ring more

precisely. This algorithm was originally developed for the MiniBooNE experiment and now it

is adopted for the reconstruction at SK. Variables such as vertex, direction, and momentum of

each ring are simultaneously fitted using the maximum likelihood method based on the charge

and time information of all PMTs. This simultaneous fit with much information enables the

precise reconstruction.

4.5.2 Fiducial Volume at the Far Detector

Figure 4.11 illustrates the fiducial volume parameters. ”Wall” refers to the shortest distance

from the particle vertex to the detector inner wall, and ”towall” refers to the distance to the

detector inner wall along the reconstructed track. Previously, only the condition that ”wall”

parameter is large enough was used to select the fully-contained events in the fiducial volume.

Ideally, events with smaller ”wall” should be selected to obtain larger statistics. However, in



Chapter 4 Neutrino Oscillation Analysis 63

areas with smaller ”wall”, the background event rate is relatively high and the reconstruction

purity is worse. Thus, it is necessary to optimize the fiducial volume cut in terms of increasing

the statistics. Then, we introduce a ”towall” parameter to optimize the fiducial volume cut.

In the events with small ”wall” and large ”towall”, Cherenkov rings are generally well imaged.

On the other hand, events with both small ”wall” and ”towall” have few PMT hits and poorly

imaged Cherenkov rings. Such events should be removed and we optimized these two parameters.

Figure 4.11: Overview of the fiducial volume parameters for the far detector anal-
ysis.

4.5.3 Event Selection

Far detector data used in the fit

Table 4.6 shows the collected data used in the far detector analysis. We used 1.9663 × 1021

POT for the ν mode and 1.6344 × 1021 POT for the ν̄ mode.

Event Categorization

There are three samples for ν mode: a CCQE-like νe (ν-mode 1Re), a CCQE-like νµ (ν-mode

1Rµ), and a CC single pion-like νe sample (ν mode 1Re1de). On the other hand, for ν̄-mode,

there are two samples : a CCQE like ν̄µ (ν̄-mode 1Rµ), and a CCQE-like ν̄e (ν̄-mode 1Re).

νe event selection

The νe selection criteria are given as follows,

1. Fully-contained event in the SK fiducial volume.

2. Number of rings found is one.
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Table 4.6: Summary of collected data for the far detector analysis.

Run number Beam mode POT at SK (×1019)

1 ν mode 3.26
2 ν mode 11.22
3 ν mode 15.99
4 ν mode 35.97
5 ν̄ mode 5.12

ν mode 2.44
6 ν̄ mode 35.46

ν mode 1.92
7 ν̄ mode 34.98

ν mode 4.84
8 ν mode 71.69
9 ν̄ mode 87.88

ν mode 2.04
10 ν mode 47.26

Total ν mode 196.63
Total ν̄ mode 163.44

3. The ring is identified as electron-like.

4. Visible energy is greater than 100 MeV.

5. Neutrino energy reconstructed Erec is less than 1250 MeV.

6. The number of decay electron is zero.

7. Rejection of π0.

The second and third criteria is to select the single electron-like ring events. By the fourth

criterion, we can reject the low energy background events which are difficult to reconstruct the

neutrino energy. The fifth cut is applied in order to reject the beam intrinsic νe background which

is contained in the high energy region. The sixth cut rejects the NC interaction and invisible µ±

events. We reject the NCπ0 background by the last criterion. This cut is determined with the

reconstructed π0 mass and the log-likelihood ratio of π0 and e from the fiTQun. These selection

cuts are summarized in Fig. 4.12.

νµ event selection

The νµ selection criteria are given as follows,

1. Fully-contained event in the SK fiducial volume.

2. Number of rings found is one.
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Figure 4.12: Selection criteria for νe events. ”Wall” and ”towall” parameters are
described in Sec. 4.5.2.
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3. The ring is identified as a muon-like single-ring.

4. Reconstructed muon momentum of µ-like ring is larger than 200 MeV/c.

5. The number of decay electrons is zero or one.

6. Rejection of π+.

The second and third criteria is to select the single µ-like ring events. By the fourth criterion,

we can select the low energy background events which are difficult to reconstruct the neutrino

energy. The fifth cut is applied in order to reject non-CCQE interaction. We reject the NCπ+

background by the last criterion. This cut is determined with the reconstructed muon momentum

and the log-likelihood ratio of π+ and µ from the fiTQun. These selection cuts are summarized

in Fig. 4.13.

νe CC1π (ν mode 1Re1de) event selection

This selection has been applied in order to increase the statistics since 2016. This selection

criteria are characterized by tagging the e-like ring and one decay electron, and given as follows,

1. Fully-contained event in the SK fiducial volume.

2. Number of rings found is one.

3. The ring is identified as electron-like.

4. Visible energy of the electron-like ring reconstructed is greater than 100 MeV.

5. The number of decay electron is one.

6. Reconstructed neutrino energy Erec is less than 1250 MeV.

7. Rejection of π0.

Compared to the νe selection criteria, we only change the fifth criterion in order to tag one

decay electron.

4.5.4 Detector Systematics

SK detector systematics is evaluated based on ”Vertex position”, ”Number of decay electrons”,

”PID”, ”Number of ring counting” and ”Momentum” variables. Most of these systematic uncer-

tainties are evaluated by comparing data and MC prediction with cosmic ray and atmospheric

neutrino samples. As for the uncertainty on the π0 rejection efficiency in 1Re samples, it is esti-

mated using ”hybrid” π0 sample which consists of an e-like event from the atmospheric neutrino

or decay electron from cosmic ray muon data with a simulated γ kinematics from NCπ0 events

in the MC. The systematic uncertainty is evaluated by comparing π0 rejection efficiency of the

data-MC with the MC-MC samples.
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Figure 4.13: Selection criteria for νµ events. ”Wall” and ”towall” parameters are
described in Sec. 4.5.2.
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Furthermore, the photo-nuclear (PN) effect is also included in the SK detector systematics.

In the PN effect, a photon from a π0 is absorbed by the nucleus. The photon reconstruction

efficiency can be changed since the emitted Cherenkov light yield may be changed by the PN

effect.

4.5.5 Fit Procedure

This subsection describes the fit procedure using the systematic parameters and the event se-

lections.

Likelihood of Far Detector Fit

Binned likelihood LSK is introduced to extract the oscillation parameters from the SK data as

follows,

LSK({Nobs
s , ~xobs

s }∀s, ~o, ~f) =
∏

s∈samples

[LSK,s(N
obs
s , ~xobs

s , ~o, ~f)]× Lsyst.(~f) (4.12)

where Nobs
s is the number of events observed for sample s, ~xobss represents measurement variables

(lepton momentum pl and scattering angle θ for e-like events, and reconstructed energy Erec
and scattering angle θ for µ like events.), ~o represents the oscillation parameters. Lsyst.(~f) is

the likelihood for the systematic part which is given as the covariance matrix and mean values

for the systematics parameters. It is given as,

Lsyst.(~f) = exp



−

Nf∑

i,j

∆~fiV
−1
i,j

~fj



 (4.13)

where Nf is the number of systematic parameters and indices i, j run through all systematics

parameters. The likelihood of sample s (LSK,s) is the statistical part to compare the MC

predictions and the data. It is the sum of the log Poisson likelihood and can be written as,

lnLSK,s(N
obs
s , ~xobs

s , ~o, ~f) =
∑

i∈bins

[(N exp.
s,i −Nobs.

s,i ) +Nobs.
s.i × ln (Nobs.

s,i /N
exp.
s,i )] (4.14)

where i runs through each pl − θ or Erec − θ bin. The values Nobs.
s,i and N exp.

s.i are the number of

observed and expected events for i th bin.

Marginal Likelihood

Equation 4.12 is minimized to calculate the best fit values of oscillation parameters ~o while there

are some nuisance parameters ~f as the variables during the minimization. On the other hand,

to calculate the confidence interval for each oscillation parameter, it is needed to construct the

likelihood which only depends on ~o. A Bayesian marginalization method is adopted and we
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compute the marginal likelihood by integrating the full likelihood over the nuisance parameters
~f for fixed ~o,

LSK,marg(Nobs, ~xobs, ~o) =

∫
d~fLSK(Nobs, ~xobs, ~o, ~f). (4.15)

In the actual analysis, we integrate numerically these nuisance parameters by throwing them

N = 100, 000 times for one-dimensional ∆χ2 distributions and N = 20, 000 times for two-

dimensional ∆χ2 contour according to their prior distributions and the marginal likelihood is

given as,

LSK,marg(Nobs, ~xobs, ~o) =
1

N

N∑

i=1

1

Lsyst.(~f)
LSK(Nobs, ~xobs, ~o, ~f). (4.16)

Confidence Interval

Using the marginal likelihood, the confidence interval for each oscillation parameter ~o is defined

as follows,

∆χ2(~o) = −2× ln
LSK,marg

Lmax
SK,marg

, (4.17)

where Lmax
SK,marg is the maximum of the marginal likelihood over the range of values of ~o. Feld-

man Cousins method [109] is used to calculate the confidence interval in order to consider the

boundary effects in our analysis.

Credible Interval

Bayesian credible intervals can be calculated by using the marginal likelihood. Posterior distri-

butions for each oscillation parameter set p(~o|Nobs, ~xobs) can be given as follows,

p(~o|Nobs, ~xobs) =
Lmarg(Nobs, ~xobs, ~o)× p(~o)∫
d~o′Lmarg(Nobs, ~xobs, ~o′)× p(~o′) . (4.18)

Using this posterior distribution, the credible interval can be written as,

∫

interval
d~o p(~o|Nobs, ~xobs) = α. (4.19)

4.6 Results of Oscillation Analysis

This section describes the results of the measurement of the oscillation parameters from the full

data set as shown in Fig. 4.14 with the constraints from the near detector fit.

4.6.1 Effects of Near Detector Fit on Far Detector Samples

Figure 4.15 shows the comparison of the spectra with the pre-fit values and the post-fit values

for each far detector spectrum. The shaded region shows the 1σ uncertainty band and the
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Figure 4.14: The events for the five far detector samples. The expected event rates
using the best fit with the reactor constraint is shown in the colored
background. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from
the best-fit. The error bars represent the 1σ statistical uncertainty
on the data.
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constraint with the near detector fit effectively reduces the uncertainties on the event rates.

Systematic uncertainties for flux, cross section and detector (SK+SI+PN) with and without

near detector constraint are summarized in Tabs. 4.7 and 4.8. Those of flux and cross section are

reduced drastically by the near detector fit. Furthermore, total uncertainties of flux and cross

section are small compared to that of two individually thanks to the anti-correlation between

them as mentioned in Sec. 4.4.4.

Table 4.7: Summary of the systematic uncertainties for the number of events at
the far detector before the near detector fit.

1Rµ 1Re

Error source (%) ν mode ν̄ mode ν mode ν̄ mode ν mode ν mode
ν̄ mode

CC1π+

Flux 5.1 4.7 4.8 4.7 4.9 2.7
Cross-section (all) 10.1 10.1 11.9 10.3 12.0 10.4

SK+SI+PN 2.9 2.5 3.3 4.4 13.4 1.4

Total 11.1 11.3 13.0 12.1 18.7 10.7

Table 4.8: Summary of the systematic uncertainties for the number of the events
at the far detector after the near detector fit.

1Rµ 1Re

Error source (%) ν mode ν̄ mode ν mode ν̄ mode ν mode ν mode
ν̄ mode

CC1π+

Flux 2.9 2.8 2.8 2.9 2.8 1.4
Cross-section (ND constraint) 3.1 3.0 3.2 3.1 4.2 1.5

Flux + Cross-section (ND constraint) 2.1 2.3 2.0 2.3 4.1 1.7
Cross-section (ND unconstrained) 0.6 2.5 3.0 3.6 2.8 3.8

SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2

Total 3.0 4.0 4.7 5.9 14.3 4.3

4.6.2 Fit Results of Oscillation Parameters

How the number of events in the selections varies the oscillation parameters is summarized in

Fig. 4.16. This figure shows a two-dimensional scattered plot for the number of e-like events of ν

mode and ν̄ mode at the far detector for each oscillation parameter. The electron-like events in ν

mode and ν̄ mode are sensitive to sin δCP , the neutrino mass ordering, and the octant of θ23, and

their energy spectra has some sensitivity to cos δCP . Furthermore, the data favors the maximal

CP violation (δCP = +π
2 ), the normal mass ordering, and the upper octant (sin2 θ23 > 0.5).

Figure 4.17 shows the two-dimensional contours for sin2 θ23 vs ∆m2
23 and δCP vs sin2 θ13.

The contours are compatible for both mass orderings and prefer the upper octant. Figure 4.18

shows the ∆χ2 distribution for δCP . The Feldman-Cousins method is used to calculate the
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Figure 4.15: Comparison of the pre-fit and post-fit prediction with the total un-
certainty for ν mode 1Rν, ν mode 1Re, ν̄ mode 1Rµ, ν̄ mode 1Re
and ν mode 1Re1de samples as a function of reconstructed neutrino
energy.
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critical ∆χ2 values to determine the 90%, 1σ and 2σ confidence level (CL). Consequently, 35%

of the possible values for δCP are excluded at the 2σ CL and CP conserving values δCP = 0 or

π are excluded at 90% CL.

4.6.3 Discussion

We obtained the measurement results of the oscillation parameters with the world’s highest

precision. As a result, the best-fit values for each oscillation parameter are summarized in Tab.

4.9. Comparison of these results with those of external experiments will be discussed in Chapter

7 including the updated oscillation analysis results.

Table 4.9: Summary of the results with and without the reactor constraint using
the confidence intervals estimated with the marginal likelihood.

Parameter With reactor constraint Without reactor constraint
Normal Ordering Inverted Ordering Normal Ordering Inverted Ordering

δCP (rad.) −1.97+0.97
−0.62 −1.44+0.56

−0.59 −2.22+1.25
−0.81 −1.29+0.72

−0.83

sin2 θ13/10−3 - - 28.0+2.8
−6.5 31.0+3.0

−6.5

sin2 θ23 0.561+0.019
−0.038 0.563+0.017

−0.012 0.467+0.106
−0.018 0.466+0.103

−0.019

∆m2
23/10−3(eV2/c4) 2.494+0.040

−0.057 - 2.495+0.040
−0.056 -

|∆m2
31|/10−3(eV2/c4) - 2.463+0.041

−0.055 - 2.463+0.042
−0.054

Table 4.10: Confidence intervals of δCP and sin2 θ23 for each confidence level with
the reactor constraint, using the Feldman Cousins method. The 3σ
confidence interval was not computed for sin2 θ23.

Confidence level δCP (rad.) sin2 θ23

Normal Ordering Inverted Ordering Normal Ordering Inverted Ordering

1σ [-2.67, -1.00] - [0.529, 0.582] -
90% [-3.01, -0.52] [-1.74, -1.07] [0.444, 0.593] [0.536, 0.584]
2σ [-π, -0.28]∪[3.10, π] [-2.16, -0.74] [0.436, 0.598] [0.512, 0.592]
3σ [−π, 0.33]∪[2.59, π] [-2.83, 0.14] N/A N/A

While the measurement results were obtained with the world’s highest precision, there is still

room to improve in our analysis. One of them is related to the event selection in both the near

detector and the far detector analyses. In order to constrain the nuclear model which is related

to the outgoing hadron kinematics from neutrino interaction, event categorization with proton

information is useful. Thus, a new event selection with proton multiplicity at the near detector

is adopted in the update analysis. Furthermore, photon selection at the near detector can be

also useful to tag the outgoing π0 events. NC π0 events are the main background sources of

νe events at the far detector and precise prediction of that reduces the systematic uncertainties

of the number of such events. As for the far detector analysis, resonant single 1 π production

mode with multi-ring topology is the second dominant event after CCQE-like events. Therefore,
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Figure 4.16: Bi-event plots of ν mode and ν̄ mode e-like events (top), and of above
and below Erec = 550 MeV (bottom) at the far detector for various
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a new multi-ring sample at the far detector is also added in order to measure the oscillation

parameters more precisely by increasing the statistics.

Related to these improvements with these new event selections, neutrino interaction modeling

should be updated. While new event selection with proton multiplicity is being added, there

are several ad-hoc parameters such as low Q2 parameters deeply related to the outgoing hadron

kinematics. To replace them, a new parametrization of neutrino-nucleus interaction modeling is

added in the updated analysis.

Chapter 5 describes these improvements for the updated analysis and Chapter 7 shows the

updated results of the oscillation parameters measurement.
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Chapter 5

Improvements of Oscillation Analysis

This chapter describes the improvements for the updated oscillation analysis. Following the

discussion in Chapter 4, we updated several things in the oscillation analysis toward the more

prisice measurements. Section 5.1 describes the updates of the neutrino flux inputs especially

about the tuning with the T2K replica target in the NA61/SHINE experiment. This update is

to reduce the uncertainty on the production cross section due to the difficulty in covering the

large variety of possible interactions inside the target only with the thin target data. Sections

5.2 and 5.3 introduce the new event selection at the near and far detectors. Based on these

selection updates, interaction modeling should be updated and the details will be described in

Sec. 5.4.

5.1 Updates of Neutrino Flux

To reduce the large uncertainty on the production cross section, NA61/SHINE experiment per-

formed the measurements with π±, K± and p using a replica of the target in the T2K experiment

[110]. In addition to this update, the hadronic interaction on horn cooling water is implemented

in the nominal flux simulation.

Figure 5.1 shows the flux uncertainties for each neutrino mode and each detector and a com-

parison of the updated total uncertainties with the original analysis. The updated uncertainty

for a wider energy range is reduced by using the new replica data. Especially for higher energy

where K± exiting from the target dominates the flux, the uncertainty is reduced largely. On

the other hand, the uncertainty the near neutrino energy peak becomes a little bit larger due to

the hadron interaction on cooling water which is newly added in the nominal simulation.

5.2 Updates of Near Detector Fit

This section describes the updates of the near detector fit mainly about the new event catego-

rization.

79



Chapter 5 Improvements of Oscillation Analysis 80

 (GeV)νE

1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µνND280: Neutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

, Arb. Norm.νE×Φ

Material Modeling

Number of Protons

2022 Total Flux Error

2020 Total Flux Error

µνND280: Neutrino Mode, T2K Preliminary

1

 (GeV)νE

1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µνND280: Antineutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

, Arb. Norm.νE×Φ

Material Modeling

Number of Protons

2022 Total Flux Error

2020 Total Flux Error

µνND280: Antineutrino Mode, T2K Preliminary

1

 (GeV)νE

1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µνSK: Neutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

, Arb. Norm.νE×Φ

Material Modeling

Number of Protons

2022 Total Flux Error

2020 Total Flux Error

µνSK: Neutrino Mode, T2K Preliminary

1

 (GeV)νE

1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µνSK: Antineutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

, Arb. Norm.νE×Φ

Material Modeling

Number of Protons

2022 Total Flux Error

2020 Total Flux Error

µνSK: Antineutrino Mode, T2K Preliminary

1

Figure 5.1: Updated uncertainty on the right sign neutrino flux in neutrino mode
(left) and antineutrino mode (right) at ND280 (top) and SK (bot-
tom). There is a comparison of the total uncertainty of the flux for
the updated analysis (solid line) and original analysis (dotted line).



Chapter 5 Improvements of Oscillation Analysis 81

5.2.1 Event Selection

There are two improvements for the event categorization in the near detector fit in the updated

oscillation analysis. One is the new event categorization based on the proton multiplicity in

order to get better predictions of CCQE and 2p2h interactions. The other one is the photon

tagging in order to improve the purity of the samples by separating the resonant π0 production

and DIS interaction modes which can produce photons. These modes can be main background

sources for νe events at the far detector. Therefore, a more precise prediction of this event

topology by the photon selection at the near detector is important. These new event selections

are described in this subsection.

Photon Selection

Photon selection is performed by detecting photons in ECal. Most of these photons are mainly

derived from the neutral π particles and this new selection targets to separate this channel.

However, following decays including the π0 decay should be considered,

• π0 → γ + γ

• η → γ + γ

• η → π0 +X → γ + γ +X

• K → π0 +X → γ + γ +X

• Λ→ π0 +X → γ + γ +X

where X can be a variety of particles that depend on the specific decay.

In order to select photons, isolated objects in ECal are used (those not associated with the

TPC or FGD tracks). It requires two criteria to tag the photon sample with the isolated objects.

The first one is ECal PID which requires the object to be electromagnetic-like with a specific

variable and its cut value is optimized to select a photon signal channel. This variable is designed

to discriminate e±/γ from ionizing particles such as protons and is defined as the log-likelihood

ratio of the proton and electron hypotheses with a combined likelihood. The combined likelihood

is used for this PID and it uses the following inputs,

• Circularity : This input gives a measure of how round the cluster is. It makes it possible

to separate shower-like clusters (short and fat) from track-like clusters (long and thin).

• QRMS : This is the standard deviation of the hit charges in the cluster. Electromagnetic

showers tend to have larger QRMS than MIP-like muons.

• Truncated Max Ratio : This input is the ratio of the charge deposited in the ECal layers

with the highest and lowest total charge.

• Front Back Ratio : This input is a measure of the dE/dx along a track. With this ratio,

we can discriminate electrons from muons since muon showers tend to deposit most of

their charge at the front end of a cluster.
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The second criterion is that an isolated object in ECal must be identified as a photon by a

certain variable which represents how many layers from upstream were hit (MostUpStreamLay-

erHit). This fact implies that the most of photons are likely to shower in the first layers of the

ECal while the showers which start from the outer layers are more likely to be from pile-up in

ECal. To reject such pile-up objects, it is required that MostUpStreamLayerHit < 6.

As a result, the purity for the CC0π and CC1π samples with this new photon selection gets

5− 7 % improvements compared to the past event selection as shown in Tab. 5.1.

Table 5.1: Efficiencies and purities for CC0π and CC1π samples with photon re-
jections and comparison with respect to the past analysis without the
rejection.

Event Topology Target Efficiency (%) Efficiency Change (%) Purity (%) Purity Change (%)

CC0π
FGD1 46.86 -1.14 76.3 +5.04
FGD2 47.47 -0.53 72.8 +4.62

CC1π
FGD1 27.06 -1.94 60.2 +7.75
FGD2 23.03 -0.97 58.5 +7.25

Proton Selection

First, proton PID criterion is required in order to select the proton selection. Using Eq. 2.5,

the proton PID which is a reconstructed track in TPC is defined in a similar way as the pion

selection as follows,

Lp > 0.5 (5.1)

Furthermore, criteria to identify the particle which is an isolated track in FGD as proton by

using the following Pull :

PullFGDproton =
Emeasured − Eproton(Lmeasured)

σEproton(Lmeasured)
> −4 (5.2)

where Eproton(Lmeasured) is the expected energy deposit for a track length Lmeasured for proton.

These cut values are based on previous cross-section studies which used proton selections [111].

Based on these criteria, the CC0π sample is split into :

• CC0π0p : 0 reconstructed photons and protons

• CC0πNp : 0 reconstructed photons and the sum of both reconstructed protons in TPC

and isolated protons in FGD is greater than 0.

Summary of the new event selection

A flow of cuts with our new selections is shown in Fig. 5.2. There are five event categories for

FGD1 and FGD2 and in total 10 event categories for ν mode. Figure 5.3 and Fig. 5.4 show
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the comparison of the data and MC prediction for ν mode FGD1 with the new event selection.

Finally, the purities for FGD1 (FGD2) samples are : CC0π 76.3% (72.8%), CC1π 60.2% (58.5%),

CC-Photon 53.9% (54.2%) and CC-Other 52.2% (50.3%).

CC inclusive 
1. Event quality cut 
2. Total multiplicity cut 
3. Quality and fiducial cut 
4. Upstream background veto 
5. Broken track cut 
6. Muon PID cut

CC photon>0γ, >0π0

CCNophoton

CC1π

CC0π CC0π0p
0γ & 0π0

0π+

1π+

CC0πNp

CCOther

0p

>0p

>1π+ or >0π-

Figure 5.2: Diagram of the selection flow of the ν mode data for the near detector
fit.

5.2.2 Detector Systematics

New several detector systematics should be considered especially for the photon selection in ECal.

They are evaluated with the control samples in ECal which are dedicated for each systematic.

The detail of these systematics is as follows,

• ECal Tracking Efficiency : This systematic is related to the reconstruction efficiency in

the ECal. In order to evaluate this systematic, two efficiencies are defined for showers and

tracks: ratio of the number of events for which are shower-like (track-like) TPC candidates

and ECal shower (track) found to the number of events for which are shower-like (track-

like) TPC candidate. The uncertainty is calculated by comparing data and MC prediction

of these efficiencies for each momentum bin of each control sample.

• PID in ECal : To evaluate this systematics, dedicated control sub-samples for electrons,

through-going muons, cosmic muons, and protons are used. An efficiency for each control

sub-sample is defined with the cut value of the specific value of the first criterion for the

photon selection. The uncertainty of this systematic is evaluated by comparing data and

MC prediction of this efficiency as with the other systematics.

• TPC-ECal Matching Efficiency : In order to evaluate this systematic, we defined the track

matching efficiencies, which is the ratio of the number of tracks passing selection only with

an ECal to the number of tracks passing selection with an ECal segment matched with the

selected TPC track. The uncertainty is evaluated by comparing data and MC prediction

of this efficiency as with the other systematics.

• ECal Photon Pile-up : To select a control sample for this systematic, it is required that

there is no activity in FGD fiducial volume in the event. Then, efficiency is defined as

the ratio of the number of events with ECal photons to the total number of events in this
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(b) ν mode CC0π0proton cos θ distribution
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(d) ν mode CC0πNprotons cos θ distribution
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(e) ν mode CC1π momentum distribution
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(f) ν mode CC1π cos θ distribution

Figure 5.3: Pre-fit predictions and data points of muon momentum (left) and an-
gular (right) distributions interaction mode by mode for CC0π0proton,
CC0πNprotons and CC1π samples of ν mode. The black points and
error bars represent the data with the statistical uncertainty. The
shaded regions show the contributions of the ν CCQE, ν 2p2h, ν CC
resonant 1π, ν CC coherent 1π, ν CC other, ν NC modes, and ν̄ modes.
The bottom insets show the ratio of data to simulation.
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(b) ν mode CCOther cos θ distribution
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(c) ν mode CCphoton momentum distribution
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(d) ν mode CCphoton cos θ distribution

Figure 5.4: Pre-fit predictions and data points of muon momentum (left) and an-
gular (right) distributions interaction mode by mode for CCphoton
and CCOther samples of ν mode. The black points and error bars
represent the data with the statistical uncertainty. The shaded re-
gions show the contributions of the ν CCQE, ν 2p2h, ν CC resonant
1π, ν CC coherent 1π, ν CC other, ν NC modes, and ν̄ modes. The
bottom insets show the ratio of data to simulation.
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control sample. The uncertainty is evaluated by comparing data and MC prediction of

this efficiency as with the other systematics.

5.3 Updates of Far Detector Fit

This section describes the updates of the far detector fit mainly about the new multi-ring selec-

tion.

5.3.1 Event Selection

Given the spread of the neutrino beam flux at the T2K experiment, resonant 1π production

events with multi-ring topologies are thought to be the second most dominant type of interaction.

New νµCC1π multi-ring selection is introduced to tag this event topology and can increase the

total number of the νµ events and reduce the statistical uncertainty. Thus, it improves the

precision on the oscillation parameters.

νµCC1π multi-ring selection

Criteria of νµCC1π multi-ring selection is as follows,

1. Fully-contained event in SK fiducial volume.

2. Number of rings found is more than one.

3. The ring is identified as muon-like.

4. Visible energy is larger than 30 MeV.

5. The number of the decay electrons is one or two.

6. Optimized cuts by a log-likelihood ratio of fiTQun is dedicated to select signal events

which have these two characters : One to three Cherenkov rings are detected and all the

rings µ-like or π±-like, not e-like.

5.3.2 Detector Systematics

Since new CC1π multi-ring selection is added, new detector systematics evaluation should be

introduced while the evaluation for the single-ring events is not changed compared to the original

analysis. To get an estimate of the systematic error for 1µ+ 1π+ event topology, hybrid 1µ+ 1π

control sample is used in a similar way to the hybrid π0 sample mentioned in Sec. 4.5.4. This

hybrid sample combines multi-ring 1µ + 1π+ events from the T2K MC with muon-like events

from the SK data or MC. The difference between the hybrid data and MC samples can be

interpreted as a systematic source.
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5.4 Improvements of Parametrization of Neutrino Interaction

Model

Related to the updates on the near and far detector analysis, the neutrino interaction modeling

is also updated and this section describes it.

5.4.1 Overview of the Updates of the Interaction Model

Compared to the analysis discussed in Chapter 4, the systematics uncertainties of neutrino

interaction models are updated as follows.

• Low Q2 normalization parameters are replaced by the more sophisticated parametrization.

• Updates of the 2p2h parametrization to consider the nucleon pair fraction for each type.

• New parameters are added and several prior constraints are updated to control the reso-

nance 1π production processes.

• A new parameter is introduced to describe the contribution from nucleon FSI.

• New DIS and Multi-Pi parameters which are motivated by the updated theory are intro-

duced.

5.4.2 Parametrization of Updated Interaction Model

CCQE parameters

In the original analysis, there are five parameters for the normalization of low Q2 bins. To

remove these ad-hoc parameters and parametrize more sophisticatedly, shell modification pa-

rameters of the two-dimensional SF distribution and Pauli Blocking parameters are introduced.

Furthermore, optical potential parameters are introduced to control the effects of the FSI on

the lepton kinematics.

• Shell modification parameters : In our spectral function model, two-dimensional template

histograms are used and it can be divided into two contributions : mean field (MF) and

short-range correlated nucleus (SRC). As for the MF part, there are normalization and

shape parameters for the P and S shells for carbon nucleus, and for the P1/2, P3/2, and S

shells for oxygen nucleus. For the SRC part, there are two normalization parameters for

carbon and oxygen respectively.

• Pauli blocking : This parameter is motivated to treat the uncertainty driven by the Fermi

momentum for each nucleon. There are four parameters for carbon and oxygen and for

neutrino and anti-neutrino.

• Optical potential : Spectral function model is based on the pulse wave impulse approx-

imation and doesn’t include the FSI effect on the cross section. In order to cover this

deficit in the original analysis, a new optical potential parameter is implemented by using

two-dimensional template histograms in energy and three momentum transfer.
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2p2h parameters

• Nucleon pair fraction : 2p2h interactions for neutrinos can occur in either nn or pn pairs.

To control the ratio of them, a new ”PNNN shape” parameter has been implemented. The

number of outgoing protons is different between them and this new parameter is important

to adapt the new sample selection in the ND280 based on the proton multiplicity.

CC1π parameters

• Delta decay : This parameter is to treat the variation between two different methods to

calculate the differential cross-section of CC1π resonance production based on the Rein-

Sehgal model. One method is isotropically ejecting the pion and the nucleon back to back

in the resonance rest frame, without the preferred direction for either particle. The other

method is to calculate matrix elements for the nucleon to ∆ resonance transition and

contract them with the relevant spherical harmonics.

• ERESB : This parameter is dedicated to controlling the binding energy for resonant inter-

actions. There are four parameters for each nucleon and for νµ and ν̄µ.

FSI parameters

In addition to the pion FSI dials which are introduced in the original analysis, one new parameter

is added to account for the nucleon FSI. This new parameter is to change the number of events

involving the nucleon FSI while the total inclusive cross section is not changed.

DIS parameters

Two new parameters are introduced to treat the Bodek-Yang uncertainties based on the updated

theoretical DIS model for low momentum transfer region [112]. One is to describe the vector

part (CC BY Multi-Pi Vector) and the other one is to describe the axial part (CC BY Multi-Pi

Axial). These parameters replace ”CC BY Multi-Pi” in the original analysis.

In the original analysis, only the normalization parameter of the total cross section of a Multi-

π model is introduced. For the updated analysis, one additional shape parameter is added to

account for the variation of the shapes between our nominal model and the AGKY model.

5.4.3 Summary of Updated Interaction Model

Cross section parameters including the new additional parameters are summarized in Tabs.

5.2 and 5.3. Although these improvements allow us to evaluate more precisely the systematic

uncertainties, there is still room to introduce the additional study to cover the potential bias.

It will be discussed in Chapter 6.
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Table 5.2: Summary of the cross section CCQE and 2p2h parameters for the up-
dated oscillation analysis.

Parameter Nominal Uncertainty Type

MQE
A 1.03 0.06 Shape

Q2 norm 5 1 0.11 Norm
Q2 norm 6 1 0.18 Norm
Q2 norm 7 1 0.40 Norm

P shell MF norm C 0 0.2 Norm
S shell MF norm C 0 0.2 Norm

P 1/2 shell MF norm O 0 0.2 Norm
P 3/2 shell MF norm O 0 0.45 Norm

S shell MF norm O 0 0.75 Norm
P shell pmissMF Shape C 0 1 Shape
S shell pmissMF Shape C 0 1 Shape

P 1/2 shell pmissMF Shape O 0 1 Shape
P 3/2 shell pmissMF Shape O 0 1 Shape

S shell pmissMF Shape O 0 1 Shape
SRC norm C 1 2 Norm
SRC norm O 1 2 Norm

Pauli blocking C ν 0 1 Shape
Pauli blocking O ν 0 1 Shape
Pauli blocking C ν̄ 0 1 Shape
Pauli blocking O ν̄ 0 1 Shape
Optical potential C 0 1 Shape
Optical potential O 0 1 Shape

ECb,ν 2 6 Mom. Shift

ECb,ν̄ 0 6 Mom. Shift

EOb,ν 4 6 Mom. Shift

EOb,ν̄ 0 6 Mom. Shift

2p2h norm. ν 1 1 Norm
2p2h norm. ν̄ 1 1 Norm

2p2h norm. C to O 1 0.2 Norm
2p2h shape C 0 1 Shape
2p2h shape O 0 1 Shape
PNNN Shape 0 0.33 Shape

2p2h E. dep. low-Eν 1 1 Shape
2p2h E. dep. high-Eν 1 1 Shape
2p2h E. dep. low-Eν̄ 1 1 Shape
2p2h E. dep. high-Eν̄ 1 1 Shape
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Table 5.3: Summary of cross section parameters other than CCQE and 2p2h for
the update oscillation analysis.

Parameter Nominal Uncertainty Type

MRES
A 1.07 GeV 0.15 GeV Shape
CA5 0.96 0.15 Shape
I1/2 0.96 0.4 Shape

I1/2 low. pπ 0.96 1.3 Shape

RES Eb C νµ 25 MeV 25 MeV Shape
RES Eb O νµ 25 MeV 25 MeV Shape
RES Eb C ν̄µ 25 MeV 25 MeV Shape
RES Eb O ν̄µ 25 MeV 25 MeV Shape

RS Delta Decay 1 1 Shape
SPP π0 Norm νµ 1 0.3 Norm
SPP π0 Norm ν̄µ 1 0.3 Norm

CC norm. ν 1.00 0.02 Norm
CC norm. ν̄ 1.00 0.01 Norm

νe/νµ 1.000 0.028 Norm
ν̄e/ν̄µ 1.000 0.028 Norm

CC BY DIS 0 1 Shape
CC Multi-Pi Total cross section 0 1 Shape

CC BY Multi-Pi Vector 0 1 Shape
CC BY Multi-Pi Axial 0 1 Shape

CC Multi-Pi Multi Shape 0 1 Shape
CC Misc. 1 1 Norm

CC DIS Multi-Pi Norm ν 1.000 0.035 Norm
CC DIS Multi-Pi Norm ν̄ 1.000 0.035 Norm

CC Coherent C ν 1.0 0.3 Norm
CC Coherent O ν̄ 1.0 0.3 Norm

NC Coherent 1.0 0.3 Norm
NC 1γ 1.0 1 Norm

NC Other Near 1.0 0.3 Norm
NC Other Far 1.0 0.3 Norm

π-FSI QE 1.069 0.313 Shape
π-FSI QE high 1.824 0.859 Shape

π-FSI Hadron Prod. 1.002 1.101 Shape
π-FSI Absorption 1.404 0.432 Shape

π-FSI Charge Exchange 0.697 0.305 Shape
Nucleon FSI 0 0.3 Shape



Chapter 6

Study of Neutrino Interaction

Effects for Oscillation Analysis

The analysis framework was updated to constrain the uncertainty of neutrino interaction and

flux as we discussed in Chapter 5. However, “the choice” of the neutrino interaction model

is likely to introduce a bias in the measurement of neutrino oscillation parameters. There are

several alternative model candidates described in Chapter 3 and the near detector fit cannot

cover the bias. Therefore, additional studies should be done to consider it. To estimate the size

of the bias, we performed the robustness study in which simulated data sets generated by the

alternative models were used.

6.1 Procedure

6.1.1 Overview of Procedure of Robustness Studies

We will explain the detailed procedure of estimating the potential bias through our robustness

studies. Figure 6.1 shows the overview of the procedure. First the simulated data sets with each

alternative model were made at the near detector and the far detector. Using those data sets,

the near detector fit was performed and then, the post-fit covariance matrix and parameters

were given as the input for the next far detector analysis. Next, we performed the far detector

fit with the simulated data sets. In parallel with this, we also performed the same analysis in

two ways where the nominal model including systematic and statistical uncertainties, or only

statistical uncertainty was used. We will describe later why these two ways are used. Finally,

the results with the alternative model were compared with the nominal model and the bias for

the oscillation parameters was estimated. As for the detail of the calculation way to estimate

the bias in the comparison, we will describe in Sec. 6.3.

6.1.2 Alternative Models

There are several candidates of our alternative neutrino interaction model as described in Sec.

3.4. To choose the models for our robustness studies, the improvements of the updated analysis

91
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were considered as the following three points.

1. A set of studies to vary nuclear effects in the CCQE interaction is desirable for the new

proton sample in the near detector analysis.

2. More kinds of alternative models which are related to the pion production are needed

because the new CC1π sample is added to the far detector analysis in this year’s analysis.

3. New study which focused on differences between muon and electron neutrino cross section

was needed.

Following these criteria, 16 simulated data sets were used as follows.

• Alternative nuclear models (LFG and CRPA models)

• Near detector data-driven model focusing on CC0π nonQE interaction

• Alternative axial form factors (Z-expansion (±1σ, Nominal), 3Component (±1σ, Nomi-

nal))

• Removal energy

• Pion kinematics theory-driven model (1π hadron kinematics related to ∆1324 resonance

(±1σ), Martini 1π)

• Pion kinematics data-driven model (Near detector data-driven model focusing on pion

kinematics, Low Q2 suppression extrapolated from the MINERνA experiment)

• Radiative correction

First four models are related to the criterion 1 and the next two of those corresponds to the

criterion 2. Following criterion 3, last one was selected. We have already discussed all those

models except for the near detector data-driven model, radiative correction and removal energy

in Sec. 3.4.

The radiative correction is related to the coulomb effect for the neutrino-nucleus scattering.

The coulomb effect affects event selection criteria at SK via a real photon emission. We studied

this potential effect on our analysis as the radiative correction, where we made the simulated

data set as with the other alternative models. Furthermore, we also studied the robustness

study where the removal energy parameters are set to extreme value (15 MeV). This study is

to understand the parametrization of the removal energy in our analysis framework since it was

difficult technically to parametrize the removal energy in the past oscillation analysis framework.

Regarding the data driven model, they will be described in the next section.
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Alternative model 
or  

nominal model

Estimate the impact on the oscillation parameters 
comparing the nominal MC fit results

Near detector 
simulated data 
sets

Far detector 
simulated data 
sets

Near detector fit 
(f,x,d)

Far detector fit 
(f,x, d’,θ)

Figure 6.1: Overview of analysis flow with our robustness studies in the T2K os-
cillation analysis. Simulated data sets of each alternative model and
nominal model are produced for the near and far detector respectively.
They are analyzed in the same procedure.
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6.1.3 Near Detector Data-driven Model

Focus on CC0π nonQE interaction

There is a lot of degrees of freedom in our CCQE interaction model in the current near detector

fit to correct the discrepancy between data and nominal model prediction in the near detector

CC0π sample. On the other hand, we do not understand well the nonQE contribution to the

CC0π event topology and do not know how much degrees of freedom can be assigned to the

shape of CCQE interactions. Therefore, we need to introduce the data driven study which was

motivated by lack of theoretical ground in our neutrino interaction model, especially for the

nonQE interaction (2p2h, final state interactions and etc).

This study was done with the FGD CC0π0γ sample which combines FGD CC0π0proton0γ

and CC0πNprotons0γ samples. In this sample, the distribution was binned as a function of

Q2
QE which is defined as follows,

Q2
QE = −m2

l + 2Eν,QE(El − pl cos(θl)) (6.1)

where ml, El, pl, and θl are the outgoing muon mass, energy, momentum and angle, and Eν,QE
is the neutrino energy reconstructed from the muon momentum and angle assuming CCQE

interaction. Using the Q2
QE distribution, we got the scaling factors to make the simulated data

set in the following procedure.

• We take the post-fit results of the data fit in which all CCQE parameters were fixed at

the nominal values in order to assign the compensation of the discrepancy between data

and prediction in the near detector to the nonQE contribution.

• Reconstructed Q2
QE distribution is built for the CC0π0γ sample for data and modified

post-fit simulation which was made in the first step.

• The nonQE contribution in the prediction was scaled as a function of reconstructed Q2
QE

in the CC0π0γ sample to compensate the difference between data and our modified pre-

diction.

• We apply the scale factors which are obtained in the previous step, to the true nonQE

contribution as a function of true Q2
QE .

Results of this procedure are shown in Fig. 6.2. We calculated the scaling factors which are

applied to the nonQE contribution in the CC0π0γ topology in order to compensate the differ-

ences between post-fit prediction and data. Those scaling factors were calculated to generate

the simulated data set and the green shaded areas in the left plots show the modified nonQE

contribution after the application.

Focus on Pion Kinematics

Figure 6.3 shows the true pion momentum distribution and efficiency for the CC1π events at

the far detector. This selection efficiency is not flat as a function of true pion momentum
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Figure 6.2: Left: The post-fit near detector prediction with all the CCQE pa-
rameters set to their nominal values for the FGD1 CC0π0γ of ν mode
(upper) and ν̄ mode (lower) samples is shown with the data, where
the nonQE contribution is shown in shaded green. The nonQE distri-
bution is scaled so the overall prediction matches the data in the re-
constructed space shown. The modified nonQE is shown in the dotted
red line. Right: The scaling factors extracted are shown, calculated
as the ratio of the dotted red line to the shaded green.
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because this sample is designed to predominantly select events with pions below the Cherenkov

threshold. Given this non-flatness, the observed event rates are affected by the shape of the

pion momentum prediction from our near detector fit. This effect can be a potential systematic

source in our oscillation analysis. However, there is a sizable discrepancy between data and the

post-fit prediction in the near detector as shown in Fig. 6.4 and it is not surprising because pion

kinematics information is not included in our likelihood of the near detector fit. Therefore, we

need to introduce this robustness study of data-driven model at the near detector to cover such

uncertainties of our pion kinematic models.

To generate this data-driven model, a set of scale factors is extracted in a coarse two dimen-

sional reconstructed pion momentum and angle binning as shown in Fig. 6.5. We apply these

factors as a function of true pion kinematics variables.
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Figure 6.3: The true pion momentum distribution for selected simulated signal
events in the CC1π+ candidate sample with 1 electron-ring and 1
Michel electron at SK (left) and the selection efficiency for these events
(right). The red dashed line indicates the Cherenkov threshold for
charged pions.

6.2 Results of Robustness Study

Robustness study for all simulated data sets was done and we will describe mainly the detail of

the two data sets (Data-drive model focused on CC0π nonQE and CRPA model) which caused

the largest bias. As for the other alternative models, there is no such large bias as shown in the

the results of the nonQE and the CRPA models. They are summarized in Appendix to avoid

redundant repetition.
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Figure 6.4: Reconstructed pion momentum (left) and angular (right) distributions
at the near detector, after applying the weights in Fig. 6.5. Black
dots represent the data, orange dots the simulated data, blue lines
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6.2.1 Data-driven model focusing on CC0π nonQE

Near Detector Fit Results

Figures 6.6 and 6.7 show the fitting results of the cross section and flux parameters using this

alternative model. The CCQE normalizations as a function of Q2 and several other parameters

which are related to the 2p2h and final state interactions move slightly as expected. As for the

flux parameters, there are small shifts to compensate the difference between the nominal model

and this alternative model.

Using the covariance matrices which are based on that near detector fit, we made the re-

constructed neutrino energy prediction at the far detector as shown in Fig. 6.8. If the near

detector fit describes the alternative model perfectly, these predictions from that matrix should

cover the simulated data of this alternative model which is generated at the far detector. On

the other hand, if there is any discrepancy between them, it indicates a bias which stems from

the incompleteness of our near detector fit. As a whole, we can see that the event rates of this

alternative model are decreased at 0.5 GeV compared to the nominal model as expected.

Far Detector Fit Results

Figures 6.9 shows the one-dimensional likelihood surfaces for ∆m2
32, sin2 θ23 and δcp with the

reactor constraint on sin2 θ13. There is a large shift in the contour for ∆m2
32 and we will describe

how it is treated in our oscillation analysis. Regarding δcp and sin2 θ23, there are only small

shifts compared to that of ∆m2
32. Whether they are small enough will also be discussed in the

next section.
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Figure 6.6: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of data driven model focused on CC0π nonQE model.
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Figure 6.7: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of data driven model focused on CC0π nonQE
model.
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Figure 6.8: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alternative
model (green solid line) and the prediction from the near detector fit
(red band) as a function of the reconstructed neutrino energy. The
bottom insets show the ratio of data to simulation.
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6.2.2 CRPA model

Near Detector Fit Results

Figures 6.10 and 6.11 show the near detector fit results of cross section and flux using this

alternative model. To compensate the low Q2 suppression of this alternative model, the CCQE

cross-section parameters which are especially related to the Pauli Blocking and Optical Potential

were moved.

Figure 6.12 shows the comparison between prediction of the near detector fit results, sim-

ulated data of this alternative model at the far detector and the nominal far detector sample.

Especially, the shape of the ν mode and the ν̄ mode 1Rµ sample is changed around 0.5 GeV. As

a whole, the prediction from the near detector fit and the simulated data at the far detector are

not very good agreement within the systematic uncertainty band. This disagreement is mainly

caused by the differences of the target between the near detector and the far detector. The

CRPA model has different effects on each target. This extrapolation issue can be a source of

the bias for the oscillation parameters.

Far Detector Fit Results

Figure 6.13 shows the one dimensional likelihood surfaces for ∆m2
32, sin2 θ23 and δcp with the

reactor constraint on sin2 θ13. There is a large shift in the contour only for ∆m2
32 same as the

nonQE model.
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Figure 6.10: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters CCQE, 2p2h, Eb, Single Pion Production (SPP),
FSI, DIS, and misc from the near detector fit to the simulated data
set of CRPA model.
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Figure 6.11: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of CRPA model.
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Figure 6.12: Comparison plots of the number of events between nominal far de-
tector sample (blue solid line), the simulated data of the alternative
model (green solid line) and the prediction from the near detector fit
(red band) as a function of the reconstructed neutrino energy. The
bottom insets show the ratio of data to simulation.
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Figure 6.13: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from robustness studies of CRPA model and blue
lines show those of nominal MC for the normal and inverted mass
orderings.
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6.3 Impact on Oscillation Parameters

In this section, we will describe how to evaluate the impact of our robustness studies on the

oscillation parameters.

6.3.1 Bias Definition on Oscillation Parameters

We obtained the ∆χ2 distribution for each oscillation parameter of the fit results for the alter-

native models, and also nominal model including only systematic uncertainties or systematic

and statistical (total) uncertainties. The important quantities are one and two sigma ranges of

the oscillation parameters.

Regarding ∆m2
32 and sin2 θ23, the bias was defined as the shift in the center of the 2σ intervals

between the fit of each alternative model and the nominal model with the total uncertainties,

∆2σ = x̄2σ
Nominal − x̄2σ

Alternative (6.2)

where x̄2σ
Nominal and x̄2σ

Alternative are the shifts for fit with the nominal model and the alternative

model respectively. Using them, we can define the primary bias metric relative to the 1σ

systematic interval which we get from the nominal model with only systematic uncertainties as

follows,

Bsyst.
x =

∆2σ
x

1σNominal
syst.

. (6.3)

In addition to this, we defined the secondary metric to evaluate a change in the uncertainty

estimation as the relative size of the 2σ interval of the simulated data set (2σAlternative
tot. ) to that

of the nominal MC fit with the total uncertainty (2σNominal
tot. ) as follows,

R2σ
x =

2σAlternative
tot.

2σNominal
tot.

. (6.4)

When we evaluate this metric for sin2 θ23, we have to take care of the physical boundary at

maximal mixing because the interval width can shrink due to the nature of this boundary. The

R2σ
x was redefined to consider this equivalent shrinkage on the interval on either side of maximal

mixing when the center of the 2σ interval moves towards the physical boundary, as

R′2σx =
2σAlternative

tot. − 2∆2σ
x

2σNominal
tot.

. (6.5)

As for δcp, it is difficult to treat it in the same way as the other oscillation parameters because

the gaussian approximation is not applicable due to its cyclic nature. Therefore, we evaluated

the bias by investigating how ∆χ2 curve is changed by the alternative model, as
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∆χ2
diff (δCP) = ∆χ2

nom(δCP)−∆χ2
Alternative(δCP) (6.6)

where ∆χ2
nom(δcp) and ∆χ2

Alternative(δcp) are the ∆χ2 curves for the nominal model and the

alternative model. Using this curve, we can make a shifted ∆χ2 curve against the data as

follows,

∆χ2
shift(δCP) = ∆χ2

data(δCP) + ∆χ2
diff (δCP) (6.7)

where ∆χ2
data(δcp) is the ∆χ2(δcp) curve from the fit to the data.

To determine if those calculation results from fit to each alternative model have significant

impact on our oscillation analysis, we established criteria as follows.

1. A bias of ∆m2
32 and sin2 θ23 is larger than 50% of the size of the systematic uncertainty

of the nominal MC fit (|Bsyst.
x | > 0.5).

2. The interval width changes are larger than 10% relative to total error for ∆m2
32 and sin2 θ23

(|R2σ
x − 1| > 0.1).

3. A change of ∆χ2 for δcp changes our result of the exclusion regions.

6.3.2 Results

Results of the bias for ∆m2
32 and sin2 θ23 from our robustness studies are summarized in Tab.

6.1. The biases for ∆m2
32 of the CRPA and nonQE data driven model are quite large and over

the threshold which we discussed in Sec. 6.3. Thus, we need to apply the smearing to our data

fit result for ∆m2
32. For more conservative approach, we applied them including not only CRPA

and nonQE but also all the other robustness studies.

Based on this table, total bias for ∆m2
32 is calculated by quadratically summing of all biases

as follows,

S = 1σNominal
syst.

√ ∑

Alternative

(Bsyst.Alternative
∆m2

32
)2. (6.8)

As a result of this calculation, we got S = 2.7×10−5 eV2/c4. This value is applied as a smearing

factor to the data fit results and it will be described in Chapter 7. As for δcpand sin2 θ23, there

is no significant bias which changes our conclusion about exclusion regions as shown in Tab. 6.2.
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Table 6.1: The summary of the alternative model bias and uncertainty metrics for
∆m2

32 and sin2 θ23. Note that is any study requires action, all observed
biases for that parameter are included in the smearing value. Values
in this table are truncated relative to the full precision used in the
referenced tables, and those that are negligible are removed for ease of
interpretation.

Fake Data Study Bsyst.
∆m2

32
R2σ

∆m2
32

Bsyst.

sin2 θ32
R2σ

sin2 θ32

Z-exp -1σ -6% 0.99 — 0.99
Z-exp Nominal — 0.98 — 0.99

Z-exp +1σ -26% 0.95 -1% 0.98

3Comp -1σ -3% 0.95 1% 0.97
3Comp Nominal -6% 0.95 1% 0.98

3Comp +1σ -10% 0.94 7% 0.97

LFG -46% 0.99 — 0.97
CRPA 85% 0.95 -25% 1.02

Removal Energy -17% — -2% 0.99

1π Low Q2 19% 0.98 14% 1.02
1π Kin. −3σ 7% — -6% 0.99
1π Kin. +3σ -8% — 1% 1.01
Martini 1π -19% 0.99 -5% —

Rad. Corr. 16% — -8% 0.98

Data-driven nonQE -76% 0.99 10% 1.03
Data-driven 1π -8% — -2% —
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Table 6.2: The summary of the alternative model δcp interval shift studies. Values
in this table are truncated relative to the full precision used in the
referenced tables, and those that are negligible are removed for ease of
interpretation.

b1σ,↓δcp
b1σ,↑δcp

b90%,↓
δcp

b90%,↑
δcp

b2σ,↓δcp
b2σ,↑δcp

b3σ,↓δcp
b3σ,↑δcp

Data -2.70 -0.98 -3.07 -0.43 -3.26 -0.17 -3.84 0.49

Robustness Study ∆b1σ,↓δcp
∆b1σ,↑δcp

∆b90%,↓
δcp

∆b90%,↑
δcp

∆b2σ,↓δcp
∆b2σ,↑δcp

∆b3σ,↓δcp
∆b3σ,↑δcp

Z-exp -1σ 0.007 -0.008 0.007 -0.010 0.008 -0.010 0.011 -0.011
Z-exp Nominal 0.005 -0.006 0.004 -0.010 0.004 -0.009 0.003 -0.009

Z-exp +1σ -0.011 -0.004 -0.008 0.004 -0.006 0.005 -0.003 0.003

3Comp -1σ 0.003 -0.013 0.004 -0.013 0.004 -0.012 0.003 -0.009
3Comp Nominal 0.013 -0.013 0.012 -0.019 0.012 -0.020 0.011 -0.021

3Comp +1σ 0.021 -0.004 0.018 -0.016 0.017 -0.017 0.017 -0.018

LFG 0.010 0.025 0.010 0.014 0.011 0.009 0.016 -0.003
CRPA -0.023 -0.036 -0.021 -0.024 -0.021 -0.021 -0.022 -0.013

Removal Energy -0.005 0.003 -0.005 0.006 -0.005 0.006 -0.006 0.007

1π Low Q2 0.037 -0.040 0.038 -0.058 0.039 -0.060 0.051 -0.069
1π Kinematics −3σ -0.019 -0.010 -0.018 0.002 -0.017 0.005 -0.021 0.012
1π Kinematics +3σ 0.004 -0.004 0.005 -0.006 0.005 -0.007 0.007 -0.010

Martini 1π -0.009 0.005 -0.007 0.009 -0.006 0.009 -0.005 0.007

Radiative Corrections 0.003 -0.005 0.004 -0.007 0.005 -0.008 0.009 -0.012

Data-driven nonQE 0.029 -0.015 0.030 -0.032 0.031 -0.036 0.042 -0.048
Data-driven 1π 0.008 0.006 0.007 0.0001 0.007 -0.0013 0.007 -0.004

6.4 Discussion

Robustness study was done for the updated analysis and the significant bias for ∆m2
32 was

found. Next Chapter 7 describes the results of the oscillation analysis including this bias as the

systematic uncertainty.

On the other hand, there is room to improve this study toward the future analysis. For

example, we don’t have any good way to apply the smearing to the non-gaussian parameters such

as δcp and sin2 θ23. There has been no significant bias for these parameters so far. However, we

should investigate that way to apply the smearing for these parameters. Furthermore, we should

reconsider the criteria to determine whether the bias is sufficiently large because the balance of

statistical and systematic uncertainty will be changed by the increase of total statistic.

Overall these calculation ways and criteria should be discussed again in the near future when

the oscillation analysis will be more sensitive to a new physics. However, it is still difficult to

do that in a rigorous way and the systematics sources due to the neutrino interaction modeling

should be reduced. It is due to a lack of understanding of the interaction models in the energy

region of the T2K experiment and that understanding should be made deeper. To accomplish

it, more precise measurement with the upgraded near detector is planned to accomplish it and
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it will be described in Chapter 8.



Chapter 7

Updated Results of Neutrino

Oscillation Analysis

This chapter describes the results of the updated oscillation analysis. We confirmed the robust-

ness of our interaction model in the updated analysis with the several simulated data sets of

the alternative models as described in Chapter 6. With the nominal interaction models used in

our analysis, first we performed the near detector fits using the updated event selections. Then,

we got the updated oscillation analysis measurement results with the far detector analysis using

the new multi-ring sample. This chapter describes these results in order.

7.1 Near Detector Fit Results

As described in the Sec. 5.2, new event selections are added in the updated analysis. The

number of events for each event category in this new event selection is summarized in Tab. 7.1.

The number of events of the post-fit shows much better agreement with the data than the prefit

as with the original analysis. The post-fit prediction and the data on a bin-by-bin basis are good

good agreement as shown in Figs. 7.1 and 7.2.

Fit results for cross section and flux parameters are shown in Figs. 7.3 and 7.4. For the flux

parameters, the post-fit values of ν mode move upper by ∼ 8% for lower energy region while

they move down for higher energy region as with the original analysis.

As for the CCQE parameters, MQE
A is pulled up by 1.3σ from its nominal values which

indicates that the deviations from the nominal values are smaller than the original near detector

fit results (2σ). The high Q2 parameters are also pulled up from the nominal values. The effects

of these parameters, combined with the flux parameters increase the number of CCQE events.

It denotes that they bring up the events in the CC0π0p and CC0πNp samples while the 2p2h

parameters and the other CCQE parameters such as the Pauli blocking parameters absorb that

variation of these two samples.

Post-fit values of all Pauli Blocking parameters are pulled higher than their nominal values.

It indicates that Fermi momentum value is set to higher and suppresses the cross section at low

Q2 region. In addition, Optical Potential parameters also are pulled higher and it means the

113
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(b) ν mode CC0π0proton cos θ distribution
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(c) ν mode CC0πNprotons momentum distribution
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(d) ν mode CC0πNprotons cos θ distribution
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(e) ν mode CC1π momentum distribution
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(f) ν mode CC1π cos θ distribution

Figure 7.1: Post-fit predictions and data points of muon kinematic distribution
for CC0π0proton, CC0πNprotons and CC1π sample selections of ν
mode. The black points and error bars represent the data with the
statistical uncertainty. The shaded regions show the contributions of
the ν CCQE, ν 2p2h, ν CC resonant 1π, ν CC coherent 1π, ν CC
other, ν NC modes, and ν̄ modes. The bottom insets show the ratio
of data to simulation.
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(a) ν mode CCOther momentum distribution
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(b) ν mode CCOther cos θ distribution
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(c) ν mode CCphoton momentum distribution
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(d) ν mode CCphoton cos θ distribution

Figure 7.2: Post fit predictions and data points of muon kinematic distribution for
CCphoton and CCOther sample selections of ν mode. The black points
and error bars represent the data with the statistical uncertainty. The
shaded regions show the contributions of the ν CCQE, ν 2p2h, ν CC
resonant 1π, ν CC coherent 1π, ν CC other, ν NC modes, and ν̄ modes.
The bottom insets show the ratio of data to simulation.
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Table 7.1: Summary of the number of events at each event selection for data and
the MC prediction before (Pre-fit) and after (Post-fit) the near detector
fit to the data in the updated analysis.

Beam Event Topology Target Data Pre-fit Post-fit

ν mode νµ CC

0π0proton
FGD1 21329 18742.2 21123.5
FGD2 22935 20144.9 22776.7

0πNprotons
FGD1 9257 9280.5 9262.7
FGD2 7373 7653.5 7497.7

1π
FGD1 6224 6542.9 6310.2
FGD2 5099 5345.9 5085.7

Other
FGD1 1737 1640.9 1727.2
FGD2 1620 1571.3 1592.7

Photon
FGD1 11156 10751.9 11305.7
FGD2 10406 9765.6 10235.8

ν̄ mode ν̄µ CC

0π
FGD1 8676 8493.9 8671.1
FGD2 8608 8493.9 8671.1

1π
FGD1 719 712.4 718.5
FGD2 660 668.0 681.7

Other
FGD1 1533 1408.3 1479.7
FGD2 1396 1263.3 1331.0

ν̄ mode νµ CC

0π
FGD1 3714 3568.4 3791.4
FGD2 3537 3511.5 3715.6

1π
FGD1 1147 1235.9 1227.4
FGD2 955 987.6 968.6

Other
FGD1 1425 1189.3 1293.0
FGD2 1334 1124.8 1200.0

increased FSI for leptons. Those new parameter behaviors denote the low Q2 suppression effect

on CCQE interaction which is consistent with the behavior of the ad-hoc low Q2 parameters in

the original analysis. All 2p2h shape parameters are pulled toward non-PDD like, which is the

opposite of the effects seen in the original analysis. This can be attributed to the new sample

separation with the proton multiplicity and the proton kinematic information might favors the

non-PDD like. The PNNN shape parameter gently favors the nn pairs while the post-fit value

is within the nominal uncertainty.

For the single pion production parameters, CA5 is pulled 2σ away from the nominal value while

MRES
A remains close to the nominal value, unlike the original analysis. CA5 and MRES

A are anti-

correlated and they compensate for each other’s variation. The new RS delta decay parameter

remains at the nominal value and it favors delta-like decay. The new resonant binding energy

parameters have been pulled toward 0. It denotes that the overall resonant decay cross section

is reduced, and the outgoing lepton and hadron kinematics are changed. Almost all pions FSI

parameters are not pulled except for the FSI absorption parameter which is pulled by 1σ. On

the other hand, new nucleon FSI parameter is pulled by 2σ and it denotes the increase in the
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amount of the nucleon FSI.

The cross section and flux correlation matrix after the near detector fit is shown in Fig.

7.5. There are strong anti-correlations between flux and cross section and it reduces the total

systematic uncertainties as with the original analysis.

The size of the systematic uncertainties for each component before and after the near detector

fit is summarized in Tabs. 7.2 and 7.3. Compared to the original analysis, there is a little large

error for cross section parameters such as ν mode 1Rµ sample while the other sources are almost

unchanged. This is partly because conservative error estimation for new parametrization for RES

binding energy. Furthermore, Pauli Blocking and Optical Potential parameters for each target

are implemented while the original low Q2 parameters affect each target in the similar way. The

slight increase in error due to the new parametrization implies the near detector fit constraints

on the far detector prediction can be weaker in the updated analysis.

Figure 7.6 shows the reconstructed energy distribution for each sample at the far detector

with the 1σ uncertainty band with and without the constraint by the near detector fit. The

constraint with the updated near detector fit effectively reduces the uncertainties from ∼ 15% to

∼ 5% as with the original analysis except for ν mode CC1π sample. The uncertainty is reduced

from ∼ 20% to ∼ 14% for the ν mode CC1π sample.

Table 7.2: Summary of the systematic uncertainties before the near detector fit in
the updated oscillation analysis.

1Rµ MR 1Re

Error source (%) ν mode ν̄ mode ν mode ν mode ν̄ mode ν mode ν mode
ν̄ mode

CC1π+ CC1π+

Flux 5.0 4.6 5.2 4.9 4.6 5.1 4.5
Cross-section (all) 15.8 13.6 10.6 16.3 13.1 14.7 10.5

SK+SI+PN 2.6 2.2 4.0 3.1 3.9 13.6 1.3

Total 16.7 14.6 12.5 17.3 14.4 20.9 11.6

Table 7.3: Summary of the systematic uncertainties after the near detector fit in
the updated oscillation analysis.

1Rµ MR 1Re

Error source (%) ν mode ν̄ mode ν mode ν mode ν̄ mode ν mode ν mode
ν̄ mode

CC1π+ CC1π+

Flux 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Cross-section (ND const.) 3.7 3.5 3.0 3.8 3.5 4.1 2.4

Flux + Cross-section (ND const.) 2.7 2.6 2.2 2.8 2.7 3.4 2.3
Cross-section (ND unconst.) 0.7 2.4 1.4 2.9 3.3 2.8 3.7

SK+SI+PN 2.0 1.7 4.1 3.1 3.8 13.6 1.2

Total 3.4 3.9 4.9 5.2 5.8 14.3 4.5
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Figure 7.3: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters CCQE, 2p2h, Eb, Single Pion Production (SPP),
FSI, DIS, and misc from the near detector fit to the data.
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Figure 7.4: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for the
ND280 (top) and SK (bottom) from the near detector fit to the data.

Figure 7.5: Pre-(red band) and post-fit (blue dots and black error bands), flux
parameters from the near detector fit to the data.
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Figure 7.6: Comparison of the pre-fit and post-fit prediction with the total un-
certainty for ν mode 1Rν, ν mode 1Re, ν̄ mode 1Rµ, ν̄ mode 1Re, ν
mode 1Re1de and ν mode CC1π multi-ring samples as a function of
reconstructed neutrino energy
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7.2 Results of Updated Oscillation Analysis

In order to obtain the oscillation analysis results, the smearing for ∆m2
32 was done with the value

(2.7× 10−5 eV) based on the robustness study described in Chap. 6. Table 7.4 summarizes the

global best fit results of the oscillation parameters in the updated analysis. The data and the

expected number of events by the global best fit for each selection at the far detector are shown

in the black points and the colored background in Fig. 7.7. Figure 7.8 shows the two-dimensional

contours for sin2 θ23 vs ∆m2
32 and δCP vs sin2 θ13. The contours are compatible for both mass

orderings and prefer the upper octant as with the original analysis. Figure 7.9 shows the ∆χ2

distribution for δCP , and the results of the confidence intervals for δCP and sin2 θ23 with the

Feldman Cousins method are shown in Table 7.5. As for sin2 θ23, maximal-mixing for the normal

mass ordering is excluded at 1σ confidence interval. Furthermore, both octants are within 1σ

confidence region unlike the original analysis. The constraint on δCP changes very little from

the original analysis although the 90% confidence interval shifts slightly. The CP conserving

value (δCP = π) is closer to the region compared to the original analysis.

Table 7.4: Summary of the updated results of the fit to data with and without
the reactor constraint using the confidence intervals estimated with the
marginal likelihood.

Parameter With reactor constraint Without reactor constraint
Normal Ordering Inverted Ordering Normal Ordering Inverted Ordering

δCP (rad.) −2.18+1.22
−0.47 −1.37+0.52

−0.68 −2.25+1.23
−0.74 −1.25+0.66

−0.90

sin2 θ13/10−3 - - 26.6+2.5
−6.2 29.3+2.7

−6.5

sin2 θ23 0.559+0.018
−0.078 0.560+0.019

−0.041 0.466+0.107
−0.016 0.465+0.100

−0.016

∆m2
32/10−3(eV2/c4) 2.506+0.047

−0.052 - 2.495+0.040
−0.056 -

|∆m2
31|/10−3(eV2/c4) - 2.473+0.071

−0.020 - 2.463+0.042
−0.054

Table 7.5: Confidence intervals of δCP and sin2 θ23 for each confidence level with
the reactor constraint, using the Feldman Cousins correction. The 3σ
confidence interval was not computed for sin2 θ23.

Confidence level δCP (rad.) sin2 θ23

Normal Ordering Inverted Ordering Normal Ordering Inverted Ordering

1σ [-2.76, -1.03] - [0.460, 0.491]∪[0.526, 0.578] -
90% [-3.08, -0.52] [-1.92, -0.89] [0.444, 0.589] [0.525, 0.582]
2σ [-π, -0.29]∪[3.04, π] [-2.22, -0.69] [0.437, 0.594] [0.459, 0.588]
3σ [−π, 0.31]∪[2.59, π] [-2.80, 0.14] N/A N/A
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(f) ν mode CC1π multi-ring

Figure 7.7: The events for the updated six far detector samples. The expected
event rates using the best fit with the reactor constraint is shown in the
colored background for the five samples as with the original analysis.
The insets show the events projected onto each single dimension, and
the red line is the expected number of events from the best-fit. The
error bars represent the 1σ statistical uncertainty on the data. As for
the bin width for the ν mode CC1π multi-ring sample, it was made
coarser for the number of events to be meaningful in this comparison,
but only for this plot. In the actual fit, the same binning as the other
µ-like samples was used.
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Figure 7.8: Two-dimensional confidence level contours of ∆m2
32 vs sin2 θ23 (left)

and δCP vs sin2 θ13 (right) for the normal and inverted mass orderings.
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Figure 7.9: One-dimensional ∆χ2 distribution as a function of δCP for the data
fit. Shaded regions show the confidence intervals at each confidence
level.
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7.3 Discussion

Measurement of Atmospheric Neutrino Parameters (∆m2
32, sin θ23)

We obtained ∆m2
32 = 2.494+0.040

−0.057 × 10−5 eV (NO), sin2 θ23 = 0.561+0.040
−0.056 (NO) as the best

fit values with the reactor constraint for the atmospheric neutrino parameters in the updated

analysis. To compare the measurement results with those of the original oscillation analysis

before the several updates, we checked the confidence regions for the various setups as follows,

• A : Original results in the T2K experiment described in Chapter 4.

• B (A + 2022 ν interaction model with the new near detector samples) : Only the neutrino

interaction model parametrization and the near detector selections are updated compared

to setup A.

• C (B + PDG 2021) : The reactor constraint is updated from PDG2019 [102] to PDG2021

[113] compared to setup B.

• D (C + Multi Ring νµ CC1π sample at the far detector) : The new multi-ring νµ CC1

sample was added to the far detector sample compared to setup C.

Figure 7.10 shows the comparison of two-dimensional contours for ∆m2
32 and sin θ23 between

those analysis setups. Updates of the near detector fit selection and the interaction parametriza-

tion cause the largest change on the contour as shown in the difference between setups A and

B. On the other hand, adding new Multi-ring selection at the far detector causes small visible

effect on these parameters.
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Figure 7.10: Comparisons of two-dimensional confidence level contours of ∆m2
32 vs

sin2 θ23 for normal (left) and inverted (right) mass ordering between
setup A, B, C and D.

Figure 7.11 shows the comparison of the 90% confidence two-dimensional contours for ∆m2
32

and θ23 with other experiments. The results of all those experiments are consistent with maxi-

mum mixing of θ23. The θ23 octant indicated by the best fit value is different for each experiment
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while all these experiments do not have sufficient precision to determine the octant. Overall,

they are comparable and T2K has the strongest limitation on that.

23θ2sin
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Figure 7.11: Comparison of two-dimensional confidence level contours of ∆m2
32 vs

sin2 θ23 between T2K, NoνA [26], SuperK [114], IceCube [115] and
MINOS+ [116].

Mass ordering and sin2 θ23 octant

In order to evaluate hypotheses of the mass ordering and sin2 θ23 octant, we calculate the poste-

rior probabilities using marginal likelihood as shown in Eq. 4.18. Tables 7.6 and 7.7 summarize

the posterior probabilities for the various combinations of the mass ordering and sin2 θ23 octant.

Here the Bayes factor with the reactor constraint for the upper over the lower sin2 θ23 octant

is 2.45 which is lower than the original analysis of 3.76. On the other hand, the factor for

the preference to the normal ordering of the mass ordering is of 3.71 which is weaker than the

original analysis of 4.88. The T2K data still favors the normal mass ordering and the higher

octant, however it is not sufficient to determine them.

Measurement of δCP

We got δCP = −2.18+1.22
−0.47 assuming normal neutrino mass ordering and using the reactor con-

straint. On the other hand, the NoνA experiment obtained δCP = 0.82+0.27
−0.87 (NO) [26] but it
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Table 7.6: Posterior probabilities of each hypothesis about mass orderings and
sin2 θ23 octant with the reactor constraint in the updated (original)
analysis.

sin2 θ23 < 0.5 sin2 θ23 > 0.5 Total

Normal ordering 0.236 (0.195) 0.540 (0.613) 0.776 (0.808)
Inverted ordering 0.049 (0.035) 0.174 (0.157) 0.224 (0.192)

Total 0.285 (0.230) 0.715 (0.770) 1.000

Table 7.7: Posterior probabilities of each hypothesis about mass orderings and
sin2 θ23 octant without the reactor constraint in the updated (original)
analysis.

sin2 θ23 < 0.5 sin2 θ23 > 0.5 Total

Normal ordering 0.301 (0.260) 0.349 (0.387) 0.651 (0.647)
Inverted ordering 0.170 (0.152) 0.179 (0.201) 0.349 (0.353)

Total 0.471 (0.412) 0.529 (0.588) 1.000

lies in a region that T2K disfavors.

The results of the updated analysis for one-dimensional ∆χ2 and two-dimensional contour

of δCP vs sin θ13 are compared with the original analysis in Figs. 7.12 and 7.13. Updates of the

interaction parametrization and selection for the near detector fit have the largest impact on

those as with the atmospheric parameters.

Future improvements

We obtained world-leading results for the neutrino oscillation parameter measurements as de-

scribed in this Chapter. Furthermore, the T2K experiment is aiming to get the evidence of the

CP violation in the neutrino oscillation and reduction of the statistical and systematic uncer-

tainties are required to achieve it. To reduce the statistical uncertainties, we are planning the

accelerator upgrade which will increase the beam power from 500 kW to 1.3 MW, and the horn

current upgrade from 250 kA to 320 kA. Furthermore, ND280 upgrade is ongoing to reduce

the systematic uncertainties of the neutrino interaction models by detecting the low momentum

hadron and charged particles scattered in a large angle from the neutrino interaction. The detail

of these upgrades will be discussed in the next chapter.
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Chapter 8

Prospects

This chapter describes the prospects mainly for the measurement of the oscillation parameters

in the T2K experiment to get the evidence of the CP violation.

8.1 Goal of the T2K experiment

This section introduces the future prospect of the T2K experiment referring to this paper [117].

The goal of the T2K experiment is to measure the CP violation in the neutrino oscillations at

3σ confidence level. In order to achieve it, the statistical and systematic uncertainties should be

reduced. The former one is dominant in the current measurement. A J-PARC main ring (MR)

upgrade is ongoing to increase the statistics by increasing beam power from 500 kW to 1.3 MW.

This upgrade is achieved through step-by-step process where MR power supply updates was

done and MR RF improvement is planned. The power supply upgrade has been already done

and the RF upgrade will be done by 2024. Furthermore, the electromagnetic horn current will

be increased from the present 250 kA to 320 kA. This improvement will result in 10% greater

neutrino flux while the wrong sign components are reduced. Figure 8.1 shows the projected

plots for both beam power and POT in the near future. The statistics will be 1.0 × 1022 POT

by 2027 which is the end of the next term of the T2K experiment with this beam upgrade. In

addition to this statistical improvement, ND280 upgrade is also ongoing in order to reduce the

systematic errors.

8.2 ND280 Upgrade

This section introduces the overview of the ND280 upgrade following this paper [118]. In our

oscillation analysis, the ND280 data is used to reduce the systematic uncertainties, especially for

neutrino interaction modeling. However, ND280 has potential disadvantages due to its structure.

First one is low efficiency for the charged particles scattered at large angles. Current FGDs

consist of bar-shaped plastic scintillators which are stacked perpendicularly to the direction

of the neutrino beam as described in the Sec. 2.2.2. Therefore, charged particles scattered in

directions perpendicular to the beam axis, i.e., at large angles, are difficult to track. Furthermore,

129
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proton on target (blue line) in the T2K experiment. This figure has
been updated from this paper [117].

the Super-Kamiokande, which serves as the far detector, has 4π acceptance for the charged

particles from the neutrino interaction. The difference between measurable phase space cannot

eliminate a part of the systematic errors between the near and far detectors. A second weakness

is the difficulty of the detection for the low momentum hadron. Current FGDs require that the

track length is longer than ∼ 6 cm for the reconstruction and this length corresponds to a proton

track with a momentum of 600 MeV/c. On the other hand, many protons from the neutrino

interaction are below that momentum. It is difficult to understand the nuclear effects which is

deeply related to such low momentum hadrons from the neutrino interaction. For example, in

the 2p2h interaction, there are two low-momentum hadrons in the final states and it is nearly

impossible to detect these hadrons in the current ND280.

To resolve these potential issues, the ND280 upgrade is ongoing now. Figure 8.2 shows the

overview of the ND280 upgrade which consists of three types of new detector components. The

gray object shows the Super FGD which is the new active scintillator target detector and two

light brown objects are the High Angle TPCs (HA-TPC) to track the charged particles scattered

at large angles. Time of flight (TOF) counters which have a time resolution better than 500

ps surround those detectors to measure the direction of the tracks and reject the out of fiducial

volume events. This complex detector allows us to overcome the weakness of the current ND280

and how it can be achieved will be explained in the next subsection.
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Figure 8.2: Overview of the ND280 upgrade. It consists of the new active scin-
tillator target (Super-FGD), time projection chamber for high angle
(HA-TPC) and time of flight counters (TOF) which surrounds the
other two detectors. Taken from [118].

8.2.1 Super FGD

Super FGD is a new active scintillator target detector which consists of two million 1 cm3

scintillator cubes and Fig. 8.3 shows the overview of this new detector. In the scintillator

cube, there are holes in three orthogonal directions. Through these holes, three WLS fibers are

inserted. The scintillation light from these scintillator cubes is yielded by the energy deposits

of the charged particles and then wavelength shifting fibers read it out along three orthogonal

directions. The light from the fiber edges is detected by sixty thousand MPPCs. The outer

dimension of the scintillators of the Super FGD is 192 cm × 182 cm × 56 cm and the target

mass is 2 t.

There are mainly two advantages related to the potential issues for the current ND280.

First one is that the new detector structure can reduce the momentum threshold for hadrons.

As for the protons, the threshold is reduced from ∼ 600 MeV/c to ∼ 300 MeV/c. This is

because short track protons (∼ 3 cm) can be reconstructed in the Super FGD with only three

hits of cubes, while the FGD requires six or more hits since it demands three hits in both the

vertical and horizontal scintillator bars. Second, the charged particles scattered at large angles

can be detected as with the far detector which has a 4π acceptance. In addition, the Super

FGD allows us to obtain more information of the neutrino nucleus interaction such as νe cross

section and neutron kinematics from the neutrino interactions. The νe cross section can be

measured precisely by the good separation between electrons from νe interaction and γ from the

background sources for the measurements of the Super FGD.
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Neutrons from the neutrino interactions also can be measured by using the Super FGD. Due

to its sufficient volume and granularity, neutrons from the interactions can scatter off protons,

and these protons can be measured. We can measure the energy of the neutrons by measuring

the time difference between the hits near the vertex of the neutrino interactions and those for the

recoiled protons. That allows for a deeper understanding of interactions which have neutrons,

such as anti-neutrino interactions and 2p2h interactions. While the implementation of the

neutron kinematics information into the near detector fit can be very useful, the implementation

is difficult as described later in Sec. 8.3. As a whole, these advantages give us more information

about neutrino nucleus interaction compared to the current FGD.

Figure 8.3: Overview of Super FGD. This new detector consists of two million
scintillator cubes read out along three orthogonal directions by wave-
length shifting fibers. Taken from [118].

8.2.2 High Angle TPC and TOF Counters

Super FGD has the new interesting structure which is capable of detecting charged particles

scattered at large angles. In order to take advantage of this new active scintillator target, new

TPCs which cover the high angle are required for the measurements of sign, momentum, and

identification of such charged particles. The design of these new TPCs is based on the current

TPCs with two major improvements which are updated technique for the Micromegas detector,

and new field cage structure to minimize the dead space. The combination of these new TPCs

and the Super FGD will allow us to detect the charged particles scattered at large angles with

high detection efficiency as shown in Fig. 8.4.

In addition, the TOF counters are also newly installed for the ND280 upgrade. This new

detector consists of the scintillator bars read out on both ends by arrays of MPPCs and surrounds

the entire Super FGD and HA-TPCs. A timing measurement with the TOF counters and Super

FGD allows the determination of the direction for the charged particles in order to separate

neutrino interactions in the target from the backgrounds. The time resolution of the TOF

counters themselves is 100-200 ps to achieve the requirement.
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8.3 Improvement of Near Detector Fit

The ND280 upgrade is capable of giving us new kinematic information from the neutrino interac-

tion. This character allows us to understand new aspects of neutrino interaction. Furthermore,

new constraints on the systematic parameters are expected if the new information is added di-

rectly in the fitting framework of our oscillation analysis. Therefore, adding such new kinematic

information to the fit would be very meaningful.

Especially, proton kinematics information gives us more useful information about the nuclear

effects. Momentum and angle values of the proton could be used directly as with the muon

kinematics in the current analysis. However, other variables would be better to see more detailed

nuclear effects. Transverse kinematic imbalance is one of the most useful variables to reflect

the nucleon effects of the neutrino interactions on the analysis [119]. This kinematic variable is

defined in the plane perpendicular to the beam direction as shown in Fig. 8.6 and separated into

three variables (δpT , δαT , δφT ). These variables are calculated with outgoing lepton momentum

( ~pl′) and proton momentum (~pN ′) from the neutrino interaction.

First, we tried adding δpT in the near detector fit i.e. three dimensional fit (pµ × θµ × δpT )

instead of our current two dimensional fit (pµ× θµ) for muon kinematic variables. On the other

hand, other transverse kinematic variables had also a unique impact on our analysis. These

unique effects are summarized in this paper [120]. As a first attempt, we just implemented

this new variable (δpT ) without the removal energy and detector systematics parameters for

simplicity. Then, we tried adding the likelihood scan for the flux and cross section parameters

near each nominal value. As a result, the constraint on the nucleon FSI parameter became

stronger as shown in Fig. 8.6. Since this parameter is deeply related to the outgoing proton

kinematics, this change was consistent with the expectation. So far, the impact of the addition of
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the transverse kinematics on the most of parameters was very small due to the difficulties of the

detection of the low momentum proton. After the measurement with the upgraded ND280 starts,

this analysis improvement will allow us to use the lower momentum proton information directly

in our near detector fit and the impact of this implementation on the systematic parameters will

become even greater.

Figure 8.5: Schematic picture of the transverse kinematic imbalance (δφT , δpT
and δαT ). They are defined in the plane perpendicular to the neutrino
beam direction. Taken from [119].

In addition to these improvements of our near detector fit, improvements of the event se-

lection in the near detector are planned. For the event selection, we are trying to implement

the photon selection and proton selection for ν̄ mode in order to get stronger constraints on the

several cross section parameters for anti-neutrino. Overall, these improvements will be more

important when the ND280 upgrade completes, since the measurement with the upgraded near

detectors provides us new kinematics information with low momentum threshold and large angle

acceptance.

8.4 Hyper-Kamiokande Experiment

Improvements of the near detector and the analysis in the T2K experiment may allow us to obtain

the evidence of the CP violation, i.e. measure the CP violation at 3σ confidence level in the

neutrino oscillations. However, they are insufficient to discover the CP violation (measurement at

5σ confidence level) in the wide region of δCP . Hyper-Kamiokande detector is being constructed

in order to get more statistics toward this discovery by the 8.4 times larger fiducial volume
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Figure 8.6: Comparison of the likelihood scan for nucleon FSI (left) and MAQE
(right) with and without the transverse kinematics.

than Super-Kamiokande. The CP violation is expected to be discovered for 57% of the possible

values of δCP with ten years exposure of 1.3 MW neutrino beam [39]. To achieve this goal in the

Hyper-Kamiokande experiment, the reduction of the systematic uncertainty is more important

since the size of the statistical uncertainty will become relatively smaller. Thus, understanding

of the neutrino interaction model by the ND280 upgrade will be essential for the measurement

in the Hyper-Kamiokande experiment.
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Chapter 9

Conclusion

Neutrino oscillation is an interesting phenomenon that the lepton flavor changed during its flight.

There are several open questions about neutrino oscillations, such as CP violation, sin2 θ23 octant

and neutrino mass ordering. Especially, the CP violation in the lepton sector may be a key to

unraveling the mystery of the matter-antimatter asymmetry in universe via leptogenesis. The

T2K experiment measures the neutrino oscillation parameters using a neutrino beam which is

generated by the J-PARC accelerator to resolve these open questions.

This thesis reported the neutrino oscillation measurements in the T2K experiment using

3.6×1021 protons on target at the far detector. The measurements are performed by comparing

the prediction and data of the number of events and neutrino energy spectra at the far detector.

For the precise measurement, a reduction of the systematic uncertainties which are derived from

neutrino interactions and neutrino flux is important to achieve the precise measurements. These

systematic uncertainties are reduced by comparing the muon kinematic distributions from νµ
CC interactions between the prediction and the data at the near detector. With the constraint

on the systematic uncertainties by this near detector fit, the far detector fit was performed and

then we got δCP = −1.97+0.97
−0.62, sin2 θ23 = 0.561+0.019

−0.038 and ∆m2
32 = 2.494+0.040

−0.057 eV2/c4 with

the reactor constraint for θ13 and assuming the normal neutrino mass ordering. Toward more

precise measurement, we update the analysis especially about the event selection. For the near

detector fit, a new photon selection was adopted to predict more precisely the NC π0 events

which is the main background source of νe events at the far detector. In addition, we also added

new selection criteria which are based on the proton multiplicity in order to get more precise

prediction of the CCQE and 2p2h events. A new multi-ring selection at the far detector analysis

was added in order to increase statistics. To cover these selection updates, neutrino interaction

models were also improved.

In addition, our understanding of the neutrino interactions may not enough and there may be

a potential bias due to the ”choice” of the neutrino interaction models in the analysis. In order

to evaluate it, we performed the robustness study with simulated data sets which are generated

by the alternative models. In the robustness study, we performed the near and far detector fit

against the simulated data sets of the nominal model and each alternative model. Then, we

compared their analysis results and evaluate the bias on the oscillation parameters. Based on

139



Chapter 9 Conclusion 140

the selection updates, in particular, we evaluated various interaction models related to the events

that include protons or pions in the final state. As a result, there is no significant bias for δCP
and sin2 θ23. On the other hand, we find a significant bias of 2.7× 10−5 eV2/c4 for ∆m2

32 which

should be considered as a systematic error. This bias is mainly caused by the data-drive model

focused on CC0π nonQE and CRPA model. The result that a large bias was observed indicates

a lack of our understanding of the neutrino interaction model. Therefore, we are upgrading

the near detector to measure the neutrino interactions in detail and the measurements of the

upgraded near detector will give us a new understanding of the neutrino interaction models.

Furthermore, an upgrade of the analysis with a new kinematics variable in the near detector fit

is planned to take advantages of the improvement.

Finally, using the reactor constraint and assuming the normal neutrino mass ordering, we

obtained δCP = −2.18+1.22
−0.47, sin2 θ23 = 0.559+0.018

−0.078 and ∆m2
32 = 2.506+0.047

−0.052 eV2/c4 with the

updated analysis. These are the world’s highest precision measurements, indicating the CP

violation at a 90% confidence level. In the near future, the discovery of CP violation could be

achieved and bring us one step closer to solving the mystery of the matter-antimatter asymmetry

in universe.



Appendix A

Fit Results of the Other Data Sets

This Appendix reports the fit results of the other simulated data studies. We did not see any

large biases which should be considered as the systematic errors.

A.1 Local Fermi Gas Model

This model is the alternative nuclear model for the CCQE interaction as discussed in Sec. 3.4.2.

Figures A.1 and A.2 show fitting results of the cross section and flux parameters using this

alternative model. The CCQE normalizations as a function of Q2 and several other parameters

which are related to the 2p2h interaction move slightly as expected. Using the covariance

matrices which are based on that near detector fit, we made the reconstructed neutrino energy

prediction at the far detector as shown in Fig. A.3. The near detector fit predictions cover the

simulated data lines well.

Figure A.4 shows the fit results for three oscillation parameters. There is no large bias which

should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.1: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of LFG model.



Chapter A Fit Results of the Other Data Sets 143

Q
E

A
M

 M
od

. 5
2

C
C

Q
E

 Q

 M
od

. 6
2

C
C

Q
E

 Q

 M
od

. 7
2

C
C

Q
E

 Q

P
 S

he
ll 

M
F

 N
or

m
 C

S 
Sh

el
l M

F
 N

or
m

 C

SR
C

 N
or

m
 C

 S
ha

pe
 C

m
is

s
P

 S
he

ll 
M

F
 p

 S
ha

pe
 C

m
is

s
S 

Sh
el

l M
F

 p

 S
he

ll 
M

F
 N

or
m

 O
1/

2
P

 S
he

ll 
M

F
 N

or
m

 O
3/

2
P

S 
Sh

el
l M

F
 N

or
m

 O

SR
C

 N
or

m
 O

 S
ha

pe
 O

m
is

s
 S

he
ll 

M
F

 p
1/

2
P

 S
ha

pe
 O

m
is

s
 S

he
ll 

M
F

 p
3/

2
P

 S
ha

pe
 O

m
is

s
S 

Sh
el

l M
F

 p

ν
P

au
li 

B
lo

ck
in

g 
C

 ν
P

au
li 

B
lo

ck
in

g 
O

 ν
P

au
li 

B
lo

ck
in

g 
C

 ν
P

au
li 

B
lo

ck
in

g 
O

 

O
pt

ic
al

 P
ot

en
ti

al
 C

O
pt

ic
al

 P
ot

en
ti

al
 O

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5
3.0

CCQE Parameters

ν
2p

2h
 N

or
m

 ν
2p

2h
 N

or
m

 

2p
2h

 N
or

m
 C

 t
o 

O ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

P
N

N
N

 S
ha

pe

2p
2h

 S
ha

pe
 C

 n
p

2p
2h

 S
ha

pe
 C

 N
N

2p
2h

 S
ha

pe
 O

 n
p

2p
2h

 S
ha

pe
 O

 N
N

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5
3.0

2p2h Parameters

ν
 C

 
b

E

ν
 C

 
b

E

ν
 O

 
b

E

ν
 O

 
b

E

P
ar

am
et

er
 v

al
ue

10−
5−
0
5

10
15
20
25
30
35

 Bin ParametersbE

ν
2p

2h
 N

or
m

 ν
2p

2h
 N

or
m

 

2p
2h

 N
or

m
 C

 t
o 

O ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

P
N

N
N

 S
ha

pe

2p
2h

 S
ha

pe
 C

 n
p

2p
2h

 S
ha

pe
 C

 N
N

2p
2h

 S
ha

pe
 O

 n
p

2p
2h

 S
ha

pe
 O

 N
N

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5
3.0

2p2h Parameters

5A
C R

E
S

A
M

π
 n

on
-R

E
S 

B
kg

. L
ow

 p
1/

2
I

 n
on

 R
E

S 
B

kg
.

1/
2

I

R
S 

D
el

ta
 D

ec
ay

µν
 N

or
m

 
0 π

SP
P

 

µν
 N

or
m

 
0 π

SP
P

 

C
C

 C
oh

 C

C
C

 C
oh

 O

P
ar

am
et

er
 v

al
ue

0.0

0.5

1.0

1.5

2.0

2.5

 

µν
R

es
. E

b 
C

 

µν
R

es
. E

b 
O

 

µν
R

es
. E

b 
C

 

µν
R

es
. E

b 
O

 

P
ar

am
et

er
 v

al
ue

20−

0

20

40

 SPP Parameters

 m
ul

ti
pl

ic
it

y 
to

ta
l x

se
c

π
m

ul
ti

-

 B
od

ek
-Y

an
g 

V
ec

to
r

π
m

ul
ti

-

 B
od

ek
-Y

an
g 

A
xi

al
π

m
ul

ti
-

 m
ul

ti
pl

ic
it

y 
sh

ap
e

π
m

ul
ti

- C
C

 B
od

ek
-Y

an
g 

D
IS ν

 N
or

m
 

π
C

C
 D

IS
 m

ul
ti

-

ν
 N

or
m

 
π

C
C

 D
IS

 m
ul

ti
-

C
C

 M
is

c.

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0

0.5
1.0

1.5
2.0

DIS Parameters

F
SI

 Q
E

 S
ca

tt
er

 L
ow

 E

F
SI

 Q
E

 S
ca

tt
er

 H
ig

h 
E

F
SI

 H
ad

ro
n 

P
ro

d.

 A
bs

or
pt

io
n

π
F

SI
 

F
SI

 C
ha

rg
e 

E
x.

 L
ow

 E

F
SI

 C
ha

rg
e 

E
x.

 H
ig

h 
E

N
uc

le
on

 F
SI

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5

FSI Parameters

N
C

 C
oh

γ
N

C
 1

 

N
C

 O
th

er
 N

ea
r

N
C

 O
th

er
 F

ar ν
C

C
 N

or
m

 ν
C

C
 N

or
m

 

µν/ eν

µν/ eν

P
ar

am
et

er
 v

al
ue

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Misc Parameters

Prior to ND280 constraint

After ND280 constraint

Figure A.2: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simu-
lated data set of LFG model.
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Figure A.3: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alternative
model (green solid line) and the prediction from the near detector fit
(red band) as a function of the reconstructed neutrino energy. The
bottom insets show the ratio of data to simulation.
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A.2 Removal Energy

This study is motivated by the difficulties of this parametrization in our analysis framework.

The removal energy parameters are set to extreme value (15 MeV) to produce this simulated

data. Figures A.5 and A.6 show fitting results of the cross section and flux parameters using

this alternative model. The removal energy parameters move at ∼ 15 MeV as expected. Using

the covariance matrices which are based on that near detector fit, we made the reconstructed

neutrino energy prediction at the far detector as shown in Fig. A.7. The near detector fit

predictions cover the simulated data lines well.

Figure A.8 shows the fit results for three oscillation parameters. There is no large bias which

should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.5: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of extreme values for the removal energy.
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Figure A.6: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simu-
lated data set of extreme values for the removal energy.
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Figure A.7: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alternative
model (green solid line) and the prediction from the near detector fit
(red band) as a function of the reconstructed neutrino energy. The
bottom insets show the ratio of data to simulation.
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Figure A.8: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from removal energy robustness studies and blue lines
show those of nominal MC for the normal and inverted mass orderings.
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A.3 Z-Expansion

This section summarize the results of the fit to the simulated datasets with the Z-expansion

model discussed in Sec. 3.4.1. We produce the three simulated data sets (nominal, ±1σ) based

on the variation resulting from the fit to the external experiment data. Figures A.9, A.10,

A.13, A.14, A.17 and A.18 show fitting results of the cross section and flux parameters using

this alternative model. We could see the shifts of the high Q2 parameters as expected. Using

the covariance matrices which are based on that near detector fit, we made the reconstructed

neutrino energy prediction at the far detector as shown in Figs. A.11, A.15 and A.19. The near

detector fit predictions cover the simulated data lines well.

Figures A.12, A.16 and A.20 show the fit results for three oscillation parameters. There is

no large bias which should be considered as the systematic errors following the criteria discussed

in Sec. 6.3.
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µν
N

D
28

0 
F

H
C

 

µν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνND280 
µν

N
D

28
0 

R
H

C
 

µν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνND280 

µν
SK

 F
H

C
 

µν
SK

 F
H

C
 

eν
SK

 F
H

C
 

eν
SK

 F
H

C
 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνSK 

µν
SK

 R
H

C
 

µν
SK

 R
H

C
 

eν
SK

 R
H

C
 

eν
SK

 R
H

C
 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνSK 

Figure A.9: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the nominal Z-expansion model.
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Figure A.10: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the nominal Z-expansion model.
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Figure A.11: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.12: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from nominal Z-expansion robustness studies and
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A.3.2 Z-Expansion +1σ

µν
N

D
28

0 
F

H
C

 

µν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 

eν
N

D
28

0 
F

H
C

 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνND280 

µν
N

D
28

0 
R

H
C

 

µν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 

eν
N

D
28

0 
R

H
C

 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνND280 
µν

SK
 F

H
C

 

µν
SK

 F
H

C
 

eν
SK

 F
H

C
 

eν
SK

 F
H

C
 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνSK 

µν
SK

 R
H

C
 

µν
SK

 R
H

C
 

eν
SK

 R
H

C
 

eν
SK

 R
H

C
 R
at

io
 t

o 
ge

ne
ra

te
d 

va
lu

e

0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

 Mode FluxνSK 

Figure A.13: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the +1σ Z-expansion model.
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Figure A.14: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the +1σ Z-expansion model.
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Figure A.15: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.17: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the -1σ Z-expansion model.



Chapter A Fit Results of the Other Data Sets 159

Q
E

A
M

 M
od

. 5
2

C
C

Q
E

 Q

 M
od

. 6
2

C
C

Q
E

 Q

 M
od

. 7
2

C
C

Q
E

 Q

P
 S

he
ll 

M
F

 N
or

m
 C

S 
Sh

el
l M

F
 N

or
m

 C

SR
C

 N
or

m
 C

 S
ha

pe
 C

m
is

s
P

 S
he

ll 
M

F
 p

 S
ha

pe
 C

m
is

s
S 

Sh
el

l M
F

 p

 S
he

ll 
M

F
 N

or
m

 O
1/

2
P

 S
he

ll 
M

F
 N

or
m

 O
3/

2
P

S 
Sh

el
l M

F
 N

or
m

 O

SR
C

 N
or

m
 O

 S
ha

pe
 O

m
is

s
 S

he
ll 

M
F

 p
1/

2
P

 S
ha

pe
 O

m
is

s
 S

he
ll 

M
F

 p
3/

2
P

 S
ha

pe
 O

m
is

s
S 

Sh
el

l M
F

 p

ν
P

au
li 

B
lo

ck
in

g 
C

 ν
P

au
li 

B
lo

ck
in

g 
O

 ν
P

au
li 

B
lo

ck
in

g 
C

 ν
P

au
li 

B
lo

ck
in

g 
O

 

O
pt

ic
al

 P
ot

en
ti

al
 C

O
pt

ic
al

 P
ot

en
ti

al
 O

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5
3.0

CCQE Parameters

ν
2p

2h
 N

or
m

 ν
2p

2h
 N

or
m

 

2p
2h

 N
or

m
 C

 t
o 

O ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

P
N

N
N

 S
ha

pe

2p
2h

 S
ha

pe
 C

 n
p

2p
2h

 S
ha

pe
 C

 N
N

2p
2h

 S
ha

pe
 O

 n
p

2p
2h

 S
ha

pe
 O

 N
N

P
ar

am
et

er
 v

al
ue

3−
2−
1−
0
1

2

3
2p2h Parameters

ν
 C

 
b

E

ν
 C

 
b

E

ν
 O

 
b

E

ν
 O

 
b

E

P
ar

am
et

er
 v

al
ue

10−
5−
0
5

10
15
20
25
30
35

 Bin ParametersbE

ν
2p

2h
 N

or
m

 ν
2p

2h
 N

or
m

 

2p
2h

 N
or

m
 C

 t
o 

O ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

ν
2p

2h
 E

de
p 

L
ow

 E

ν
2p

2h
 E

de
p 

H
ig

h 
E

P
N

N
N

 S
ha

pe

2p
2h

 S
ha

pe
 C

 n
p

2p
2h

 S
ha

pe
 C

 N
N

2p
2h

 S
ha

pe
 O

 n
p

2p
2h

 S
ha

pe
 O

 N
N

P
ar

am
et

er
 v

al
ue

3−
2−
1−
0
1

2

3
2p2h Parameters

5A
C R

E
S

A
M

π
 n

on
-R

E
S 

B
kg

. L
ow

 p
1/

2
I

 n
on

 R
E

S 
B

kg
.

1/
2

I

R
S 

D
el

ta
 D

ec
ay

µν
 N

or
m

 
0 π

SP
P

 

µν
 N

or
m

 
0 π

SP
P

 

C
C

 C
oh

 C

C
C

 C
oh

 O

P
ar

am
et

er
 v

al
ue

0.0

0.5

1.0

1.5

2.0

2.5

 

µν
R

es
. E

b 
C

 

µν
R

es
. E

b 
O

 

µν
R

es
. E

b 
C

 

µν
R

es
. E

b 
O

 

P
ar

am
et

er
 v

al
ue

20−

0

20

40

 SPP Parameters

 m
ul

ti
pl

ic
it

y 
to

ta
l x

se
c

π
m

ul
ti

-

 B
od

ek
-Y

an
g 

V
ec

to
r

π
m

ul
ti

-

 B
od

ek
-Y

an
g 

A
xi

al
π

m
ul

ti
-

 m
ul

ti
pl

ic
it

y 
sh

ap
e

π
m

ul
ti

- C
C

 B
od

ek
-Y

an
g 

D
IS ν

 N
or

m
 

π
C

C
 D

IS
 m

ul
ti

-

ν
 N

or
m

 
π

C
C

 D
IS

 m
ul

ti
-

C
C

 M
is

c.

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0

0.5
1.0

1.5
2.0

DIS Parameters

F
SI

 Q
E

 S
ca

tt
er

 L
ow

 E

F
SI

 Q
E

 S
ca

tt
er

 H
ig

h 
E

F
SI

 H
ad

ro
n 

P
ro

d.

 A
bs

or
pt

io
n

π
F

SI
 

F
SI

 C
ha

rg
e 

E
x.

 L
ow

 E

F
SI

 C
ha

rg
e 

E
x.

 H
ig

h 
E

N
uc

le
on

 F
SI

P
ar

am
et

er
 v

al
ue

1.0−
0.5−
0.0
0.5
1.0
1.5
2.0
2.5

FSI Parameters

N
C

 C
oh

γ
N

C
 1

 

N
C

 O
th

er
 N

ea
r

N
C

 O
th

er
 F

ar ν
C

C
 N

or
m

 ν
C

C
 N

or
m

 

µν/ eν

µν/ eν

P
ar

am
et

er
 v

al
ue

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Misc Parameters

Prior to ND280 constraint

After ND280 constraint

Figure A.18: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the -1σ Z-expansion model.
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Figure A.19: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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A.4 3Component

This section summarize the results of the fit to the simulated datasets with the 3Component

model discussed in Sec. 3.4.1. We produce the three simulated data sets (nominal, ±1σ) based

on the variation resulting from the fit to the external experiment data as with the Z-expansion

model. Figures A.21, A.22, A.25, A.26, A.29 and A.30 show fitting results of the cross section and

flux parameters using this alternative model. We could see the shifts of the high Q2 parameters

as expected. Using the covariance matrices which are based on that near detector fit, we made

the reconstructed neutrino energy prediction at the far detector as shown in Figs. A.23, A.27

and A.31. The near detector fit predictions cover the simulated data lines well.

Figures A.24, A.28 and A.32 show the fit results for three oscillation parameters. There is

no large bias which should be considered as the systematic errors following the criteria discussed

in Sec. 6.3.
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Figure A.21: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the nominal 3Component model.
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Figure A.22: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the nominal 3Component model.
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Figure A.23: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.24: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from the nominal 3Component robustness studies
and blue lines show those of nominal MC for the normal and inverted
mass orderings.
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A.4.2 3Component +1σ
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Figure A.25: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the +1σ 3Component model.
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Figure A.26: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the +1σ 3Component model.
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Figure A.27: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.29: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of the -1σ 3Component model.
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Figure A.30: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of the -1σ 3Component model.
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Figure A.31: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.32: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from -1σ 3Component robustness studies and blue
lines show those of nominal MC for the normal and inverted mass
orderings.
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A.5 Martini Model

This model is related to the single pion production process as discussed in Sec. 3.4.3. Figures

A.33 and A.34 show fitting results of the cross section and flux parameters using this alternative

model. Several parameters which is related to the single pion production process move slightly

as expected. Using the covariance matrices which are based on that near detector fit, we made

the reconstructed neutrino energy prediction at the far detector as shown in Fig. A.35. The

near detector fit predictions cover the simulated data lines well.

Figure A.36 shows the fit results for three oscillation parameters. There is no large bias

which should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.33: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of Martini model.
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Figure A.34: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of Martini model.
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Figure A.35: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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A.6 Data-driven Model Focusing on Pion Kinematics

This model is related to the difficulties of the predictions for the pion kinematics distributions

in the current near detector fit as discussed in Sec. 6.1.3. Figures A.37 and A.38 show fitting

results of the cross section and flux parameters using this alternative model. Several parameters

which is related to the single pion production process move slightly as expected as with the

Martini model. Using the covariance matrices which are based on that near detector fit, we

made the reconstructed neutrino energy prediction at the far detector as shown in Fig. A.39.

The near detector fit predictions cover the simulated data lines well.

Figure A.40 shows the fit results for three oscillation parameters. There is no large bias

which should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.37: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of data-driven model focusing on pion kinematics.
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Figure A.38: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of data-driven model focusing on pion kinematics.
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Figure A.39: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.40: Comparison of likelihood surface for ∆m2
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ange lines show those from robustness studies of data-driven model
focusing on pion kinematics alternation and blue lines show those of
nominal MC for the normal and inverted mass orderings.
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A.7 Pion Kinematics Alternation Related to ∆(1232) Resonance

This section summarize the results of the fit to the simulated datasets with the pion kinematics

alternation discussed in Sec. 3.4.3. We produced the two simulated data sets (±1σ) based on

the variation due to the theoretical analysis. Figures A.41, A.42, A.45 and A.46 show fitting

results of the cross section and flux parameters using this alternative model. We could see the

shifts of the high Q2 parameters as expected. Using the covariance matrices which are based on

that near detector fit, we made the reconstructed neutrino energy prediction at the far detector

as shown in Figs. A.43 and A.47. The near detector fit predictions cover the simulated data

lines well.

Figures A.44 and A.48 show the fit results for three oscillation parameters. There is no large

bias which should be considered as the systematic errors following the criteria discussed in Sec.

6.3.

A.7.1 Pion Kinematics Alternation Related to ∆(1232) Resonance +1σ
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Figure A.41: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of +1σ pion kinematics alternation.
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Figure A.42: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of +1σ pion kinematics alternation.
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Figure A.43: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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Figure A.44: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Or-

ange lines show those from +1σ pion hadron kinematics alternation
robustness studies and blue lines show those of nominal MC for the
normal and inverted mass orderings.
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A.7.2 Pion Kinematics Alternation Related to ∆(1232) Resonance -1σ
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Figure A.45: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of -1σ pion kinematics alternation.
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Figure A.46: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the simulated
data set of -1σ pion kinematics alternation.
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Figure A.47: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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A.8 Low Q2 Suppression Derived from MINERνA Experiment

This model is motivated by the discrepancy between our nominal model and the MINERνA

experiment data as discussed in Sec. 3.4.3. Figures A.49 and A.50 show fitting results of

the cross section and flux parameters using this alternative model. Several parameters which is

related to the single pion production process move in order to compensate the difference between

our nominal model and this simulated data. Using the covariance matrices which are based on

that near detector fit, we made the reconstructed neutrino energy prediction at the far detector

as shown in Fig. A.51. The near detector fit predictions cover the simulated data lines well.

Figure A.52 shows the fit results for three oscillation parameters. There is no large bias

which should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.49: Pre- (red band) and post-fit (blue dots and black error bands), flux
parameters for the ν mode (left) and the ν̄ mode (right), and for
the ND280 (top) and SK (bottom) from the near detector fit to the
simulated data set of data-driven model derived from the MINERνA
experiment.
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Figure A.50: Pre-(red band) and post-fit (blue dots and black error bands), cross-
section parameters for CCQE, 2p2h, Eb, Single Pion Production
(SPP), FSI, DIS, and misc from the near detector fit to the sim-
ulated data set of data-driven model derived from the MINERνA
experiment.
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Figure A.51: Comparison plots of the number of events between the nominal far
detector sample (blue solid line), the simulated data of the alter-
native model (green solid line) and the prediction from the near
detector fit (red band) as a function of the reconstructed neutrino
energy. The bottom insets show the ratio of data to simulation.
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A.9 Radiative Correction

This study is related to the real photon emission as discussed in Sec. 6.1.2. We made this

simulated data set only for the far detector since the effects on the far detector selection is the

motivation for this study. In the near future, we will also make the simulated data for the near

detector in order to investigate of the effects on the near detector selection.

Figure A.53 shows the fit results for three oscillation parameters. There is no large bias

which should be considered as the systematic errors following the criteria discussed in Sec. 6.3.
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Figure A.53: Comparison of likelihood surface for ∆m2
32, sin2 θ23 and δCP . Orange

lines show those from radiative correction robustness studies and blue
lines show those of nominal MC for the normal and inverted mass
orderings.
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