
Measurement of Neutrino Oscillation Parameters

with the Precise Neutrino Flux Prediction in the

T2K Experiment

Akira Murakami

January, 2013



Measurement of Neutrino Oscillation Parameters

with the Precise Neutrino Flux Prediction in the

T2K Experiment

A dissertation
submitted in partial fulfillment of the requirements

for the Degree of Doctor of Science
in the Graduate School of Science, Kyoto University

Akira Murakami

January, 2013



Dissertation Committee:

Tsuyoshi Nakaya
Atsuko K. Ichikawa

Kin-ya Oda
Tomofumi Nagae
Takeshi Go Tsuru



Abstract

We present the measurement of the muon neutrino disappearance in the T2K neutrino exper-
iment. T2K is a long baseline (295 km) neutrino oscillation experiment between Tokai and
Kamioka. Muon neutrinos are produced by using the 30 GeV proton beam in J-PARC, and are
observed at the near neutrino detector and the Super-Kamiokande detector (SK). The oscillation
parameters are determined by comparing the event rate and energy spectrum of muon neutrinos
observed at SK with the prediction including the oscillation effect. The results in this thesis
are based on the data of 3.01×1020 protons on the target corrected taken from January 2010 to
June 2012, corresponding to the 4% fraction of the T2K final statistics.

For a precise measurement of the muon neutrino disappearance, high statistics observation
of neutrino events and the precise prediction for SK events are essential. The SK prediction is
constructed by the predictions of the neutrino flux, the neutrino interaction models and the SK
detector response. In this thesis, we established the stable beam operation and the improved
predictions of the neutrino flux. The stable beam operation is realized by monitoring the beam
properties with several kind of beam monitors. The achieved data taking efficiency is as high
as 99.7%. The neutrino flux is predicted by using a Monte Carlo simulation, where major un-
certainties raise due to the uncertainties of the hadron production models and uncertainties of
beam properties used as inputs of the simulation. We improved the hadron production models
by using the external hadron production data (CERN NA61/SHINE, and so on). The uncer-
tainties of beam properties were constrained based on the measurements by the beam monitors.
As a result, the uncertainty of the muon neutrino flux at SK was successfully reduced to 12% at
the energy around the oscillation maximum. The uncertainty of the relation between the near
detector and SK was further smaller, i.e. about 2%. Through this relation, the flux prediction
for SK was refined based on the measurements at the near neutrino detector. The neutrino inter-
action models used in the SK prediction are also refined along with the flux prediction. Finally,
we achieved the total systematic error of event rate as 14%, and that of energy spectrum at the
energy around oscillation maximum as 8%. Among these, the contribution from the uncertainty
from the flux and interaction model is 4% both for the event rate and energy spectrum.

We have observed 58 muon neutrino events were observed at SK, while the expectation
is 57.97 at the best fit point in our measurement. From this, we determined the oscillation
parameters as

(sin2 2θ23,∆m
2
32) = (1.00+0.00

−0.04, 2.45± 0.19× 10−3 [eV2]),

and the 90% confidence interval:

0.932 < sin2 2θ23 ≤ 1.00 (at ∆m2
32 = 2.45× 10−3 [eV2]),

2.15× 10−3 < ∆m2
32[eV2] < 2.75× 10−3 (at sin2 2θ23 = 1.0).

This is the world most precise measurement of sin2 2θ23 and the key issues to achieve this
precision are the stable beam operation and the improved predictions of the neutrino flux.
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Chapter 1

Introduction

Neutrino is an elementary particle with spin 1/2 and no electrical charge. It interacts with
matter only through the weak interaction. Neutrino was originally postulated by W. Pauli in
order to explain the observed continuous electron spectrum accompanying nuclear β-decay. Now,
it is known that there are three types (flavors) of neutrinos, νe, νµ and ντ , associating with three
charged leptons; e, µ and τ . In the standard model of particle physics, neutrinos were originally
considered as mass-less particles. There have been many experiments to measure the neutrino
mass directly [1–3], but no finite absolute mass has been measured. However, the observation
of neutrino oscillations by Super-Kamiokande [4] established the non-zero neutrino masses and
neutrino mixing. This result is supported by many neutrino experiments (atmospheric, solar,
accelerator, and reactor neutrino experiments [5–16]). The existence of neutrino oscillations
requires the modification of the standard model and hence its study is expected to make a link
to physics beyond the standard model.

1.1 Physics of Neutrino Oscillation

1.1.1 Neutrino mixing

Flavor eigenstates of neutrinos can be different from the mass eigenstates. Then the flavor
eigenstate, |να〉(α = e, µ, τ) can be described by superpositions of mass eigenstates, |νi〉(i =
1, 2, 3):

|να〉 =
∑

i

U∗αi|νi〉, (1.1)

where Uαi is an element of the unitary matrix. Since there are three flavors, the matrix U is
3×3 with four independent parameters. Most popular way to express U is using three mixing
angles (θ12,θ23 and θ13), and one CP phase (δ):

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 = cos θij and sij = sin θij . This matrix is called as the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix [17,18] ∗ and is analogue of the CKM (Cabibbo-Kobayashi-Maskawa)
matrix in the quark sector [20,21].

∗The mixing model in two neutrinos was also discussed elsewhere [19].
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Chapter 1. Introduction

A neutrino is generated and interacts as a flavor eigenstate in the charged or neutral current
weak interaction, while the quantum state evolves in time according to the mass eigenstates
following the Schrödinger′s equation. Applying the Schrödinger′s equation to the νi component
of να in the rest frame of that component, the evolution is written as:

|νi(τi)〉 = e−imiτi |νi(0)〉, (1.3)

where mi is the mass of νi, and τi is the time in the νi rest-frame. Using the time t and position
L in the laboratory frame, the Lorenz-invariant phase factor in Eq. 1.3 is written as:

miτi = Eit− piL, (1.4)

where Ei and pi represent the energy and momentum of νi in the laboratory frame. In practice,
since the neutrino is extremely relativistic due to the tiny mass, following approximation is
applied to Eq. 1.4:

t ≈ L,Ei =
√
p2
i +m2

i ≈ pi +
m2
i

2pi
. (1.5)

All of mass-eigenstate components in να have an approximately common momentum p. The
phase factor of Eq. 1.4 is then approximated as:

(m2
i /2p)L. (1.6)

From this expression and Eq. 1.3, when a neutrino is produced as να and has propagated a
distance L, the state of να becomes

|να(L)〉 ≈
∑

i

U∗αie
−i(m2

i /2E)L|νi(0)〉, (1.7)

where E ∼ p is the average energy of the various mass eigenstate components of the neutrino.
Using the unitarity of U to invert Eq. 1.3, and inserting the result in Eq. 1.7:

|να(L)〉 ≈
∑

β

[∑

i

U∗αie
−i(m2

i /2E)LUβi

]
|νβ〉. (1.8)

This equation represents that να has turned into a superposition of all the flavors after traveling
the distance L. This is the phenomenon called ”neutrino oscillation”. Figure 1.1 depicts the
neutrino oscillation at the simply two neutrino oscillation case. If the masses of neutrinos are
non-zero and are not degenerated, the neutrino flavors change according to the distance.

ν1

να νβ

Time

να

ν2

≈ Distance

m1 ≠ m2

Figure 1.1: Two neutrino oscillation scenario, showing the amplitudes of ν1 and ν2 mass eigen-
states.
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Chapter 1. Introduction

1.1.2 Neutrino oscillation probability in vacuum

The neutrino oscillation probability P (να → νβ) represents the probability that the flavor νβ is
observed when να is generated and travels the distance L. The oscillation probability P (να → νβ)
between three flavors in vacuum is obtained from Eq. 1.8:

P (να → νβ) = |〈νβ|να(L)〉|2

= δαβ − 4
∑

i>j

Re(U∗αiUβiUαjU
∗
βj) sin2

(
∆m2

ijL

4E

)

± 2
∑

i>j

Im(U∗αiUβiUαjU
∗
βj) sin 2

(
∆m2

ijL

4E

)
, (1.9)

where ∆m2
ij = m2

i −m2
j , is mass squared difference between νi and νj . The sign of the last term

in Eq. 1.9 originates from the sign of CP phase δ, and is + (−) for neutrinos (anti-neutrinos).
The oscillation probability P (να → να) represents the survival probability of να. When the
omitted factors of ~ and c are included in Eq. 1.9, and ∆m2

ij , L, and E are expressed in the unit

of eV2, km, and GeV, the oscillation phase can be written as:

Φij ≡
∆m2

ijL

4E
' 1.2669 ·∆m2

ij(eV2) · L(km)

E(GeV)
. (1.10)

Because ∆m2
12 + ∆m2

23 + ∆m2
31 = 0, there are six independent parameters in the neutrino

oscillation: three mixing angles, one CP phase, and any two of three mass square differences.
From experimental data (will be described in Sec. 1.1.4), we know |m2

32| ' |m2
31| � m2

21. At
E ∼ (∆m2

32 ·L), the contribution of ∆m2
21 term is small and the oscillation probabilities can be

approximately described by two mixing angles (θ13, θ23);

P (νµ → νe) ' sin2 2θ13 · sin2 θ23 · sin2 Φ32

≡ sin2 2θµe · sin2 Φ32, (1.11)

P (νµ → νµ) ' 1− sin2 2θ23 · cos4 θ13 · sin2 Φ32 − P (νµ → νe)

≡ 1− sin2 2θµτ · sin2 Φ32 − P (νµ → νe), (1.12)

where the following two effective mixing angles are defined: sin2 2θµe ≡ sin2 2θ13 · sin2 θ23 and
sin2 2θµτ ≡ sin2 2θ23 · cos4 θ13. The situation described by these equations may be called quasi-
two-neutrino oscillation. The P (νµ → νµ) in Eq. 1.12 is drawn in Fig. 1.2 for several values of
sin2 2θ23 and ∆m2

32.

Neutrino oscillations in matter

Inside the Sun or the Earth, all flavors of neutrino have the neutral current interaction with
matter (ν +N → ν +X, where N is the nucleon, X is the hadronic final state, νe + e→ νe + e,
and so on), while only νe has the charge current interaction (νe + N → e + X) in the MeV
energy range. The νµ and ντ have insufficient energy to produce the associated charged leptons
(µ and τ). Hence νe feels extra potential in matter via the neutral current interaction, and the
oscillation probability in matter can be different from that in vacuum. This is known as the
matter effect [22].

1.1.3 Observation of Neutrino Oscillation

Neutrino oscillations are observed in two ways: via appearance (να → νβ) or disappearance
(να → να). In each way, the neutrino flavors have to be identified. The flavor identification relies

3
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Figure 1.2: Oscillation probability for νµ disappearance from Eq. 1.12. Left: ∆m2
23 is set to be

2.2× 10−3, 2.4× 10−3, 2.6× 10−3 eV2. Right: sin2 2θ23 is set to be 0.8, 0.9, 1.0. The sin2 θ13 is
fixed to 0.0251 and L to 295 km.

on the detection of the associated charged lepton produced at the charged current interaction. As
mentioned, when the energy of the neutrino is less than the threshold to produce the associated
charged leptons, neutrinos cannot interact in the charge current mode, and their flavors cannot
be identified. Such cases are identified as disappearance.

There are several neutrino sources used to measure neutrino oscillations. The sources are
summarized in Table 1.1 with the average neutrino energy (E), a typical distance between source
and detector (L). The sensitivity to oscillation parameters, sin2 2θ and ∆m2, depends on the
value of L/E. The sin2 2θ determines the amplitude of the neutrino oscillation and the ∆m2

determines the scale of distance where the neutrino oscillation evolves. The maximum oscillation,
(i.e. P (νµ → νx) ' 1)) occurs at sin2 Φ32 = 1, i.e. ∆m2

32L/4E = π/2, and the sensitivity to
sin2 2θ is maximum there. The precision of oscillation parameter determination depends on
different experimental errors due to the statistical and systematic uncertainties. Roughly, the
precision of sin2 2θ depends on the normalization error at the energy around the oscillation
maximum, and the precision of ∆m2 the measurement accuracy of L/E, that is, the resolution
of the neutrino energy (when L is fixed).

Table 1.1: Sensitivity of several neutrino oscillation experiments. Ē is the average neutrino
energy, L is the distance between source and detector, and corresponding ∆m2 ∼ Ē/L which is
a sensitive ∆m2 roughly.

Source Flavor Ē [MeV] L [km] ∆m2 [eV2]

Reactor (short or long baseline) ν̄e ∼ 1 1 or 100 ∼ 10−3 or ∼ 10−5

Accelerator (short or long baseline) νµ,e, ν̄µ,e ∼ 103 1 or 103 ∼ 1 or ∼ 10−3

Atmospheric ν νµ,e, ν̄µ,e ∼ 103 104 ∼ 10−4

Sum νe ∼ 1 1.5×108 ∼ 10−11

1.1.4 Current knowledge on Neutrino oscillations

Until now, many neutrino oscillation experiments have provided the evidences for neutrino os-
cillations and have measured the oscillation parameters.

Measurements of θ23 and ∆m2
23: The oscillation of atmospheric neutrinos was discrovered

as the muon neutrino disappearance by the Super-Kamiokande (SK) experiment [5]. This
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Chapter 1. Introduction

is the first evidence of neutrino oscillations. This result has been confirmed by the long
baseline accelerator neutrino experiments (K2K [6] and MINOS [7]).

Measurements of θ12 and ∆m2
12: The disappearance of electron neutrinos from the Sun was

first indicated by the experiment by R.Davis et al. [23] and Kamiokande [24]. Then,
the oscillation of solar neutrinos was discovered by several solar neutrino experiments
(SK [8], SNO [9], Brexino [10] and so on) and confirmed by a reactor neutrino experiment,
KamLAND [11].

Measurements of θ13: The oscillation associated with θ13 has been searched for a long time.
The θ13 was found to be smaller than other mixing angle. The CHOOZ experiment de-
termined the upper limit of sin2 2θ13: sin2 2θ13 < 0.15 with 90% C.L. [25]. The accelera-
tor experiments (T2K [12] and MINOS [13]) search for the electron neutrino appearance
(νµ → νe) which occurs via θ13. T2K first reported the indication of νe appearance os-
cillation with 2.5 σ significance and measured the non-zero θ13. Then non-zero θ13 has
been confirmed by the several reactor experiments with more than 3σ significance: Double
Chooz [14], Daya Bay [15], and RENO [16].

The current best knowledge of the oscillation parameters are summarized in Table 1.2. All ∆m2s
and θ12 are determined with few percent accuracy, while the θ23 and θ13 are determined with ∼10
percent accuracy. The θ23 is consistent with the maximal mixing (45◦) but the non-maximum
θ23 is favored from the current data (from the constraint of the atmospheric neutrino data). The
CP phase δ and the neutrino mass hierarchy (the sign of ∆m2

32) are still unknown.

Table 1.2: The best-fit values of the three-neutrino oscillation parameters, obtained from a global
fit of the current neutrino oscillation data [26], including the T2K [12] and MINOS [13] (but not
the Daya Bay and RENO) results. The PDG (Particle Data Group) average of the results of
the three reactor experiments [14–16] is given in the last line. The 1σ accuracy is defined as the
1/6 of the ±3σ interval.

Parameter best-fit best-fit angle ±3σ interval 1σ accuracy

∆m2
12[10−5eV2] 7.58+0.22

−0.26 – 6.99 – 8.18 2.5 %

∆m2
32[10−3eV2] 2.35+0.12

−0.09 – 2.06 – 2.67 4.3 %

sin2 θ12 0.312+0.018
−0.015 34.0◦ ± 1.1◦ 0.265 – 0.364 5.3 %

sin2 θ23 0.420+0.08
−0.03 40.4◦+4.6◦

−1.8◦ 0.34 – 0.64 12 %
sin2 θ13 [27] 0.0251± 0.0034 9.1◦ ± 0.6◦ 0.015 – 0.036 14 %

1.1.5 Importance of the precision of the θ23 measurement

With non-zero θ13, we now can approach the unsolved problems of neutrino physics:

• CP asymmetry in the lepton sector

• Neutrino mass hierarchy

• Neutrino mixing scheme

To solve these problems, it is essential to reduce the large uncertainties of θ23 in addition to that
of θ13.
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Chapter 1. Introduction

CP asymmetry in the lepton sector

The CP phase δ introduces the CP asymmetry in the lepton sector and is expected to gives a
hint for the understanding the origin of the matter-dominated universe. The δ is last remaining
oscillation parameter to be measured in the PMNS matrix. Now, the non-zero θ13 enables us to
investigate the CP phase δ.

The comparison of the probabilities between P (νµ → νe) and P (ν̄µ → ν̄e) is one of the most
promising methods to measure the δ. In the three flavor mixing including the first order of the
matter effect, the probability of νe appearance is written as [28]:

P (νµ → νe) = 4c2
13s

2
13s

2
23 · sin2 Φ31

+ 8c2
13s12s13s23(c12c23 cos δ − s12s13s23) · cos Φ32 sin Φ31 sin Φ21

− 8c2
13c12c23s12s13s23 sin δ · sin Φ32 sin Φ31 sin Φ21

+ 4s2
12c

2
13(c2

12c
2
23 + s2

12s
2
23s

2
13 − 2c12c23s12s13 cos δ) · sin2 Φ21

− 8c2
13c

2
13s

2
23 ·

aL

4Eν
(1− 2s2

13) · cos Φ32 sin Φ31

+ 8c2
13s

2
13s

2
23

a

∆m2
31

(1− 2s2
13) · sin2 Φ31, (1.13)

a ≡ 2
√

2GFneEν = 7.56× 10−5 × ρ[g/cm3]× Eν , (1.14)

where GF is the Fermi weak-coupling constant, ne is the electron density, ρ is the mass density
of the Earth, and a represents the factor associated to the matter effect. P (ν̄µ → ν̄e) is derived
by replacing δ → −δ and a→ −a. The first term is the probability of the νe appearance in the
quasi-two-neutrino oscillation (called the leading term). The third term is the CP asymmetry
term which flips its sign between ν and ν̄ (called the CP violation term). The amplitude of
the CP asymmetry depends on the all mixing angles and δ. The last two terms represents the
correction from the matter effect, and produce a non CP-related asymmetry between ν and ν̄.
Figure 1.3 shows P (νµ → νe) and P (ν̄µ → ν̄e) with δ = π/2 (the normal mass hierarchy is
assumed). The leading term is a dominant contribution in the νe appearance probability. The
CP violation term is second dominant as large as 27% of the leading term and flips for ν and ν̄
as shown in this figure.

From the current knowledge of mixing angles, the effect of the uncertainty of each mixing
angle is calculated on the amplitude of P (νµ → νe). Here, the effects on the amplitude of the
leading and CP violation terms are calculated. Table 1.3 summarizes the fractional change of
the amplitudes under the change to each mixing angle by ±1 σ accuracy shown in Table 1.2.
The uncertainty of the CP violation term comes from the uncertainty of sin2 θ13 dominantly.
The uncertainty of the leading term, however, comes from not only the uncertainty of sin2 θ13,
but also that of sin2 θ23. To observe the CP asymmetry, both the large uncertainties of sin2 θ13

and sin2 θ23 need to be improved.

Table 1.3: Summary of the fractional change of the amplitude for the leading and CP violation
terms in the νe appearance probability (shown in Eq. 1.13). The fractional change is calculated
under the change of each mixing angle by ±1 σ accuracy shown in Table 1.2.

δ(sin2 θ12) δ(sin2 θ23) δ(sin2 θ13)

Leading term – ±11.9 % +14.3/-13.5 %
CP violation term ±1.5 % +1.0/-2.2 % +5.8/-6.5 %
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Figure 1.3: νe appearance probabilities of νµ → νe (left) and ν̄µ → ν̄e (right) as a function of
the neutrino energy with a baseline of 295 km. The CP phase δ is set to π/2 and the other
oscillation parameters is set to the best fit values shown in Table 1.2. The density ρ is 2.6 g/cm3.
The normal hierarchy is assumed. Contribution from each term of Eq. 1.13 is shown separately:
”Leading(θ13)” is the first term, ”CPC” is the second, ”CPV” is the third, ”Solar” is the fourth,
and ”Matter effect” is the last two terms.

Neutrino mass hierarchy

From the current neutrino oscillation data, the sign of ∆m2
32 (and ∆m2

31) is not yet determined.
There are two possible hierarchy for the neutrino masses as shown Fig. 1.4: the normal hierarchy
with (∆m2

32 > 0, ∆m2
31 > 0) and the inverted hierarchy with (∆m2

32 < 0, ∆m2
31 < 0). The

experimental determination of the mass hierarchy is important to understand the origin of the
neutrino masses. In the atmospheric neutrino experiment, the mass hierarchy can be determined
by measuring the matter effect of the atmospheric νe appearance because the contribution of
the matter effect is affected by the sign of ∆m2

32 as shown in Eq. 1.13. The sensitivity to
determination depends on not only θ13, but also θ23 (See, for example, [29]). This is because the
νe appearance component depends on θ13 and θ23 as shown in Eq. 1.11. The precision of θ23 is
critical to solve the mass hierarchy.

Neutrino mixing scheme

From the best fit values of mixing angles shown in Table 1.2, the PMNS matrix is calculated:

UPMNS =




0.82± 0.01 0.55+0.02
−0.01 0.16± 0.01

−0.51+0.01
−0 0.57+0.03

−0.06 0.64+0.06
−0.02

0.26+0.05
−0.02 −0.61+0.02

−0.04 0.75+0.02
−0.06


 , (1.15)

where δ is set to zero. The mixing in the leptonic sector is very different from that in the quark
sector [27]:

UCKM =




0.97427± 0.00015 0.22534± 0.00065 0.00351+0.00015
−0.00014

0.22520± 0.00065 0.97344± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.0029
−0.0031 0.0404+0.0011

−0.0005 0.999146+0.00021
0.000046


 , (1.16)

Considering this mixing difference and the contrast between the tiny neutrino masses and the
large quark masses, it is suggested that physics underlying neutrino masses and mixing may be
very different from the physics behind quark masses and mixing. To find a hint for this mystery,
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Figure 1.4: Two possible hierarchy cases for the neutrino masses. The normal mass hierarchy is
the case where ∆m2

32 > 0, and the inverted mass hierarchy where ∆m2
32 < 0.

more precise measurements of the mixing angles are necessary. The θ23 causes the large mixing
in the lepton sector and its uncertainty needs to be reduced. Also, if the θ23 is not maximal
exactly (6= 45◦) as sin2 2θ23 < 0.99, the sin2 θ23 can be two values: sin2 θ23 < 0.5 or sin2 θ23 > 0.5
(e.g. if sin2 2θ23 = 0.96, sin2 θ23 = 0.4 or 0.6). As mentioned, the size of sin2 θ23 is essential
for the measurement of the CP asymmetry and the neutrino mass hierarchy. It is important to
conclude how the θ23 is close to 45◦ based on the precise measurement with 1% accuracy (the
same accuracy as Cabibo angle in the quark mixing).

1.2 Overview of T2K Experiment

The T2K (Tokai-to-Kamioka) neutrino experiment is a long-baseline accelerator neutrino oscil-
lation experiment between Tokai and Kamioka [30, 31]. The baseline is 295 km as shown in
Fig. 1.5. An intense muon neutrino beam (the energy ∼ 0.6 GeV) is produced at Japan Proton
Accelerator Research Complex (J-PARC) in Tokai. The neutrinos are measured at the near neu-
trino detectors in the J-PARC before oscillation, and are measured at the Super-Kamiokande
water Cherenkov detector after oscillation. T2K measures the mixing angle θ13 via the νe ap-
pearance [12], and the mixing angle θ23 and mass difference ∆m2

32 via the νµ disappearance [32].
The original goals of T2K are:

• Measurement of the non-zero sin2 2θ13 (with sensitivity down to 0.006) via the νe appear-
ance.

• Measurement of sin2 2θ23 and ∆m2
32 with the precision of δ(∆m2

32) ∼ 10−4 eV2 and
δ(sin2 2θ23) ∼ 0.01 via the νµ disappearance.

• Search for sterile components in νµ disappearance by detecting the neutral current events.

In this thesis, we focus on the measurement of sin2 2θ23 and ∆m2
32 via the νµ disappearance.

8



Chapter 1. Introduction

Figure 1.5: Bird’s eye view of T2K layout

1.2.1 Experimental principle

The νµ disappearance has two features: the distortion of the νµ energy spectrum and the deficit
of the number of SK νµ events. Most of the νµ oscillate into ντ . The ντ cannot be detected
because the neutrino energy in T2K is below the τ production threshold. Therefore, the νµ
energy spectrum at SK shows deficit depending on the neutrino energy as shown in Fig. 1.6. To
measure sin2 2θ23 and ∆m2

32:

• The number of SK νµ events is measured as a function of neutrino energy, Nobs
SK(Eν).

• The number of SK νµ events is predicted as a function of neutrino energy, N exp
SK (Eν). This

prediction takes into account the neutrino oscillation.

• The Nobs
SK(Eν) and N exp

SK (Eν) are compared to determine the sin2 2θ23 and ∆m2
32.

where the Eν represents the neutrino energy.
Nobs
SK(Eν) is obtained by selecting the νµ charged current quasi-elastic interaction (νµ + n→

µ−+p), called CCQE. The CCQE interaction is a dominant interaction mode in the T2K neutrino
energy region, and its fraction is expected to be ∼54% (∼75%) in neutrino events selected at
SK with (without) oscillation. The neutrino energy Eν is reconstructed as Erecν based on the
muon momentum and angle in the CCQE interactions. In the charge current interactions other
than CCQE (CC nonQE), the neutrino energy is mis-reconstructed to the lower energy.

The expectation as a function of reconstructed neutrino energy, N exp
SK (Erecν ) is described:

N exp
SK (Erecν ; θ23,∆m

2
32) =

∫
dEνΦSK(Eν) · P (Eν ; θ23,∆m

2
32) · σ(Eν) · εSK(Eν) ·RSK(Erecν , Eν)

× MSK × POT, (1.17)

where ΦSK is the neutrino flux at SK, P is the oscillation probability, σ is the cross-section
of the neutrino-nucleus interaction, εSK is the SK detection efficiency, RSK is the SK detector
response function representing the probability to observe Eν as Erecν , MSK is the target mass
of SK, and the POT represents the number of protons on the target. The ΦSK is predicted by
using the neutrino flux simulation. The σ is calculated based on the neutrino-nucleus interaction
models. The εSK and RSK is estimated with the SK detector simulation.

The precision of sin2 2θ23 and ∆m2
32 depends on the following uncertainties:

• The statistical uncertainties of Nobs
SK(Eν)
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Figure 1.6: Expected neutrino energy spectrum for the null oscillation case (solid line) and the
oscillation case (sin2 2θ23 = 1.0 and ∆m2

32 = 2.4× 10−3 eV2) (hatched region) at 7.8×1021 POT
(protons on the target) which corresponds to the T2K final goal.

• The systematical uncertainties of ΦSK(Eν),σ(Eν) and εSK(Eν). Especially, ΦSK(Eν) and
σ(Eν) have large uncertainties.

For the precise measurement of sin2 2θ23 and ∆m2
32, T2K utilizes following approach:

• To reduce statistical uncertainties, high intensity neutrino beam and low background con-
dition are achieved.

• To reduce systematic uncertainties of ΦSK(Eν) and σ(Eν), the neutrino flux simulation
and neutrino interaction models are tuned in situ measurements. The measurements not
covered by T2K rely on external data.

1.3 Outline of this thesis

In this thesis, we describe the measurement of the oscillation parameters, sin2 2θ23 and ∆m2
32,

via νµ disappearance. We have archived the most precise measurements for sin2 2θ23 so far. The
key issues for the precise measurements are the statistical increase of neutrino events based on
the high power and stable beam operation, and the improved predictions of neutrino flux based
on measurements.

Improved predictions of neutrino flux

The neutrino flux and energy spectrum at T2K neutrino detectors are predicted by using a
Monte Carlo simulation based on the experimental data. The simulation first starts with the
hadronic interaction of 30 GeV protons in the target where pions are mainly generated. The
generated pions are focused forward in the horn magnetic fields, then decay to generate neutrinos
in flight. So far, the flux prediction had ∼20 % uncertainty. The dominant error source is the
hadron production models used in the simulation since the models have large uncertainties due
to lack of data for 30 GeV protons. To achieve the T2K’s physics requirement, it is essential to
improve the precision of the simulation. This is achieved by the following procedures:

10
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• Improvement of the hadron production model in the simulation. We improved the model
based on the measurements of the hadron production, especially by the CERN NA61/SHINE
experiment [33,34]. The CERN NA61/SHINE measurements have been performed for T2K
to measure the properties of hadron productions with 30 GeV proton energies. Other ex-
ternal measurements are also used for the model tuning.

• Measurements of the beam properties (proton and neutrino beam parameters) used as
inputs in the simulation. They were measured at the several kinds of beam monitors. The
measured horn currents which affects the pion focusing were also used in the simulation.

• Refining the predicted ΦSK based on the measurements at the near neutrino detector.
Similar to the SK prediction, the prediction for the near detector is constructed by using
the flux prediction for the near detector (ΦND) and also neutrino interaction cross-section
(σ). The ΦND and σ are refined based on the measurements at the near neutrino detector.
The refined ΦND is reflected to the prediction of ΦSK through the correlation between
fluxes at the near detector and SK. This correlation was also estimated with the flux
simulation. The refined ΦSK and σ realize the further precise measurements of sin2 2θ23

and ∆m2
32.

The outline of this thesis is as follows. Chapter 2 describes the T2K experimental components
and the beam data taking history. Chapter 3 describes the overview of the oscillation analysis.
Detail of the flux prediction is explained in Chapter 4. The neutrino-nucleus interaction models
are briefed in Chapter 5. Chapter 6 describes the neutrino measurements at near detectors and
SK. Chapter 7 describes the extrapolation from the ND280 measurements to the SK prediction.
The oscillation analysis is described in Chapter 8. Finally, the conclusion is summarized in
Chapter 9.
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Chapter 2

T2K experimental components and
beam data taking summary

2.1 T2K overview

Figure 2.1 shows the schematic view of the T2K components. Pions and kaons are produced at
the interaction of the 30 GeV proton beam from the J-PARC Main Ring (MR) with a graphite
target. Pions are focused by three magnetic horns [35,36] to increase the neutrino beam intensity.
A muon neutrino beam is produced from decay products of pions and kaons. The yield and
direction of the neutrino beam are monitored by two beam monitors (the muon beam monitor
and the neutrino beam monitor). The properties of the neutrinos are measured at near detectors
placed 280 m from the target and at the far detector, SK, which is located 295 km away.

Near 
Detectors

Muon 
monitor Far detector 

(Super-Kamiokande)
Decay volumeTarget/

Horns30GeV 
protons on-axis

off-axis (2.5°)

π

π→µνµ

≈

0 m 118 m 280 m 295 km

≈

Figure 2.1: Schematic view of T2K components.

J-PARC accelerator

The 30 GeV protons are provided from the J-PARC MR (Sec. 2.2) which is designed to be the
most powerful beam (design intensity of 750 kW) in the world. The high intensity proton beam
can realize the more neutrinos than ever before.

Off-axis beam

The off-axis beam method [37] is used to generate a narrow-band neutrino beam. The beam
axis is slightly shifted away from the direction of SK. In the pion two-body decay (π → µνµ),
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the neutrino energy Eν in the laboratory system is describe as:

Eν =
m2
π −m2

µ

2(Eπ − pπ cos θν)
, (2.1)

where mπ and mµ are the pion and muon mass, and Eπ is the pion energy, pπ is the pion
momentum and θν is the angle between the pion and neutrino directions. Figure 2.2 shows
the relation between pπ and Eν in the two body decay. By using the off-axis beam method,
the energy of a neutrino from the two-body decay weakly depends on the pπ and has a narrow
spread.

In T2K, the pion two-body decay is the main source for the neutrino production. The pions
are focused in parallel to the beam axis. The narrow energy range of the neutrino beam can
be varied by changing the off-axis angle as illustrated in the lower plot of Fig. 2.3. In T2K,
the off-axis angle is set at 2.5

◦
so that the neutrino beam at SK has a peak energy at about

0.6 GeV which is close to the expected oscillation maximum (Fig. 2.3). The off-axis beam
maximizes the effect of the neutrino oscillations. This also increases the fraction of CCQE
events (in Eν <1 GeV) to other CCQE events (in higher energy region) ratio For the event
selection and energy reconstruction at SK, the CCQE events are signal while other CCQE events
are background. Since the energy spectrum changes according to the off-axis angle, a shift of
neutrino beam direction causes a shift of the energy spectrum, resulting in the uncertainty of
ΦSK . The neutrino beam direction is required to be tuned within 1 mrad.

第 2章 T2K長基線ニュートリノ振動実験 6

　

図 2.3 ビーム軸に対する角度 (Off-axis角)を変化
させた際の親パイオンの運動量とニュートリノの
エネルギーの関係。
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図 2.4 スーパーカミオカンデでの振動確率 (上)
と、いくつかの Off-axis 角に対するニュートリノ
エネルギースペクトル (下)。下図の水色の部分が
スーパーカミオカンデでの振動確率が最大になる
エネルギー領域を示す。

スーパーカミオカンデでのニュートリノスペクトルのピークエネルギーが約 13 MeV変化し。、フラック
スは約 3 %変化する。ニュートリノエネルギーの 13 MeVのふらつきはニュートリノエネルギースペク
トルのピーク値 (約 650 MeV)に対して、2 %程度のふらつきに相当する。また、フラックスの 3 %のふ
らつきはスーパーカミオカンデで予測されるニュートリノ事象数の不定性につながる。エネルギースケー
ル、スーパーカミオカンデでの事象予測が振動パラメータの決定精度に及ぼす影響については既に研究が
なされており [18]、これによると、スーパーカミオカンデでのニュートリノ事象の予測数、ニュートリ
ノのエネルギースケールの不定性がそれぞれ 5 %, 2 %以内であれば、ミューオン消失モードの振動パラ
メータに対して、統計誤差よりも小さい系統誤差での測定が実現できる。このため、1 mradよりも十分
良い精度でビーム方向をモニターすることが、T2K実験において最重要な課題になる。

2.2 大強度陽子加速器施設 J-PARC (Japan Proton Accelerator
Research Complex)

J-PARC の航空写真を図 2.5 に示す。T2K 実験で使用する陽子ビームは線形加速器 (LINAC) から 3

GeV 陽子シンクロトロン (RCS)、30 GeV 陽子シンクロトロン (MR) の順に加速された後、MR 内側の
ニュートリノビームラインへ蹴り出される。

陽子ビーム
T2K実験で使用する陽子ビームは図 2.6のような時間構造を持つ。
表 2.1に現在のビーム設計値をまとめる。ただし、ビームエネルギー 30 GeVで、ビームパワー 750 kW

を達成するために、今後パラメータは変わる可能性がある。
MRで加速された陽子ビームはあるタイミングでキッカー磁石で急激に曲げられることにより、ニュー

Figure 2.2: The relation between neutrino energy (Eν) and pion momentum (pπ) in the pion
two body decay.

Beam monitors

The stable beam operation is one of the most important issues both for the quick accumula-
tion of data and the protection of the beam equipment from the high intensity proton beam.
For the stable beam operation, the several beamline conditions are monitored and controlled:
the proton beam parameters (intensity, position, and profile), neutrino beam direction and the
horn currents. The proton beam parameters and neutrino beam direction change off-axis angle
effectively, hence they affect the energy spectrum which depends on the off-axis angle. The
proton beam parameters are measured by several proton beam monitors (CTs, ESMs, SSEMs,
described in Sec. 2.3.1). The yield and direction of the neutrino beam are monitored two beam
monitors: the muon beam monitor, MUMON, and the neutrino beam monitor, INGRID. MU-
MON is placed at 118 m from the target. MUMON measures the yield and direction of the
neutrino beam indirectly by measuring those of the muon beam because a muon is produced
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Figure 2.3: The νµ survival probability at 295 km (top) and expected neutrino fluxes for different
off-axis angles (bottom).

along with a neutrino from pion two-body decay. MUMON is used to monitor and control the
neutrino beam every beam pulse. INGRID is installed at 280 m from the target on the beam-
axis. INGRID measures the yield and direction of the neutrino beam directly. Since one month
data is needed for the precise beam measurement, INGRID is used to determine the systematic
error of the off-axis angle from the neutrino measurement.

In addition, the primary proton beam and the horn current are also monitored because these
affect the yield and direction of the neutrino beam.

Off-axis Near detector: ND280

The near detector on the off-axis, ND280 observes the neutrinos in the same direction to SK.
ND280 measures the event rate and energy spectrum of neutrinos before oscillation. At ND280,
the CC inclusive events (including all CC interaction modes) are selected by tracking the outgoing
charged particles from the neutrino interactions. The ND280 measurements is used to tune the
neutrino flux prediction and neutrino-nucleus interaction models for more precise prediction of
N exp
SK (Eν).

Far detector: Super-Kamiokande

SK is employed as the far detector of T2K. SK measures the event rate and energy spectrum of
neutrinos after oscillation. SK has sufficient mass of 50 kton to accumulate neutrino events and
the good energy resolution (∼2%) for the sub-GeV neutrino, which is interest of T2K. SK can
select CCQE neutrino events by identification with the Cherenkov ring produced by outgoing
charged particles from the neutrino interaction and reconstruct the neutrino energy.
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Timing synchronization

Timing synchronization between J-PARC and SK is performed by using the Global Positioning
System (GPS). By selecting the events synchronized with a beam pulse, not beam-related events
(e.g. cosmic-ray) becomes negligible.

2.2 J-PARC accelerator

The J-PARC is designed to provide the most powerful beam (∼750 kW) in the world. The
J-PARC Main Ring (MR) accelerates a proton beam to 30 GeV every 2 to 3 seconds. For each
acceleration cycle, the beam is fast-extracted to the T2K neutrino beamline as a ”spill”. One
spill contains eight bunches in 4.1 µs (shown in Fig. 2.4). The design machine parameters of
J-PARC MR for the fast extraction is summarized in Table 2.1.

Table 2.1: Design machine parameters of J-PARC MR for the fast extraction.

Parameter Design value

Circumference 1567 m
Beam power ∼750 kW
Beam kinetic energy 30 GeV
Beam intensity ∼3× 1014 p/spill
Spill cycle ∼0.3 Hz
Number of bunches 8 bunches/spill
Bunch interval 581 ns
Bunch width 58 ns
Spill width 4.1 µsec

Time

2~3 sec

Zoom 581 nsec

58 nsec

4.1 µsec

Figure 2.4: Schematic view of the beam spill.

2.3 Neutrino beamline

The neutrino beamline is composed of two sections: the primary and secondary beamlines. An
overview of the neutrino beamline is shown in Fig. 2.5.

In the primary beamline, the extracted proton beam is transported to the point in the
direction of the secondary beamline, and focused to have the desired profile at the target. In
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the secondary beamline, the proton beam impinges on a target to produce secondary pions and
other hadrons, which are focused by magnetic horns and decay into neutrinos. The details of
the beamline and its components are described in [31].

0 50 100 m

Main Ring

Secondary beamline

(1) Preparation section
(2) Arc section
(3) Final focusing section
(4) Target station
(5) Decay volume
(6) Beam dump

ND280

(1)

(2)

(3)

(4)(5)(6)

Figure 2.5: An overview of the T2K neutrino beamline.

2.3.1 Primary beamline

The primary beamline consists of the preparation section (54 m long), arc section (147 m) and
final focusing section (37 m). In the final focusing (FF) section, ten normal conducting magnets
(four steering, two dipole and four quadrupole magnets) guide and focus the beam onto the
target, while directing the beam downward by 3.64◦ with respect to the horizontal.

The intensity, position and profile of the proton beam in the primary sections are precisely
monitored by five current transformers (CTs), 21 electrostatic monitors (ESMs), 19 segmented
secondary emission monitors (SSEMs), respectively. The monitor locations in the FF section
are shown in Fig. 2.6.

Figure 2.6: Location of the primary beamline monitors in the final focusing section. This
location is the place (3) in Fig. 2.5. The left side in this figure is upstream.
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Proton beam monitors

The beam intensity is measured with five CTs. Each CT is a 50-turn toroidal coil around a
cylindrical ferromagnetic core. The uncertainty on the beam intensity is 2%, which originates
from the calibration accuracy (1.7%), the effect of secondary electrons produced at the SSEM
foils (<0.7%), the long term stability of the individual CT monitors relative to each other and
the CT monitor measurement from the J-PARC MR (0.5%). For the normalization of the flux,
the proton beam intensity measured by CT5, located most downstream, is used.

The ESMs have four segmented cylindrical electrodes surrounding the proton beam orbit.
By measuring the top-bottom and left-right asymmetry of the beam-induced current on the
electrodes, they monitor the proton beam center position nondestructively (without directly
interacting with the beam). The measurement precision of the beam position is better than
450 µm.

The SSEMs have two 5 µm thick sets of titanium foil strips oriented horizontally and verti-
cally in the plane perpendicular to the beam axis, and a high voltage anode foil between them.
They measure the horizontal and vertical projections of the proton beam profile. The systematic
uncertainty of the beam width measurement is 200 µm. The uncertainty of the beam center posi-
tion measurement is dominated by the monitor alignment uncertainty discussed in Section 2.3.5.
Since each SSEM causes a beam loss (0.005% loss), they are inserted into the beam orbit only
during the beam tuning, and removed from the beam orbit during the continuous beam operation
except for the most downstream SSEM (SSEM19).

An optical transition radiation monitor (OTR) is positioned 30 cm upstream of the target.
OTR measures the two dimensional profiles of the beam by imaging transition radiation produced
when the beam crosses a 50 µm thick titanium alloy foil. The details of OTR have been described
elsewhere [38].

Using the ESMs, SSEMs and OTR measurements, the beam position at the upstream side
of the baffle (shown in Fig. 2.7) is reconstructed.

2.3.2 Secondary beamline

Pions and kaons are produced by the interaction of protons with a graphite target. They decay in
flight inside a single volume of ∼1500 m3 filled with helium gas. The helium vessel is connected
with the primary beamline using a titanium-alloy beam window that separates the vacuum in
primary beamline and helium gas volume in the secondary beamline.

The secondary beamline consists of three sections: the target station, decay volume and
beam dump (Fig. 2.7). The helium vessel in the target station is 15 m long, 4 m wide and 11 m
high. The decay volume is a 96 m long steel tunnel. The cross section is 1.4 m wide and 1.7 m
high at the upstream end, and 3.0 m wide and 5.0 m high at the downstream end. The beam
dump sits at the end of the decay volume. The distance between the center of the target and
the upstream surface of beam dump is 109 m.

The target station contains a baffle, the OTR monitor, the target and three magnetic horns.
The baffle is a collimator to protect the horns. The 250 kA current pulses magnetize the three
horns to focus the produced pions. The focused pions then decay in the decay volume mainly
into muons and muon neutrinos. All the remnants of the decayed pions and other hadrons are
stopped by the beam dump, while the neutrinos pass through the beam dump. The muons above
5 GeV that also pass through the beam dump are detected by a muon monitor (MUMON) that
measures the beam direction and intensity spill-by-spill.
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Target station

Beam dump

(1)

(2)

(3)

(4) (5)
(6)

Muon monitor

(1) Beam window
(2) Baffle
(3) OTR
(4) Target and

first horn
(5) Second horn
(6) Third horn

Figure 2.7: Side view of the secondary beamline.

Target and Horns

The target core is a 1.9 interaction length (91.4 cm long), 2.6 cm diameter graphite rod with a
density of 1.8 g/cm3. The core and a surrounding 2 mm thick graphite tube are sealed inside a
0.3 mm thick titanium case. The target assembly is cantilevered inside the bore of the first horn
inner conductor.

In T2K, three magnetic horns are used. Each horn consists of two coaxial (inner and outer)
conductors which encompass a closed volume [35, 36]. A toroidal magnetic field is generated in
that volume. The field varies as 1/r, where r is the distance from the horn axis. The first horn
(Horn 1) collects the pions that are produced at the target installed in its inner conductor. The
second (Horn 2) and third (Horn 3) horns focus the pions. A schematic view of the horns is
shown in Fig. 2.8. The horn conductor is made of an aluminum alloy. The thickness of the inner
conductors is 3 mm. They are optimized to maximize the neutrino flux; the inside diameter
is as small as possible to achieve the maximum magnetic field, and the conductor is as thin
as possible to minimize pion absorption while still being tolerant of the Lorentz force from the
250 kA current and the thermal shock from the beam [39].
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(⇠0.6 GeV), as illustrated in Fig. 5.

A schematic view of the horns is shown in Fig. 6. The
horn conductor is made of an aluminum alloy. Their
dimensions are summarized in Table I. The thickness
of the inner conductors is 3 mm. They are optimized
to maximize the neutrino flux; the inside diameter is as
small as possible to achieve the maximum magnetic field,
and the conductor is as thin as possible to minimize pion
absorption while still being tolerant of the Lorentz force
from the 250 kA current and the thermal shock from the
beam [16].

The electrical current of the magnetic horns are mon-

TABLE I: Dimensions of the T2K horns

Horn1 Horn2 Horn3
inner conductor inside diameter (mm) 54 80 140
outer diameter (mm) 400 1000 1400
length (m) 1.5 2 2.5

TABLE II: Uncertainties on the absolute horn current
measurement. In the total error calculation, full width

(FW) errors are scaled by 1/
p

12 to estimate 1�
uncertainty.

uncertainty
coil calibration ±1% (FW)
coil setting ±1% (FW)
electronics calibration < 1%
monitor stability 2% (FW)
total 1.3%

itored by Rogowski coils whose signal is digitized by
65 MHz FADCs. Table II shows the summary of the
horn current uncertainties. The Rogowski coils were cal-
ibrated by the production company with ±1% precision.
The shape of the “loop” of the Rogowski coil may cause
a 1% change of gain.

FADCs and related electronics are calibrated with bet-
ter than 1% precision.

Each horn has several instrumentation ports at vari-
ous positions along the horn axis which permit measure-
ments of the magnetic field between the inner and outer
conductors. Multiple magnetic field measurements have
been made on the horns to validate the nominal 1/r field
and to check for the presence of magnetic field asymme-
tries. The magnetic fields generated by Horns 2 and 3
were measured using an integrated 3-axis Hall probe in-
serted between the inner and outer conductors via the
horns’ instrumentation ports. The results are summa-
rized in Table III. The measured field agrees with the
expected nominal field within 2%.

Measurements of the magnetic field were also taken
on a spare copy of the first horn, identical in design
to the one currently in use in the T2K beamline. As
with Horns 2 and 3, field measurements were taken via
the instrumentation ports using a 3-axis Hall probe. A
comparison of the expected field to the data taken at
the right upstream port is shown in Fig. 7. The results
agree well with the expected nominal field. Additional
measurements were taken along the horn’s axis inside
of the inner conductor. The purpose of these measure-
ments was to detect possible magnetic field asymmetries
caused by path length di↵erences between the upper and
lower striplines supplying current to the horn. While
no field asymmetry due to path length di↵erences was
observed, an on-axis magnetic field with an anomalous
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(⇠0.6 GeV), as illustrated in Fig. 5.

A schematic view of the horns is shown in Fig. 6. The
horn conductor is made of an aluminum alloy. Their
dimensions are summarized in Table I. The thickness
of the inner conductors is 3 mm. They are optimized
to maximize the neutrino flux; the inside diameter is as
small as possible to achieve the maximum magnetic field,
and the conductor is as thin as possible to minimize pion
absorption while still being tolerant of the Lorentz force
from the 250 kA current and the thermal shock from the
beam [16].

The electrical current of the magnetic horns are mon-

TABLE I: Dimensions of the T2K horns

Horn1 Horn2 Horn3
inner conductor inside diameter (mm) 54 80 140
outer diameter (mm) 400 1000 1400
length (m) 1.5 2 2.5

TABLE II: Uncertainties on the absolute horn current
measurement. In the total error calculation, full width

(FW) errors are scaled by 1/
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12 to estimate 1�
uncertainty.

uncertainty
coil calibration ±1% (FW)
coil setting ±1% (FW)
electronics calibration < 1%
monitor stability 2% (FW)
total 1.3%

itored by Rogowski coils whose signal is digitized by
65 MHz FADCs. Table II shows the summary of the
horn current uncertainties. The Rogowski coils were cal-
ibrated by the production company with ±1% precision.
The shape of the “loop” of the Rogowski coil may cause
a 1% change of gain.

FADCs and related electronics are calibrated with bet-
ter than 1% precision.

Each horn has several instrumentation ports at vari-
ous positions along the horn axis which permit measure-
ments of the magnetic field between the inner and outer
conductors. Multiple magnetic field measurements have
been made on the horns to validate the nominal 1/r field
and to check for the presence of magnetic field asymme-
tries. The magnetic fields generated by Horns 2 and 3
were measured using an integrated 3-axis Hall probe in-
serted between the inner and outer conductors via the
horns’ instrumentation ports. The results are summa-
rized in Table III. The measured field agrees with the
expected nominal field within 2%.

Measurements of the magnetic field were also taken
on a spare copy of the first horn, identical in design
to the one currently in use in the T2K beamline. As
with Horns 2 and 3, field measurements were taken via
the instrumentation ports using a 3-axis Hall probe. A
comparison of the expected field to the data taken at
the right upstream port is shown in Fig. 7. The results
agree well with the expected nominal field. Additional
measurements were taken along the horn’s axis inside
of the inner conductor. The purpose of these measure-
ments was to detect possible magnetic field asymmetries
caused by path length di↵erences between the upper and
lower striplines supplying current to the horn. While
no field asymmetry due to path length di↵erences was
observed, an on-axis magnetic field with an anomalous
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(⇠0.6 GeV), as illustrated in Fig. 5.

A schematic view of the horns is shown in Fig. 6. The
horn conductor is made of an aluminum alloy. Their
dimensions are summarized in Table I. The thickness
of the inner conductors is 3 mm. They are optimized
to maximize the neutrino flux; the inside diameter is as
small as possible to achieve the maximum magnetic field,
and the conductor is as thin as possible to minimize pion
absorption while still being tolerant of the Lorentz force
from the 250 kA current and the thermal shock from the
beam [16].

The electrical current of the magnetic horns are mon-

TABLE I: Dimensions of the T2K horns

Horn1 Horn2 Horn3
inner conductor inside diameter (mm) 54 80 140
outer diameter (mm) 400 1000 1400
length (m) 1.5 2 2.5

TABLE II: Uncertainties on the absolute horn current
measurement. In the total error calculation, full width

(FW) errors are scaled by 1/
p

12 to estimate 1�
uncertainty.

uncertainty
coil calibration ±1% (FW)
coil setting ±1% (FW)
electronics calibration < 1%
monitor stability 2% (FW)
total 1.3%

itored by Rogowski coils whose signal is digitized by
65 MHz FADCs. Table II shows the summary of the
horn current uncertainties. The Rogowski coils were cal-
ibrated by the production company with ±1% precision.
The shape of the “loop” of the Rogowski coil may cause
a 1% change of gain.

FADCs and related electronics are calibrated with bet-
ter than 1% precision.

Each horn has several instrumentation ports at vari-
ous positions along the horn axis which permit measure-
ments of the magnetic field between the inner and outer
conductors. Multiple magnetic field measurements have
been made on the horns to validate the nominal 1/r field
and to check for the presence of magnetic field asymme-
tries. The magnetic fields generated by Horns 2 and 3
were measured using an integrated 3-axis Hall probe in-
serted between the inner and outer conductors via the
horns’ instrumentation ports. The results are summa-
rized in Table III. The measured field agrees with the
expected nominal field within 2%.

Measurements of the magnetic field were also taken
on a spare copy of the first horn, identical in design
to the one currently in use in the T2K beamline. As
with Horns 2 and 3, field measurements were taken via
the instrumentation ports using a 3-axis Hall probe. A
comparison of the expected field to the data taken at
the right upstream port is shown in Fig. 7. The results
agree well with the expected nominal field. Additional
measurements were taken along the horn’s axis inside
of the inner conductor. The purpose of these measure-
ments was to detect possible magnetic field asymmetries
caused by path length di↵erences between the upper and
lower striplines supplying current to the horn. While
no field asymmetry due to path length di↵erences was
observed, an on-axis magnetic field with an anomalous

Figure 2.8: Cross sectional view of horns.
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Muon beam monitor (MUMON)

The neutrino beam intensity and direction can be monitored on bunch-by-bunch basis by mea-
suring the profile of muons which are produced along with neutrinos from the pion two-body
decay. The neutrino beam direction can be measured indirectly as the direction from the target
to the center of the muon profile. The muon monitor (MUMON) is located behind the beam
dump at a distance of 118 m from the target, as shown in Fig. 2.7. The schematic view and
photograph of the muon monitor is shown in Fig. 2.9. It consists of two kinds of detector arrays:
ionization chambers and silicon PIN photodiodes. Each array consists of 49 sensors at 25 cm
intervals and covers a 150 × 150 cm2 area. The center of the muon profile can be measured
with 2.95 cm accuracy, which corresponds to 0.25 mrad precision on the beam direction. More
details of this monitor are described in [40].

Fig. 2. Two-dimensional profile of charged particles at the muon monitor by the
Monte Carlo simulation. The horizontal and vertical axes are denominated x and y,
respectively.

Fig. 3. Schematic view of the muon monitor. The beam enters from the left side.
On the upstream side, 49 silicon PIN photodiodes are set on the support enclosure.
On the downstream side, the large moving stage holds seven ionization chambers,
each of which contains seven sensors. The whole structure is covered with aluminum
insulation panels, which are not drawn in the figure.

4

Fig. 4. Photograph of the silicon PIN photodiodes (right) and the ionization cham-
bers (left) in the support enclosure. The beam enters from the right side.

In each array, there are 7 × 7 sensors at 25-cm intervals. They are set on an
aluminum support enclosure. With the two different types of detectors, we
aim for redundant and complementary measurement.

Almost all components of the muon monitor in the muon pit are made out of

radiation tolerant and low-activation materials such as polyimide, PEEK
TM

,
ceramic, aluminum and so on. EPDM has the lowest radiation dose limit of
106 Gy [12] among the materials in the muon pit. The other instruments like
readout electronics and high voltage (HV) units are put in an electronics hut
on the ground.

3.1 Ionization chamber

3.1.1 Design of the ionization chamber

The ionization chamber array consists of seven ionization chambers. A drawing
of the ionization chamber is shown in Fig. 5. Each ionization chamber contains
seven sensors. The sensors sit on a 1929-mm long aluminum tray at an interval

5

Figure 2.9: Muon beam monitor. Right: the schematic view of the muon monitor (the beam
enters from the left side). Left: the photograph of the silicon PIN photodiodes (right) and the
ionization chambers (left) in the support enclosure (the beam enters from the right side).

2.3.3 Beamline Data acquisition system

For the stable and safe the beam operation, the beamline data acquisition (DAQ) system collects
information on the beamline monitors spill-by-spill. The DAQ also provides the spill information
to SK for the time synchronization based on the GPS time stamp.

The signals of SSEM, BLM, and horn current are digitized by the 65 MHz Flash ADC
(FADC) in the COPPER system [41]. The signals of CT and ESM are digitized by the 160 MHz
VME FADC [42]. The GPS time synchronization and the OTR use the custom-made readout
electronics. All of these readout systems are managed by the MIDAS framework [43], and the
event builder records the concatenated data of all monitors every spill, before the next spill
comes.

2.3.4 Global Time Synchronization

The T2K GPS time synchronization system builds on experience from K2K [44], which is a
predecessor of T2K. The system provides the time synchronization between the neutrino event
trigger time at SK, and the beam spill time at J-PARC.

At SK, all hits of photomultiplier tubes (PMTs) are recorded without the dead time. Among
recorded PMT hits, hits within ±500 µsec around the expected neutrino beam timing at SK are
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used for the T2K analysis (corresponding to T2K window in Fig. 2.10). The expected neutrino
timing at SK is calculated from the beam spill timing measured at CT5, the time of fight (TOF)
of the neutrino (∼1 msec), and the delay by electronics at both J-PARC and SK. To estimate
the expected neutrino timing at SK correctly, the precise time synchronization between J-PARC
and SK is required (if the time clock at J-PARC and SK was different 600 nsec, the bunch timing
would be different by one bunch).

Beam spill

PMT hit

T2K window
±500 µsec

ν TOF (~1 msec)

≈
≈

GPS time
at J-PARC

GPS time
at SK

Figure 2.10: Overview of SK event timing.

The Global Positioning System (GPS) is a space-based satellite navigation system which
provides location and time information. This was created and controlled by the U.S. Department
of Defense (DoD). The GPS satellites have an atomic clock, which refer to the same master clock.
Receiving the information from four or more satellites at the same time, a GPS receiver can
calculate its precise position and time More satellites the GPS receiver view make the precision
better. The identical GPS systems to log the time stamp were installed at both J-PARC and
SK and are used as the common clock. The time stamp of the beam timing is logged at J-PARC
spill-by-spill based on the GPS time information, and the neutrino timing at SK is calculated
based on the time stamp of the beam timing and the GPS time information.

The commercial GPS receiver provides Coordinated Universal Time (UTC) stamps every 1
sec and 1 Hz pulses (1 pulse per sec, 1PPS) at same time. The sub-second time stamp cannot
be obtained by only the 1PPS time information, hence, the 100 MHz 32 bit local time clock
(LTC) is combined to measure the sub-second time stamp at J-PARC, while 80 MHz LTC is
used at SK. The time synchronization system is composed of the GPS receiver and LTC module.
The overview of this system is shown in Fig. 2.11). The time stamp from the GPS receiver is
recored in every 1 sec. The 1PPS provided along with UTC stamp is fed to the LTC counter
and its count number is recorded. The beam timing (first extraction timing) from the J-PARC
MR is fed to the LTC clock and its count number is recored. The time calculation is shown in
Fig. 2.12. From the UTC stamp, the LTC counts at the 1PPS and the LTC counts of the beam
timing, the time of the beam timing (for spill number is N), TBeamN is calculated:

TBeamN = T 1PPS
N +

CBeamN − C1PPS
N

1× 106
, (2.2)

where T 1PPS
N represents the UTC of 1PPS just before the beam spill #N , CBeamN and C1PPS

N

represent the LTC counts at the beam spill timing and 1PPS timing. Actually, the TBeam has
the time offset from the signal propagation between the GPS satellite and receiver, the delay in
the electronics, and so on. In T2K, two GPS receivers and one atomic clock are used:
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• Primary GPS receiver (GPS1): Symmetricom/TrueTime XL-DC,

• Secondary GPS receiver (GPS2): M12M Timing Oncore Receiver,

• Atomic clock (Rub): FS725 Benchtop rubidium frequency standard.

GPS receiver

GPS satelite

UTC decoder Online DAQ

LTC counter

Time stamp
(every 1 sec)

1PPS

UTC

LTC count

Beam timing

Figure 2.11: Overview of the T2K event timing syncronization system.
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CBeam
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N+1

C1PPS
N C1PPS

N+1

Figure 2.12: Overview of time stamp calculation.

Stability of the time synchronization system

The stability of the time synchronization system is evaluated from the difference of the time
stamps by two GPS systems. Figure 2.13 shows the history of the time difference between
GPS 1 and GPS 2 during all run periods (described in Sec. 2.6). The time difference can be
deviated from zero due to the different delay by the electronics, but there was some significant
discrete jump (∼100 nsec). The reason of this discrete fluctuation is considered that the intrinsic
offset in the GPS system may change at power cycle. To keep the intrinsic offset constant, the
power of the time synchronization system should not be turned off. The reason of the offset
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Figure 2.13: History of the time difference between GPS 1and GPS 2.

change was not understood at Run 1. After that, the power-on/off is repeated until the offset
becomes zero.

From Fig. 2.13 and the history of the hardware operation, there was no significant jump
during Run 3. Figure 2.14 shows the distributions of the time differences during Run 3 (∼51
day’s data with 2.5 sec). The fluctuations of time difference are represented as σGPS2−GPS1,
σRub−GPS1, σRub−GPS2. The r.m.s. of the time difference distribution is evaluated as its fluctu-
ation:

σGPS2−GPS1 = 10.82 nsec (2.3)

σRub−GPS1 = 7.57 nsec, (2.4)

σRub−GPS2 = 11.03 nsec. (2.5)

The fluctuations of the time stamp logged by GPS1, GPS2, and Rub are represented as σGPS1,
σGPS2, and σRub. The σGPS1, σGPS2, and σRub are evaluated as:

σGPS1 =

√
σ2
GPS1−GPS2 + σ2

Rub−GPS1 − σ2
Rub−GPS2

2
∼ 5.1 (nsec), (2.6)

σGPS2 =

√
σ2
GPS1−GPS2 − σ2

Rub−GPS1 + σ2
Rub−GPS2

2
∼ 9.5 (nsec), (2.7)

σRub =

√
−σ2

GPS1−GPS2 + σ2
Rub−GPS1 + σ2

Rub−GPS2

2
∼ 5.6 (nsec). (2.8)

The GPS time fluctuation in T2K are much better than in that K2K (∼100 nsec [44]). The
possible reasons of this improvement are the upgrade of the system components and improvement
of the GPS measurements.

Good GPS status

Following conditions are applied to select the spills with ”Good GPS status”:
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Figure 2.14: Distribution of the time differences in GPS1, GPS2 and Rub during Run 3.
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1. The absolute time difference between GPS1 and GPS2 is less than 200 nsec. If this condi-
tion is not satisfied, the next condition is applied.

2. The time difference between GPS1 and Rub is less than 200 nsec. If this condition is not
satisfied, the next condition is applied.

3. The time difference between GPS2 and Rub is less than 200 nsec. If this condition is not
satisfied, the next condition is applied.

There is no spills with the bad GPS status during all run periods and all spills satisfy the
condition 1 so far.

2.3.5 Alignment

The GPS survey is performed to obtain the neutrino beam direction with respect to SK (off-axis
angle) and the distance between the target and SK. The distance between the target and the
center position of SK is 295,335.9±0.7 m. The off-axis angle is measured to be 2.504±0.004◦.
The directional accuracy of a long-baseline GPS survey is about 3×10−6 rad. Based on the GPS
surveys, the primary beamline components, target, and horns were aligned in order to send the
neutrino beam in the right direction. The MUMON and the neutrino near detectors were also
aligned in order to monitor the neutrino beam direction. The systematic errors associated with
the horn and target alignment is summarized in Table 2.2.

Table 2.2: Summary of the horn and target alignment uncertainties. x, y, and z represent the
horizontal, vertical position and the parallel position to the proton beam axis. The θH and θV
represent the rotation in the horizontal and vertical plane.

Target Horn 1 Horn 2 Horn 3

δx (mm) – 0.3 0.3 0.3
δy (mm) – 1.0 1.0 1.0
δz (mm) – 1.0 1.0 1.0
δθH (mrad) 1.3 0.2 0.2 0.2
δθV (mrad) 0.1 0.2 0.2 0.2

After the 2011 Tohoku earthquake, movements was observed for the GPS survey points, the
primary beamline tunnel and the beamline components. The baseline to SK was increased by
0.9 m, while the beam angle was rotated by 3×10−5 rad. Both of these shifts have a small effect
on the physics performance of the experiment. The beamline components were re-aligned to
the same alignment accuracy with the fixed point of reference at the most downstream end of
the primary beamline. The horns were also re-aligned using the survey markers on the support
modules, and found to be at the expected position, within the 1 mm accuracy of the survey
method. The MUMON was surveyed after the earthquake and its position relative to the target
station shifted by less than 1 mm.

2.4 Near Neutrino detectors

The schematic view of the T2K near neutrino detectors in Fig 2.15. The T2K near neutrino
detectors are composed of the neutrino beam monitor (INGRID) and the neutrino spectrometer
(ND280). These detectors are set in a pit inside the ND280 hall. The pit has a diameter of 17.5
m and a depth of 37 m.
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Neutrino 
beam

INGRID

ND280

Figure 2.15: T2K near neutrino detectors. The ND280 detector and the magnet are located at
the upper level, and the vertical and horizontal INGRID modules are located at the middle and
bottom levels. The magnet is opened in this figure, though it is operated with its close position.
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2.4.1 INGRID

The neutrino beam intensity and direction are monitored directly by measuring the profile of
neutrinos at the INGRID detector [45], located 280 m away from the target. The schematic
view of INGRID is shown in Fig. 2.16. It consists of 16 identical neutrino detectors arranged
in horizontal and vertical arrays around the beam center. The daily event rate and monthly
beam direction of neutrinos are monitored. The neutrino event rate can be measured with 4%
precision and the neutrino beam direction with an accuracy of better than 0.4 mrad.

The schematic view of the INGRID module is shown in Fig. 2.17. The INGRID module
consists of a sandwich structure of nine iron plates and eleven tracking scintillator planes. The
dimension of the iron plate is 124 cm×124 cm in the horizontal and vertical direction and 6.5 cm
along the beam direction. The total iron mass serving as a neutrino target is 7.1 tons per module.
Each of the 11 tracking planes consists of 24 scintillator bars in the horizontal direction glued
to 24 perpendicular bars in the vertical direction, for a total number of 8,448. The dimensions
of the scintillator bars used for the tracking planes are 1.0 cm×5.0 cm×120.3 cm. The INGRID
module is surrounded by veto scintillator planes to reject interactions outside the module. Each
veto plane consists of 22 scintillator bars segmented in the beam direction. The light yields in the
scintillators are read out with the wave length shifting fiber and the photo-sensors: Multi-Pixel
Photon Counter (MPPC). The total channels for INGRID is 9,592. The details of the INGRID
detector are given in [45,46].

Chapter 3. INGRID Detector
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Figure 3.1: Expected neutrino beam profile at the INGRID location (280 m downstream from
the primary proton beam target). Left distribution is the horizontal profile and right distribution
is the vertical profile. The spatial width (1�) of both profiles is about five meters.

1.5m 

Figure 3.2: Overview of the INGRID detector.
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Figure 2.16: Schematic view of INGRID. The center of INGRID is set at the beam axis.

2.4.2 ND280

The ND280 detector measures the off-axis neutrino flux and energy spectrum at a baseline of
280 m. ND280 effectively sees a line source of neutrinos rather than a point source. Therefore it
covers a range of off-axis angles. The off-axis angle to ND280 from the target position is 2.04◦.
This angle was chosen to make the neutrino spectrum at ND280 as similar as possible to the
spectrum at SK. The ND280 detector is a complex of many components: the electromagnetic
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Figure 2.17: Schematic view of INGRID module.

calorimeters (Ecal), π0 detectors (P0D), scintillating trackers (FGD), and time projection cham-
bers (TPC). The ND280 detector is set in a magnetic field to identify produced charge particles
(UA1 magnet). In this thesis, FGDs and TPCs are used. FGDs serve as a neutrino target
and track charged particles with the tracking scintillator planes. FGDs have outer dimensions
of 2.3 m×2.4 m×3.65 m (width height depth in beam direction), and contains 1.1 tons of
target material. TPCs measure the momentum of charged particles because TPCs operate in a
magnetic field. They also measure the amount of ionization left by each particle so that they
can identify the types of charged particles with combination of the measured momentum. The
details of the ND280 components are given in [31,47,48].

2.5 Far Neutrino detector: Super-Kamiokande

Super-Kamiokande (SK) is a waster Cherenkov detector and measures the event rate and energy
spectrum in the off-axis direction at a baseline of 295 km. The water tank of SK is a cylindrical
cavern whose geometry is 39 m in diameter and 41 m in height (shown in Fig. 2.19), filled with
50 kton of pure water. The SK tank consists of the inner detectors (ID) and outer detectors (OD).
The geometry of ID is 36.2 m in height and 33.8 m in diameter, having 32 kton of water (shown in
Fig. 2.20). ID (OD) has 11129 (1885) inward-facing (outward-facing) 20-inch (8-inch) diameter
PMTs on its cylindrical wall. The fiducial volume of SK is defined as a virtual cylindrical
cavern whose geometry is 33.8 m in diameter and 36.2 m in height, filled with 22.5 kton of pure
water (shown in Fig. 2.20). Neutrinos are detected with the PMTs by measuring the Cherenkov
lights emitted by charged particles from the neutrino interactions in the water. The particle’s
vertex, energies, directions are reconstructed from the timing and position of the Cherenkov
lights. The particle identification (muon/electron separation) is performed based on the edge
of the Cherenkov lights: the Cherenkov lights by muon have a sharp outer ring edge, while the
Cherenkov lights by electrons have characteristic fuzzy edges due to electromagnetic showers.
More details of SK are described in [31,49].

2.6 Beam data taking history

T2K physics data taking started from January 2010. The data taking period for this thesis is
divided into three periods: Run 1 (January – June 2010), Run 2 (November 2010 – March 2011),
Run 3 (March – June 2012). The Run 3 period is further divided into three sub periods: Run
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Neutrino 
beam

Figure 2.18: Schematic view of ND280. The neutrino beam enters from the left side. The
magnet is shown in its open position, though it is operated with its close position.

Figure 2.19: Schematic overview of SK. This figure comes from [50]

28



Chapter 2. T2K experimental components and beam data taking summary

φ 39.3 m

φ 33.8 m

41
.4

 m

36
.2

 m

~2m

Outer Detector (OD):
1885 PMTs

Inner Detector (OD):
11129 PMTs

Fiducial volume (FV):
22.5 kton

PMT

Figure 2.20: Cross section view of the SK water tank.

3a (December 2011 and January 2012), Run 3b (March 2012) and Run 3c (April – June 2012),
according to the horn current settings (0 kA setting in Run 3a, 205 kA setting in Run 3b instead
of the nominal 250 kA). The Run 3a data is not used in this thesis because the data in this
period is small (0.3% of the total) and the horn current was 0 kA.

During the data taking, the proton beam position and angle on the target, horn currents,
and muon beam position are monitored to progress data taking safely (for example, if the
proton beam drastically deviated from the beam-axis, it can damage hardware components).
Furthermore, in order to select good quality data for the oscillation analysis, the following
selection criteria are applied for data spill-by-spill:

• The GPS status is good (described in Sec. 2.3.4).

• Each hardware component (beam monitors, focusing magnets, etc) works normally

• The deviation of all horns currents from the nominal value is within ± 5 kA.

• The deviation of the beam angle measured by MUMON from the nominal value is within
1 mrad.

• The deviation of the total muon yield measured by MUMON from the nominal value is
within ± 5 %.

The total good beam spills are summarized in Table 2.3.

Table 2.3: Number of spills and POT after each good quality data selection.

Selection Number of spills Efficiency

Beam spills in Physics run 4280612 100%
Hardwares selection 4266831 99.9%
Horn current selection 4266056 99.7%
MUMON selection 4265638 99.7%

The accumulated POT and protons per pulse are shown in Fig 2.21 for good spills. The
protons per pulse corresponds the the instantaneous beam power. The total accumulated POT
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in all run periods is 3.04×1020 POT, corresponding to 4% of T2K’s exposure goal. The maximum
beam power reached so far is about 200 kW. The data taking history with total accumulated
POT is summarized in Table 2.4.

Run 1 Run 2 Run 3b

Run 3c

2010
Apr/10

2010
Jul/02

2010
Oct/01

2010
Dec/31

2011
Apr/02

2011
Jul/02

2011
Oct/01

2012
Jan/01

2012
Apr/01   

2012
Apr/01

Date

Figure 2.21: History of total accumulated protons and protons per pulse for the good quality
beam data. The solid line shows the accumulated POT. The dot points show the number of
protons per pulse.

Table 2.4: Summary of the data taking, horn current setting, good beam spills and accumulated
POT for the oscillation analysis

Run# Period Horn current [kA] Good beam spills POT (×1020)

RUN1 January – June 2010 250 1006982 0.326
RUN2 November 2010 – March 2011 250 1492031 1.12
RUN3b March 2012 205 265230 0.219
RUN3c April – June 2012 250 1507828 1.37

As already mentioned, the measured proton beam parameters, horn currents, and neutrino
beam direction are used in the neutrino flux prediction.The details of the flux prediction are
described in Sec. 4. The measurement of the neutrino beam direction is described in the other
section (Sec. 6.1).

2.6.1 Proton beam measurement

The center position and angle of the proton beam are reconstructed at the upstream surface of
the baffle for each spill. The used monitors are the beam profile and position monitors on just
upstream the baffle: ESM20, SSEM19 and OTR for the vertical, and ESM19, ESM20, SSEM19
and OTR for the horizontal direction (shown in Fig. 2.6).

Each time the beam conditions change, all of the SSEMs are inserted into the beamline and
beam profiles are measured for 100 spills. The beam width and divergence at the baffle are
calculated from the profile measurements. After 100 spills, all SSEMs except for SSEM19 are
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extracted from the beam orbit and the beam width and divergence are then obtained by scaling
ones from the change of the profile measured at SSEM19 and OTR for each spill.

The averaged beam parameters in each run period is used in the flux prediction. The mea-
sured parameters are summarized in Table 2.5 and 2.6. The emittance and Twiss parameter are
the optics parameters related to the proton beam divergence. To evaluate the flux uncertainties
from proton beam errors, the systematic errors of proton beam measurements (position, angle,
width and divergence) need to be estimated. In this analysis, only errors of the beam Y cen-
ter and ΘY angle are used in the estimation of flux uncertainties. This reason is described in
Sec. 4.4.3. The following error sources of the proton beam position and angle measurement are

Table 2.5: Summary of measured proton beam parameters in the horizontal direction at the
baffle for each run period : center position (X) and angle (ΘX), Gaussian width (σ), emittance
(ε), and Twiss (α) parameter.

Period X (mm) ΘX (mrad) σ (mm) ε (π mm mrad) α

Run1 0.37 -0.044 4.27 2.12 0.60
Run2 0.149 -0.080 4.04 5.27 0.16
Run3b 0.087 0.020 4.13 6.50 0.16
Run3c -0.001 0.032 4.03 4.94 0.33

Table 2.6: Summary of measured proton beam parameters in the vertical direction at the baffle
for each run period : center position (Y ) and angle (ΘY ), Gaussian width (σ), emittance (ε),
and Twiss (α).

Period Y (mm) ΘY (mrad) σ (mm) ε (π mm mrad) α

Run1 0.84 0.004 4.17 2.29 -0.09
Run2 -0.052 -0.007 4.08 5.17 0.14
Run3b -0.024 0.043 3.97 5.30 0.25
Run3c -0.366 0.068 4.22 6.02 0.34

considered:

• Alignment uncertainty of the proton beam monitors.

• Alignment uncertainty between the primary beamline and secondary beamline.

• Systematic errors in the proton beam position measurements.

These errors are included in the proton beam orbit reconstruction. The systematic errors and
their correlations are summarized in Table 2.7 for the proton beam position and angle. On the
other hand, the following sources are the error sources of the proton beam width and divergence:

• Systematic error in the profile measurements by the proton beam monitors.

• Effects of the momentum dispersion ∆p/p, where a conservative estimate of 0.3% is as-
sumed.

• Uncertainties in the quadrupole magnet (FQ2, 3, and 4) field model
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Table 2.7: Systematic errors and correlations for the position and angle of the beam center at
the baffle front surface. The X(Y ) and ΘX(ΘY ) stand for horizontal (vertical) position and
angle of the beam center, respectively.

Period X (mm) Y (mm) ΘX (mrad) ΘY (mrad) corr(X, θX) corr(Y, θY )

Run1 0.38 0.58 0.056 0.29 0.517 0.392
Run2 0.27 0.62 0.064 0.32 0.752 0.398
Run3b 0.28 0.58 0.064 0.29 0.614 0.386
Run3c 0.35 0.58 0.072 0.28 0.697 0.417

2.6.2 Horn current stability

The history of the horns current are shown in Fig 2.22. Horns were usually operated at 250 kA
except for Run 3b (205 kA). During the data taking periods, the monitored values of the horn
current drifted within 2% (5 kA). This drift is most likely due to the temperature dependence
in the operation of the monitoring hardware, but variations of the actual horn current have not
been definitively ruled out.

2.6.3 Muon profile stability

The history of the muon profile center is shown in Fig 2.23. In all data taking period, the profile
center is stable within 12 cm, which corresponds to 1 mrad from the designed beam axis. During
Run 3b, both of horizontal and vertical direction at MUMON were deviated from the beam-axis
more than in other period. The possible reason of this difference is mis-alignments in the horns.
The beam might be focused in the deviated direction if there are mis-alignments in the horns.
This focusing strength at 205 kA can be smaller from at 250 kA, therefore the deviation is also
different. Now, the reason is still under investigation, but this deviation is much smaller than
the 1 mrad requirement. The beam operation was controlled as required during all periods.
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Figure 2.22: History of the measured horn current during all data taking period. Top: Horn 1,
Middle: Horn 2, Bottom: Horn 3. The current is stable within 5kA from mean values of each
data taking period.

33



Chapter 2. T2K experimental components and beam data taking summary

Figure 2.23: History of the measured muon profile center at MUMON in all run periods. A top
and bottom figure shows the profile center in the horizontal(X) and the vertical(Y), respectively.
A dashed line conrresponds to 1 mrad at MUMON.
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Chapter 3

Overview of the Oscillation analysis

We measure the oscillation parameters, sin2 θ23 and ∆m2
32 by comparing the measured rate and

energy spectrum of the νµ events at SK with the predictions. In the oscillation analysis, we use
the event rate which is the number of events divided by POT, instead of the number of events
because the event rate is convenient to normalize the data among different detectors (ND280
and SK). The prediction are derived in Eq. 1.17. The overview of the oscillation analysis is
shown in Fig. 3.1. The oscillation analysis is performed as follows:

1. The neutrino fluxes at ND280 and SK (ΦND280(Eν), ΦSK(Eν)) are estimated with the
neutrino flux simulation. This simulation is improved by external hadron production
data (CERN NA61/SHINE [33,34], and so on) and the measurements of beam properties
(proton beam parameters, horn currents, the neutrino beam direction). The flux prediction
is described in Chapter 4.

2. The cross-section of the neutrino interaction (σ(Eν)) is evaluated with the neutrino-nucleus
interaction models. Based on the interaction models and flux prediction, a neutrino-nucleus
interaction generator, NEUT [51] simulates events at ND280 and SK. Then, the expected
rate and energy spectrum are estimated by integrated these events. The interaction models
are tuned with external data. Details are described in Chapter 5.

3. The ΦND280 and σ are refined by the measurements of ND280. The ND280 νµ inclusive
charged current (CC) samples are analyzed. The ND280 measurement is described at
Section 6.2. The ΦSK is further refined based on the refined ΦND280 via the correlation
between ΦND280 and ΦSK . This correlation is estimated with the flux simulation (described
at Section 4.5). The refining of the flux and neutrino interaction models is described in
Sec. 7.

4. The rate and energy spectrum of the νµ events are measured at SK. The SK events with
a single muon-like Cherenkov ring are selected. This event selection enhances the νµ
charged current quasi-elastic interactions (CCQE). For these events, the neutrino energy
is properly reconstructed from the measured momentum and angle of the muon (described
in Eq. 6.1). The SK efficiency εSK and response function RSK are estimated with the SK
detector simulation.

5. The rate and energy spectrum of SK νµ events are predicted based on the refined ΦSK ,
σ, εSK), RSK and the neutrino oscillation probability. This prediction is described in
Chapter 8.

6. The oscillation oscillation parameters are determined by comparing the measured rate and
energy spectrum of the SK νµ events with the prediction. The oscillation parameter fit is
based on the unbinned maximum likelihood method. These are described in Chapter 8.
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Figure 3.1: Overview of the νµ disappearance analysis flow.
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Chapter 4

Neutrino flux prediction

As already described, the precise flux prediction is one of the most important issues to improve
the sensitivity of the oscillation analysis.

The neutrino fluxes and spectra at INGRID, ND280, and SK are predicted with the flux
simulation improved based on the experimental data. The hadron production models in the
simulation are improved to reproduce the measurement of the hadron production experiments.
The beam properties (the proton beam parameters, the neutrino beam direction and so on)
are reflected in the simulation. The uncertainties on the flux prediction originate from the
uncertainties of the hadronic productions and the uncertainties of the beam properties.

The flux correlation is estimated as the covariance matrix between bins in neutrino energies,
neutrino flavors, and neutrino detectors (ND280 and SK) by considering the sources of uncer-
tainties. This matrix can be used to refine the SK flux prediction based on the ND280 flux
measurements. The refined SK flux prediction results in the more precise measurement of the
oscillation parameters.

4.1 Overview of the neutrino flux simulation

The neutrino fluxes and spectra at INGRID, ND280, and SK is predicted with a flux simulation
shown in Fig. 4.1 and 4.2. The flux simulation first produces the primary proton beam upstream
of the baffle and predicts the decay of hadrons or muons that produce neutrinos. The simulation
and its associated uncertainties are driven by measured proton beam parameters, measurements
of the horns’ magnetic fields, and hadron production data, including NA61/SHINE measure-
ments [33,34].

For the hadronic interactions inside the target, FLUKA2008 [52] is used. FLUKA2008 is
found to have the best agreement with external hadron production data. In this part, the
primary proton beam first interacts in the target and produces the majority of the secondary
pions. Kinematic information for particles emitted from the target is saved and transferred to
the JNUBEAM simulation.

JNUBEAM is a custom-made simulation based on GEANT3 [53] Monte Carlo simulation.
JNUBEAM reproduces the baffle, target, horn magnets, helium vessel, decay volume, beam
dump, and muon monitor. The geometry of these components is based on the final mechanical
drawings of the constructed beamline. JNUBEAM also includes the INGRID, ND280, and SK
detectors. These detectors are positioned in the simulation according to the latest survey results.
In JNUBEAM, particles outgoing from the target are propagated through the horn magnetic
field, and may interact with the horn material. After that, particles are propagated through the
decay volume until they interact or decay. Neutrinos are produced from decay of the particles.
Hadronic interactions are modeled by the GCALOR model [54] in JNUBEAM.
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Chapter 4. Neutrino flux prediction

The flux samples are first generated with the nominal hadron interaction models (the hadron
production multiplicity and interaction rate). Then, the generated flux samples can be tuned
based on the external hadron interaction data (described in Sec. 4.2.1). Since each flux sample
has the full hadron interaction history producing the neutrino, the normalization of each flux
sample is changed based on the difference of the hadron interaction model and data. This
procedure is called ”hadron production weighting” in Fig. 4.2. The weighting method can
reproduce the flux samples based on the hadron interaction data without regeneration. The
detail of the hadron production weighting is described in Sec. 4.2. In addition to the hadron
interaction history, each sample has the kinematic information of the used initial proton. From
this proton information, the flux samples can be reproduced based on different initial proton
condition.

Figure 4.1: Overview of the neutrino flux simulation

(1) FLUKA simulation
simulate proton + C interaction in the target and baffle

(2) JNUBEAM
track the particles exiting from the target
neutrino-producing decays

(3) hadron production weighting
hadron production multiplicity & interaction rate

Neutrino Fluxes at T2K detectors

Figure 4.2: Flow diagram of the flux prediction.
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Hadronic interaction in the target

The interactions of the primary beam protons with the graphite of the baffle and the target
is simulated by using FLUKA2008. Incident protons are generated according to the measured
proton beam spatial distribution and divergence. Its kinetic energy is set to 30 GeV. The
geometry in FLUKA2008 is shown in Fig. 4.3. The baffle is depicted as a graphite block with the
dimensions 29×40×171.145 cm3 and a 3.0 cm diameter cylindrical hole through the center. The
target is modeled as a graphite cylinder 90 cm long and 2.6 cm in diameter. The volume inside the
baffle hole and between the baffle and the target is filled with He gas. The generated particles are
traced until they emerge from the model geometry, then information such as kinematic variables
and hadron interaction history is recorded at that point.

Z (cm)
-250 -200 -150 -100 -50 0 50 100

Y
 (

cm
)

-30

-20

-10

0

10

20

30

Baffle
Target

He gas

Figure 4.3: A two-dimensional projected view of the geometrical set-up in the FLUKA simulation
of the baffle and the target.

Tracking inside horns and helium vessel.

Particles are generated in JNUBEAM according to the recorded information in FLUKA2008,
and then are tracked through the horns and helium vessel. The graphite tube and titanium
case surrounding the target are modeled in JNUBEAM. The thickness of graphite tube and
titanium case is 2 mm and 0.3 mm. The interaction of particles with the materials is modeled
by GCALOR in JNUBEAM.

Magnetic field of the horn inside inner conductors

The horn conductor is made of aluminum, and the thickness of the inner conductor is 3 mm.
Since the low frequency pulsed current (3.6 msec full width) is loaded into the horn, the skin
effect is small (the estimated skin depth is approximately 5 mm). Therefore, it is assumed that
the current flows in the conductor uniformly. On this assumption, the magnetic field at radius
r in the inner conductor is calculated with the Ampère’s law as:

B(r) =
µ0I

2πr

r2 − a2

b2 − a2
, (4.1)

where µ0 is the magnetic permeability, I is the current and a and b are, respectively, the inner
and outer radii of the inner conductor.
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Neutrino production

Particles travel in the horn, the helium vessel, the decay volume, and the surrounding concrete
shield including the beam dump, then decay into neutrinos, or stop when their kinetic energy
drops below 10 MeV. Thus, neutrino are generated. In JNUBEAM, decays of π±, K±, K0

L

and µ± are considered as neutrino sources. The current best knowledge [55] on the branching
ratios and K±`3 decay (K+ → π0l+νl/K

− → π0l−ν̄l, l = e, µ) form factors is used. When a
muon is generated from the decay of pion or kaon, its polarization information is stored. This
polarization is taken into account at the muon decay.

When a particle decays into neutrino(s), the neutrino(s) are forced to point in the direction
of SK or a randomly chosen point in the near detector planes in order to save computing time.
The neutrino energy in the center of mass frame is assigned based on the decay kinematics. The
neutrino is then boosted into the laboratory frame under the assumption that it points towards
the desired detector, and the probability of production in the selected direction is stored. The
neutrino flux spectrum is obtained by scaling each event with the stored probability.

For neutrinos produced with energy less than 4 GeV, the storage of events is pre-scaled (and
event scaling are adjusted accordingly) to allow for sufficient statistics in the high energy tail of
the flux prediction without producing prohibitively large file sets.

4.2 Hadronic interaction weighting

Particles traversing in the target encounter a significant amount of material and can undergo
multiple interactions. In addition particles can also interact with the material outside the target.
The hadronic interaction weighting is therefore applied to the each hadronic interaction of the
interaction history in each event. Each weighting factor is estimated so that the hadron inter-
action model (FLUKA2008 or GCALOR) reproduces the hadron interaction data. The hadron
interaction data used are thin target data and described in Sec. 4.2.1. The data include mea-
surements of inelastic cross sections and differential hadron production. The hadron interaction
weighting is composed of the following processes:

1. weighting for the π± differential production cross-section.

2. weighting for the K± and K0
L differential production cross-section.

3. weighting for the hadronic interaction rate (production cross-section).

where, the produced hadrons are labeled as secondary (tertiary) hadrons if they are produced in
interactions of the original protons (hadrons other than original protons) as shown in Fig. 4.4.
The hadron differential productions are composed of the three types; the secondary and tertiary
hadron production in the target (C), the tertiary hadron production in the horn (Al),

The breakdown of the predicted flux for each flavor is described in Table 4.1 according to
the final parent hadron in the interaction history. The νe and ν̄e are from the decay of muon
decays originating from secondary or tertiary pions. A significant fraction of the fluxes come
from tertiary pions and kaons, so it is important to investigate hadron interaction data for both
the T2K beam momentum and lower momentum.

4.2.1 Hadron production data used for weighting process

The used hadron differential production data are summarized in Table 4.2 and the used hadronic
interaction rate data are summarized in Table 4.3.

To predict the neutrino flux precisely, T2K relies primarily on the measurements of pion [33]
and kaon [34] yields by the NA61/SHINE experiment at the CERN SPS. These measurements
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Figure 4.4: Labels of hadrons produced in each hadronic interaction.

Table 4.1: The fraction of the neutrino flux by the final hadron in the interaction chain after
hadron interaction re-weighting is applied.

Flux Percentage of Each(All) Flavors
Parent ⌫µ ⌫̄µ ⌫e ⌫̄e

Secondary
⇡± 60.0(55.6)% 41.8(2.5)% 31.9(0.4)% 2.8(0.0)%
K± 4.0(3.7)% 4.3(0.3)% 26.9(0.3)% 11.3(0.0)%
K0

L 0.1(0.1)% 0.9(0.1)% 7.6(0.1)% 49.0(0.1)%

Tertiary
⇡± 34.4(31.9)% 50.0(3.0)% 20.4(0.2)% 6.6(0.0)%
K± 1.4(1.3)% 2.6(0.2)% 10.0(0.1)% 8.8(0.0)%
K0

L 0.0(0.0)% 0.4(0.1)% 3.2(0.0)% 21.3(0.0)%

Table 4.2: Di↵erential hadron production data relevant for the T2K neutrino flux predictions.

Experiment Beam Mom. (GeV/c) Target Particles

NA61/SHINE [4] [5] 31 C ⇡±, K+

Eichten et al. [10] 24 Be, Al, ... p, ⇡±, K±

Allaby et al. [11] 19.2 Be, Al, ... p, ⇡±, K±

BNL-E910 [12] 6.4 – 17.5 Be ⇡±

26

Secondary 
nucleon

Interaction

Figure 4.4: Labels of hadrons produced in each hadronic interaction.

Table 4.1: The fraction of the neutrino flux by the final hadron in the interaction history.

Flux Percentage of Each(All) Flavors
Parent νµ ν̄µ νe ν̄e
Secondary
π± 60.0(55.6)% 41.8(2.5)% 31.9(0.4)% 2.8(0.0)%
K± 4.0(3.7)% 4.3(0.3)% 26.9(0.3)% 11.3(0.0)%
K0
L 0.1(0.1)% 0.9(0.1)% 7.6(0.1)% 49.0(0.1)%

Tertiary
π± 34.4(31.9)% 50.0(3.0)% 20.4(0.2)% 6.6(0.0)%
K± 1.4(1.3)% 2.6(0.2)% 10.0(0.1)% 8.8(0.0)%
K0
L 0.0(0.0)% 0.4(0.1)% 3.2(0.0)% 21.3(0.0)%

Table 4.2: Differential hadron production data used for the T2K neutrino flux predictions.

Experiment Beam Mom. (GeV/c) Target Particles

NA61/SHINE [33] [34] 31 C π±, K+

Eichten et al. [56] 24 Be, Al, ... p, π±, K±

Allaby et al. [57] 19.2 Be, Al, ... p, π±, K±

BNL-E910 [58] 6.4 – 17.5 Be π±

Table 4.3: Inelastic and production cross-section data used for the T2K neutrino flux predictions.

Data Beam Target Beam Momentum (GeV/c) Measurement

Abrams et al. [59] K± C, Cu 1 – 3.3 σinel

Allaby et al. [60] π−, K− C, Al, ... 20 – 65 σinel

Allardyce et al. [61] π± C, Al, ... 0.71 – 2 σinel

Bellettini et al. [62] p C, Al, ... 19.3, 21.5 σinel

Bobchenko et al. [63] π−, p C, Al, ... 1.75 – 9 σinel

Carroll et al. [64] π±, K±, p C, Al, ... 60 – 280 σprod

Cronin et al. [65] π− C, Al 0.73 – 1.33 σinel

Chen et al. [66] p C, Al, ... 1.53 σinel

Denisov et al. [67] π±, K±, p C, Al, ... 6 – 60 σinel

Longo et al. [68] π+, p C, Al 3 σinel

NA61/SHINE [33] p C 31 σprod

Vlasov et al. [69] π− C, Al 2 – 6.7 σinel
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Figure 4.5: The phase space of π± and K+ contributing to the predicted neutrino flux at SK,
and the regions covered by NA61/SHINE measurements.
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were taken with a thin (2 cm) graphite target and the same proton beam energy as that of
T2K. The differential production measurements are based on the data collected in 2007 during a
first, limited statistics, run with about 6.7×105 registered events. An additional data set, taken
with the target removed, was used to account for the contamination by particles produced in
interactions of the proton beam occurring outside the target. The NA61/SHINE data covers most
of the relevant hadron production phase space for the T2K flux, as illustrated in Fig. 4.5, which
shows the predicted momentum and production angle of pions and kaons that are generated in
primary proton interactions and decay to contribute to the neutrino flux at SK. More than 90%
of the pion phase space is covered, and the K+ data covers 60% of the kaon phase space. The
measurements of the differential kaon production by Eichten et al. [56] and Allaby et al. [57]
cover the forward production of high energy kaons, which has not been measured yet by the
NA61/SHINE experiment. These data are used to re-weight the model predictions in these
regions. In addition, the differential proton production measurements in these experiments
are used to evaluate systematic uncertainties in secondary nucleon production. Also, the pion
production data from the BNL-E910 experiment [58] is used to evaluate systematic uncertainties
associated with tertiary pion production.

The particle interaction rates and absorption are weighted based on the measurements of
the inelastic cross section for proton, pion, and kaon beams with carbon and aluminum targets.
These data is summarized in Table 4.3. These results are typically the inelastic cross section
σinel which is defined as the total cross section minus the elastic cross section. Some experiments
measure the production cross section, σprod, which is defined as:

σprod ≡ σinel − σqe, (4.2)

where σqe is the quasi-elastic scattering off of individual nuclei. The production cross section
represents the rate of interactions where hadrons are produced in the final state.

4.2.2 Hadron differential production weighting

The hadron differential production cross-section is weighted by using the differential multiplicity
in the mometum, p, of the produced particle and its angle, θ, relative to the incident particle:

dn

dp
(θ, pin, A) =

1

σprod(pin, A)

dσ

dp
(θ, pin, A). (4.3)

The cross section σprod(pin, A) depends on the incident particle momentum, pin, and target
nucleus, A. The following weight is applied to a given simulated interaction that produces
hadrons:

w(pin, A) =
[dndp (θ, pin, A)]data

[dndp (θ, pin, A)]MC

. (4.4)

For weighting the hadron productions based on data with several incident nucleon momenta
or inside the several materials, the following scalings are applied to the hadron differential
production:

• The momentum scaling is carried out assuming Feynman scaling [70] for the hadron produc-
tions with different incident nucleon momenta from the T2K primary proton momentum
(31 GeV/c) (for example, the incident momenta of tertiary pion productions are lower
than ones of secondary pion productions). The Feynman variable, xF , is defined as:

xF =
pL

pL(max)
(4.5)
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where pL is the longitudinal momentum of the produced particle in the center of mass frame
and pL(max) is the maximum allowed longitudinal momentum of the produced particle.
The differential production weights converted to an xF -pT dependence are approximated
to be independent of the center of mass energy (pT represents the transverse momentum
of the produced particles). The differential production weights are converted to an xF -
pT dependence and applied to the hadron productions with the different incident nucleon
momenta based on xF and pT of those productions. This scaling method assumes perfect
scaling, and the systematic effect is evaluated using data with lower incident particle
momenta (at Sec. 4.4).

• The nucleon-number-dependent (A-dependent) scaling is carried out for the hadron pro-
ductions with different target materials from the T2K graphite target (for example, the
hadron productions inside the horns whose materials are aluminum). The A-dependent
scaling assumes a parametrization proposed by Bonesini et al. [71] based on works by
Barton et al. [72] and Skubic et al. [73]:

E
d3σ(A1)

dp3
=

[
A1

A0

]α(xF ,pT )

E
d3σ(A0)

dp3
(4.6)

where:
α(xF , pT ) = (a+ bxF + cx2

F )(d+ ep2
t ), (4.7)

A0 or A1 represents the target nucleon number of each experiment. The parameters a
through e are determined by fitting the A-dependence in the data from Eichten et al. [56]
and Allaby et al. [57]. The uncertainty of the scaling for the individual data points is
evaluated as the uncertainty of the flux prediction (at Sec. 4.4).

Pion production weighting

The procedure of pion production weighting contains the following ways:

• Secondary pions which are produced in the target (C) are weighted by the weights of
NA61/SHINE data / FLUKA2008. The weights are shown in Fig. 4.6.

• Tertiary pions which are produced in the target (C) are weighted by the scaled weights of
NA61/SHINE / FLUKA2008. The scaled weights are estimated by the Feynman scaling.

• Tertiary pions which are produced in the horn (Al) are weighted by the scaled weights of
the scaled data / GCALOR. The scaled weights is estimated by the Feynman scaling. The
scaled data is estimated by A-dependent scaling based on the NA61/SHINE. The ratio of
scaled NA61/SHINE data / GCALOR provides the weight for tertiary pion production
inside the horn. The weights applied to the production in GCALOR are shown in Fig. 4.7

• In addition, for pion produced from neutrons, isospin invariance is used to make weights
:σ(n+A→ π±) = σ(p+A→ π∓).

The σprod of 225.0 mb is used for the differential multiplicity measured by NA61/SHINE, oth-
erwise σprod of 231.3 mb is used in FLUKA2008.

Kaon production weighting

The weighting procedure for the kaon production is similar to the procedures for pion production,
but the coverage of NA61/SHINE data is different. As already described, Eichten et al. [56] and
Allaby et al. [57] data are used for this weighting in addition to NA61/SHINE data. The usage
of data is according to the following rules:
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Figure 4.6: The differential production weights from NA61/SHINE data for π±
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Figure 4.7: The differential production weights for GCALOR (Al) from A-scaled NA61/SHINE
data for π±
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• K+ whose momentum and angle are in the NA61/SHINE phase space is weighted based
on NA61 data.

• K+ outside of the NA61/SHINE phase space or K−/K0
L are weighted base on scaled

Eichten or Allaby data. The scaled data is estimated by Feynman scaling or A-dependent
scaling based on each data point.

The σprod of 195 mb is used for the differential multiplicity of Eichten et al. and Allaby et al.,
otherwise σprod of 195.6 mb is evaluated for FLUKA2008. The weighting procedures for charged
kaons are same as ones for pions. The K0

L multiplicity is calculated from the Eichten and Allaby
data using a simple quark parton model (QPM) [74, 75]. Assuming the following conditions on
the number densities of sea and valence quarks:

us = ūs = ds = d̄s, ss = s̄s (4.8a)

n ≡ uv/dv = 2, (4.8b)

a relation between the number of produced K0
L (K0

S), K+, and K− can be established:

N(K0
L) = N(K0

S) =
N(K+) + 3N(K−)

4
. (4.9)

After calculating the K0
L production according to Eq. 4.9, the K0

L multiplicity is weighted in
the same manner as in the case of K±. Although Eq 4.9 is only strictly valid for proton-proton
collisions (n = 2), the effect of proton-neutron (n = 1) interactions leads to only small changes
in the flux predictions that are < 1%. It is, therefore, not considered at this time.

4.2.3 Hadron interaction rate weighting

The production cross-section defined in Eq. 4.2 is weighted to modify the hadron interaction rate.
The diagonal of a particle traveling is shown in Fig. 4.8. A particle interacts with momentum
p1 after traveling a distance x1 in a material to produce a particle with p2 that travels x2 before
leaving the material. When the production cross section changes, σprod → σ′prod, the weight
applied to the model is the ratio of the probabilities:

W (σ′, σ; p1, x1, p2, x2) =
σ′(p1)

σ(p1)
e−x1[σ′(p1)−σ(p1)]ρe−x2[σ′(p2)−σ(p2)]ρ. (4.10)

The cross sections calculated by FLUKA2008 is in good agreement with the data, while GEANT3
(GCALOR) has significant disagreement at low incident particle momenta. Therefore, no weights
are applied to the FLUKA2008 simulation for interactions in the target, but the GEANT3
(GCALOR) production cross sections are weighted to the FLUKA2008 value.

4.2.4 Summary of Hadron interaction weighting

The ratio of the flux with and without the weighting applied are shown in Fig. 4.9 as a function
of neutrino energy every the effect of the weighting. The weighting for the pion differential
production has the largest effect at the energy around oscillation maximum, while the weighting
for the kaon differential production is dominant at high energies.
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Material: A
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Figure 4.8: Diagram of a particle with momentum p1 interacting a material A to produce a
particle with momentum p2
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Figure 4.9: Ratio of the hadron interaction weighted flux over the not weighted flux for νµ (upper
left), ν̄µ (upper right), νe (lower left), ν̄e (lower right). These ratio is calculated based on the
250kA horn current simulation.
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Figure 4.10: The flux predictions for the SK far detector broken down by the neutrino parent
particle type. The νµ (upper left), ν̄µ (upper right), νe (bottom left), and ν̄e (bottom right)
fluxes are shown.The error bars, which is too small to be seen in most of the region, are MC
statistical error.

4.3 T2K flux prediction

The T2K flux is predicted with the flux simulation including the weighting for the hadron
interaction models. The flux is predicted for each neutrino flavor at the far and near detectors.
The predicted fluxes at SK and ND280 are shown in Fig 4.11. The fluxes are broken down by
the parent particle that decays to the neutrinos. The relative fractions of each flavor in the
SK flux is shown in Table 4.4. These fractions are estimated for 0∼1.5, 1.5∼3.0 and >3.0 GeV
energy ranges. The νµ flux is dominant in the flux below 1.5 GeV, and the ν̄µ contamination is
∼5%. In the intermediate (1.5∼3.0 GeV) energy region, the relative fraction of ν̄µ increases as
the flux becomes more dominated by forward going pions that are not focused, which include π−

that decay to ν̄µ. The νe fraction also increases as the contribution from kaon decays becomes
dominant.

4.4 Flux uncertainty

Here, the uncertainties associated to the neutrino flux prediction are evaluated for the oscillation
analysis. The flux uncertainties arise from the following sources along with the error size of the
SK νµ flux at the oscillation maximum energy:

• Hadron interaction uncertainties (Sec. 4.4.1).

– Pion and kaon production uncertainties: 6% and <1%
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Figure 4.11: The flux predictions for the ND280 near detector broken down by the neutrino
parent particle type. The νµ (upper left), ν̄µ (upper right), νe (bottom left), and ν̄e (bottom
right) fluxes are shown.The error bars, which is too small to be seen in most of the region, are
MC statistical error.

49



Chapter 4. Neutrino flux prediction

Table 4.4: The fraction of the total SK flux by flavor in bins of the neutrino energy. The fractions
in parentheses are relative to the total flux over all neutrino energies.

Energy Range (GeV)
Flavor 0− 1.5 1.5− 3.0 > 3.0

νµ 0.9363(0.8570) 0.7719(0.0391) 0.8821(0.0372)
ν̄µ 0.0542(0.0496) 0.1729(0.0087) 0.0795(0.0034)
νe 0.0085(0.0078) 0.0451(0.0023) 0.0304(0.0013)
ν̄e 0.0010(0.0009) 0.0100(0.0005) 0.0080(0.0003)

– Secondary nucleon production uncertainties: 7%

– Hadronic interaction rate uncertainties: 7%

• Primary beam optics uncertainty (Sec. 4.4.3): 1%.

• Off-axis angle uncertainty (Sec. 4.4.4): 1%.

• Target and horn alignment error (Sec. 4.4.5): <1%.

• Horn current and magnetic field uncertainty (Sec. 4.4.6): 1%.

The flux uncertainties are estimated by changing underlying parameters associated to the flux
prediction (the hadron production model, the proton beam profile, the horn currents, etc) and
evaluating the deviation of the nominal flux. Here, the ”nominal” flux means the predicted flux
after hadron interaction tuning. The flux correlation among bins (neutrino flavors, energies,
and detectors) are needed along with the size of flux uncertainties. The flux uncertainties and
correlation are evaluated as a form of the covariance matrix. The element of the covariance
matrix is defined as:

cov(i, j) = 〈(φinom − φi)(φjnom − φj)〉 = σφiσφj · corr(i, j), (4.11)

where the φinom are the nominal flux, and i specifies the bin number. The φi are the varied fluxes
by changing underlying parameters. The σφi represents the uncertainty of φi and corr(i, j)
is the flux correlation factor between φi and φj . The flux uncertainty is derived from the
the square root of the diagonal term of the covariance matrix (=

√
σφiσφi · corr(i, i) = σφi).

The flux measured at ND280 can refine the SK flux prediction through the covariance matrix
(described at Sec 4.5). The covariance matrixes are calculated for each error source. The
combined uncertainty of all sources is simply represented by the sum of the covariances from each
independent source. According to the kinds of underlying parameters, there are two methods to
estimate flux covariances.

The first method is used at the case that an error source contains many correlated underlying
parameters. The underlying parameters are changed according to their covariance. The flux
prediction is re-weighted based on each of N sets (500 or more) of the changed parameters. A
covariance matrix from the N sets of the re-weighted flux:

Vij =
1

N

k=N∑

k=1

(φinom − φik)(φjnom − φjk), (4.12)

where the φik are the corresponding bins of the kth set of the re-weighted flux. This method are
used for the hadron interaction uncertainties and the proton beam profile uncertainties.
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The second method is used for uncertainties represented by variations of the flux under the
changes in single underlying parameter. For these uncertainties the flux is typically re-generated
for variations of the parameter at ±1σ (the σ represents the error size). A covariance matrix is
calculated:

Vij =
1

2
[(φinom − φi+)(φjnom − φj+) + (φinom − φi−)(φjnom − φj−)], (4.13)

where the φi+ and φi− are the re-generated flux for +1σ and −1σ variations of the underlying
parameter.

4.4.1 Hadron production uncertainties

Pion and kaon production uncertainties

The flux uncertainties associated with pion and kaon differential production models arise from
the following sources.

• Experimental systematic errors. The total errors of NA61/SHINE pion measurements are
shown in Fig. 4.12 for each of the NA61/SHINE p-θ bins. This errors include statistical
errors. The total errors are typically 5 to 10% in the most important regions of the phase
space. The total errors of NA61/SHINE K+ measurements are shown in Fig. 4.13. The
experimental errors in the kaon production data are summarized in Table 4.5. To estimate
flux covariance, the correlations between p-θ bins from experimental systematic errors are
taken into account.

• Systematic uncertainties associated with the Feynman momentum scaling. This flux un-
certainty is evaluated as the difference of flux prediction by using an alternative scaling
method from that by using Feynman scaling. The alternative method is called the radial
scaling. The radial scaling variable xR is defined as:

xR =
Ecm

Ecmmax
, (4.14)

where Ecm is the energy of the produced particle in the center of mass frame, and Ecmmax
is the maximum energy that particle can have. Taylor et al. [76] found that the invariant
cross-section when parametrized in xR and pT (the transverse momentum) does not depend
on the total center of mass energy

√
s for

√
s &10 GeV.

To estimate the uncertainty associated with the momentum scaling of NA61/SHINE pion
data, the radial scaling is applied to the combined data with NA61/SHINE and BNL-
E910 [58](beam momenta is 12.3 GeV and 17.5 GeV). BNL-E910 data is used to increase
the reliability of the radial scaling for the low incident momentum region.

For the uncertainty associated with the momentum scaling of kaon data, the radial scaling
is applied to the combined data with Eichten et al. and Allaby et al.

• Systematic uncertainties associated with A-dependent scaling. Parameters of A-dependent
scaling in Eq. 4.6 are determined from Eichten et al. and Allaby et al. data. The uncertain-
ties of A-dependent scaling are estimated from the discrepancy between their measurements
with the Al targets and the expectations derived by scaling their measurements from Be
to Al. This uncertainties of the A-dependent scaling are added to the experimental errors.
(for example, NA61/SHINE pion data (C) is applied to the pion production inside horns
(Al)).
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• The uncertainties from the phase space not covered by any data. This flux uncertainties are
evaluated as the change of the flux when the hadron productions in the uncovered region
are re-weighted based on the extrapolated data by using the empirical parametrization
developed by Bonesini et al. [71] (BMPT).
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Figure 4.12: The fractional error on the NA61/SHINE measurements in each of the p-θ bins.
The gap at π+ momentum of 1.0-1.2 GeV/c is a region with no NA61/SHINE data points.
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Figure 4.13: The fractional error on the NA61/SHINE K+ measurements for two covered regions
(bins) of reconstructed angle (20− 140 mrad and 140− 240 mrad).

Summary of pion production uncertainties

The flux uncertainties from the pion production uncertainties are shown in Fig. 4.14. The error
sources are categorized as follows:

NA61 Error The uncertainty on the NA61/SHINE pion data.

Tertiary Tuning Error The uncertainty on the Feynman momentum scaling

Outside NA61 Error The uncertainty from phase space not covered by the NA61/SHINE
data.

The dominant error source for the νµ and νe flux predictions around the flux peak is the errors
of the NA61/SHINE pion measurements.
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Figure 4.14: Fractional flux uncertainties from pion production uncertainties as a function of
neutrino energy, for each flavor and at the near and far detectors. The breakdowns of the flux un-
certainties are defined as follows: ”NA61 Error” represents the uncertainty on the NA61/SHINE
data. ”Tertiary Tuning Error” represents the uncertainties on the Feynman momentum scal-
ing. ”Outside NA61 Error” represents the uncertainty from phase space not covered by the
NA61/SHINE data.
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Table 4.5: Summary of the fractional errors in the kaon production data. The error in the overall
normalization is σN . The error for a given data bin is σ∆p∆θ. The error in the normalization
for a given angular bin is σ∆θ.

σN σ∆p∆θ σ∆θ

NA61/SHINE 2.3% 11 ∼ 24% −
Eichten et al. 15% 4% 5%
Allaby et al. 10% 2 ∼ 5% 10%

Summary of kaon production uncertainties

The flux uncertainties from the kaon production uncertainties are shown in Fig. 4.15. The error
sources are categorized as follows:

NA61 Error The uncertainty on the NA61/SHINE kaon data.

Other Data Error The uncertainties on the Eichten et al. and Allaby et al. data.

Tertiary Tuning Error The uncertainties on the Feynman momentum scaling.

No Data Error The uncertainty from phase space not covered by the NA61/SHINE data.

Out-of-target Error The uncertainty on the kaon production model inside horns (Al). This
uncertainty is evaluated based on the difference between Eichten et al. data (Al) and
GCALOR prediction.

The dominant error sources are the measurement errors of NA61/SHINE, Eichten et al. and
Allaby et al.at high energy region.

Secondary nucleon production uncertainties

Interactions of the secondary protons (neutrons) inside the target contribute ∼16% (5%) to
the neutrino flux. The contribution of the secondary nucleon production uncertainties are not
negligible. The flux uncertainties from these sources are evaluated based on the discrepancy
between FLUKA2008 model and the proton production data of Eichten et al. and Allaby et
al. The flux uncertainties are calculated by re-weighting the FLUKA2008 secondary proton
and neutron production with the ratio of data to the FLUKA2008 model. The flux uncertainties
are shown in Fig 4.17 and 4.18 as ”secondary nucleon production”.

Hadronic interaction rate uncertainties

The uncertainties of the hadronic interaction rate are conservatively assigned based on the
magnitude of the quasi-elastic correction, σqe. This is because there is a discrepancy between
the cross-section measurements for protons of Denisov et al. [67] and those of Bellettini et al. [62],
Carroll et al. [64], and NA61/SHINE [33]. The size of the discrepancy is same as σqe. In the
experiment by Denisov et al., it is not clear if they measured the inelastic or production cross
sections. These data are plotted in Fig. 4.16. For the Bellettini et al. data, the quasi-elastic
contribution of 30.4 mb [33] has been subtracted from the measured value of 254 mb. In addition,
the measurements by Denisov et al. are also shown after an estimated quasi-elastic contribution
has been subtracted from the measured values. After this subtraction, the agreement between
all of the four data is better. A conservative approach is therefore taken by using σqe as the
uncertainty of the hadronic interaction rate.

54



Chapter 4. Neutrino flux prediction

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

0.15 µνND280 
NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

ND280 νµ

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

µνND280 
NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

ND280 νµ

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

0.15
eνND280 

NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

ND280 νe

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

0.15
µνSK 
NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

SK νµ

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

0.15
µνSK 
NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

SK νµ

 (GeV)νE
0 2 4 6 8 10

Fl
ux

 F
ra

ct
io

na
l E

rro
r

0

0.05

0.1

0.15

eνSK 
NA61 Error
Other Data Error
Tertiary Tuning Error
No Data Error
Out-of-target Error
Total Error

SK νe

Figure 4.15: Fractional flux uncertainties from kaon production uncertainties as a function of
neutrino energy, for each flavor and at ND280 and SK. The breakdowns of the kaon flux uncer-
tainties are defined as follows: ”NA61 Error” represents the uncertainty on the NA61/SHINE
data, ”Other Data Error” represents the uncertainty on the Eichten et al. and Allaby et al.
data. ”Tertiary Tuning Error” represents the uncertainties on the Feynman momentum scal-
ing. ”No Data Error” represents the uncertainty from phase space not covered by any data.
”Out-of-target Error” represents the uncertainty on the kaon production outside the target.
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Figure 4.16: Production cross-section measurements for protons on graphite targets for momenta
20–60 GeV/c. The data from Denisov et al. are shown with and without the quasi-elastic
subtraction since the measured quantity is ambiguous.

4.4.2 Summary of the hadron production uncertainties

Figure 4.17 and 4.18 shows the fractional uncertainties on the SK and ND280 fluxes due to
hadronic interaction uncertainties. These figures include the flux uncertainties from pion and
kaon production uncertainties shown in Fig 4.14 and 4.15. At low energy, the largest sources of
uncertainty in the νµ flux are from the secondary nucleon production and hadronic interaction
rate. The uncertainties of pion production is constrained well by the NA61/SHINE measure-
ments. At high energy, the flux uncertainty is instead dominated by the uncertainties of kaon
production.

4.4.3 Proton beam uncertainties

The proton beam uncertainties affect the neutrino flux prediction by the following reason. Neu-
trinos are generated from the decay of pions and kaons. An overview of a track of a secondary
hadron is shown in Fig. 4.19. When the secondary hadron is generated from the entering proton
whose position and angle is different from the center, the hadron has a different path length
inside the target and feels different 1st horn magnetic field. The neutrino flux can be changed
because the yield and direction of parent hadrons are different from the nominal ones.

To estimate the effect of the proton beam errors on the flux prediction, proton beam param-
eters were changed randomly within their errors described in Table 2.7. The correlation among
parameters was considered. It was found that the errors for the vertical center position (Y )
and center angle (ΘY ) have a sizable effect. This is because Y and ΘY effectively change the
off-axis angle at SK, which is displaced from the beam axis predominantly in the vertical direc-
tion. Therefore, only Y and θY errors are considered in the evaluation of the flux uncertainty.
Fig. 4.20 shows the flux change when (Y , θY ) are changed by their error sizes.

To construct the covariance matrix, a large number of flux samples were prepared with
many (Y , ΘY ) sets randomized according to the correlated uncertainties listed in Table 2.7. In
order to avoid re-generate JNUBEAM flux samples, a special sample was generated with a large
position-angle phase space and then re-weighted to reproduce each randomized pair of (Y , ΘY ).
Figure 4.21 shows the phase space distribution for this widened beam and the actual measured
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Figure 4.17: Fractional SK flux uncertainties from hadron production uncertainties.
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Figure 4.18: Fractional ND280 flux uncertainties from hadron production uncertainties.
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Figure 4.19: Overview of the generated pion tracking for nominal case (top right), different
position (bottom right) and angle (bottom left) of inject proton beam.
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angle (θY ) are changed by 1σ (σ means the error size) from the measured values in Run 1, i.e.
set to 1.42 mm and 0.29 mrad, respectively.
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beam profile for the neutrino flux simulation.
CONTENTS 19

Figure 21. Beam profile in the Y -Y ⇥ phase-space: left actual beam shape, right wide

beam used to simulate the sample for re-weighting

Figure 22. Left: covariance matrix for ⌅µ flux at the SK due to the uncertainties in

the proton beam Ȳ and Ȳ ⇥ measurements. Right: resultant error envelope

according to Eq. 12.
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where:

• N is the total number of re-weighted samples

• ⇤n
i is the flux content of ith energy bin of the nth re-weighed sample

• ⇤̄i is the average flux content of ith energy bin

The left plot in Fig. 22 shows the resultant covariance matrix for the SK ⌥µ flux.

The error envelope obtained using this matrix is shown on the right.

7. Horn alignment

Table 4 gives the summary of the horn alignment survey uncertainties taken from [15].

The definition of the coordinate axes here follows the JNUBEAM definition: positive X

is on the beam’s left, positive Y is up, and positive Z is in the direction of the beam.
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Figure 22. Left: covariance matrix for ⌅µ flux at the SK due to the uncertainties in

the proton beam Ȳ and Ȳ ⇥ measurements. Right: resultant error envelope

according to Eq. 12.
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• N is the total number of re-weighted samples

• ⇤n
i is the flux content of ith energy bin of the nth re-weighed sample

• ⇤̄i is the average flux content of ith energy bin

The left plot in Fig. 22 shows the resultant covariance matrix for the SK ⌥µ flux.

The error envelope obtained using this matrix is shown on the right.

7. Horn alignment

Table 4 gives the summary of the horn alignment survey uncertainties taken from [15].

The definition of the coordinate axes here follows the JNUBEAM definition: positive X

is on the beam’s left, positive Y is up, and positive Z is in the direction of the beam.
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Figure 4.21: Beam profile in the position-angle phase space: left plot shows actual beam profile
for the neutrino flux simulation (at Run1 case), right plot shows wide beam used to simulate
the sample for re-weighting

For the re-weighting based on (Y , ΘY ) sets, the re-weighting factor is the ratio of the prob-
ability density function (PDF) on the phase space:

PDF (y, θy;Y,ΘY , σY , σΘY , ρ) =
1

2πσY σΘY

√
1− ρ2

×

exp

(
− 1

2(1− ρ2)

[
∆2
y

σ2
y

+
∆2
θy

σ2
θy

− 2ρ∆y∆θy

σyσθy

])
(4.15)

where:

• ∆y = y − Y : y is the proton beam position of each event

• ∆θy = θy −ΘY : θy is the proton beam angle of each event

• σY and σθY are the width of the beam position and angle with the correlation ρ in the
phase space

(Y i,Θi
Y ) is ith set of many (Y ,ΘY ) sets. The re-weighing factor for the jth event of the flux

sample based on (Y i,Θi
Y ) is calculated from the following equation:

w(j)(Y i,ΘiY ) =
PDF (yj , θjy;Y i,Θi

Y , σ
data
Y , σdataΘY

, ρdata)

PDF (yj , θjy;Y wide,Θwide
Y , σwideY , σwideΘY

, ρwide)
(4.16)

where:

• yj , θj : the proton beam position and angle of jth event.

• (variable)data: average measured variable in each run period.

• (variable)wide: variable of the special flux sample with a large position-angle phase space.
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The re-weighted flux samples are calculated from the factor in 4.16 for all (Y ,ΘY ) sets and
then the covariance matrix is calculated from Eq. 4.12. The fractional νµ flux uncertainties for
ND280 and SK is shown in Fig. 4.22 based on Run1 proton beam errors. The flux covariance
matrixes are estimated for each run period separately. Also, the combined covariance matrix
is calculated as a sum of all covariance matrixes weighted according to the corresponding POT
(called POT-weighted). The combined covariance matrix is used in the oscillation analysis.
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Figure 4.22: Fractional ND280/SK νµ flux uncertainties from proton beam errors for Run1
measurements

In addition to the measured proton beam uncertainties, the absolute flux normalization
uncertainty arises from the uncertainties on the proton beam intensity measured by CT5, i.e.
2% as described in Sec. 2.3.1.

4.4.4 Neutrino beam direction (off-axis angle) uncertainties

The uncertainties on the neutrino beam direction results in the wrong off-axis angle and change
the neutrino flux. Following sources are considered in the beam direction uncertainties:

• The deviation of the neutrino beam direction from the beam axis

• Statistical and systematic errors of INGRID measurements

• The alignment errors of INGRID modules

• Survey errors of ND280 and SK (0.0024 mrad both in horizontal (x) and vertical (y) for
SK, and 0.026 mrad in x and 0.038 mrad in y for ND280)

The neutrino beam direction measurements at INGRID are described in Sec. 6.1 and the
error in each Run period is summarized in Table 6.4. These values are used to estimate the flux
uncertainties from the off-axis angle errors. The errors in the x and y direction are converted
to the error in the off-axis angle based on the relation the beam axis and SK direction. The
converted errors are summarized in Table 4.6. Here, the error size of off-axis angle is described
as σOA.

The effect of the off-axis angle uncertainty on the neutrino flux is estimated by checking at
a variation of the neutrino flux when the SK and ND280 detectors are moved by 1σOA. To save
computational time, the nominal flux samples are re-weighted to generate the flux samples for
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Table 4.6: Summary of the off-axis angle error (σOA) in each period

RUN1 RUN2 RUN3b RUN3c

σOA [mrad] 0.465 0.366 0.488 0.428

the shifted SK and ND280 by ±1σOA. Figure 4.23 shows the variation of the SK and ND280 νµ
flux for the ±1σ off-axis angle shift for Run 1 measurement (σOA=0.465). The flux covariance
matrix is calculated for each run period separately and the combined one is also calculated
(similarly to the proton beam uncertainties).
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Figure 4.23: Fractional change of the νµ flux at ND280 (left) and SK (right) for the ±1σOA
off-axis angle shift for the Run 1 measurement (σOA=0.465).

4.4.5 Target and horn alignment uncertainties

The systematic uncertainties associated with the target and horn alignments, discussed in Sec-
tion 2.3.5, are summarized in Table 2.2. The effects of the systematic uncertainties in the target
and horn alignments on the predicted νµ fluxes at ND280 and SK are estimated by shifting and
rotating the target at the horn geometry in JNUBEAM according to Table 2.2. For neutrinos
with energies below 7 GeV, the fractional uncertainties due to these sources are smaller than
3%. This flux uncertainties are shown in Fig. 4.24.

4.4.6 Horn current uncertainty

As discussed in Sec. 2.3.2, the total uncertainty of the horn current measurement is 1.3% and
the measured magnetic field strength is consistent with the expected one within 2%. Therefore,
2% (5 kA) is assigned as the total uncertainty on the absolute field strength. This results in 2%
uncertainty at most in the neutrino flux.

An anomalous on-axis magnetic field was found at the magnetic field measurements along
the horn’s axis inside the inner conductor. This field has a direction perpendicular to the beam
axis, and reaches a maximum magnitude of 0.065 T near the center of the horn. The reason of
this anomalous on-axis field is not yet known. Therefore, the effect of this field was estimated
and accounted for the flux uncertainty. This anomalous field is also simulated by JNUBEAM.
The effect on neutrino flux is less than 1% for energies up to 1 GeV, and less than 4% for energies
greater than 1 GeV shown in Fig 4.24.
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4.4.7 Summary of flux uncertainties

Figure 4.24 shows the flux uncertainties as a function of neutrino energy. For the proton beam
and off-axis angle uncertainties, the combined errors are shown in the figures. The main flux
uncertainty originates from the hadron interaction uncertainties. Also, a significant contribu-
tion to the uncertainty around the flux peak arises from the off-axis angle and proton beam
uncertainties. These effects tend to just shift the peak energy position of the flux.

4.4.8 Prospect

The main flux uncertainty originates from the hadron interaction uncertainties. The hadron
interaction uncertainty comes from the experimental errors. The NA61/SHINE errors can be
improved by using new high statistical data. The contributions from the off-axis angle and
proton beam uncertainties are also significant. The current flux uncertainty from the off-axis
angle is estimated conservatively and this part will be improved. The prospects to improve flux
uncertainties are summarized as follows:

• Incorporation of the new NA61/SHINE data.

The results of the next set of data from NA61/SHINE will reduce the overall uncertainty
on the neutrino flux prediction. Higher statistics thin target data have been collected with
an upgraded detector configuration that increases the small angle acceptance. These data
will reduce uncertainties on the primary interaction.

The ultimate precision on the flux prediction will be achieved through the measurements
of hadron emission from the same (replica) target as the one used by T2K. With precise
replica target measurements, it will be possible to reduce the uncertainties related to the
hadron production via re-interactions inside the target.

• Prospect of flux uncertainties from the off-axis angle errors.

The INGRID detector systematic error is dominant in the off-axis angle error. In the
INGRID detector systematic error, errors associated with tracking are dominant (described
in Table 6.2). A new INGRID analysis method has been developed and reduces the off-axis
angle error. By using the new INGRID analysis method (in Sec. 6.1.4), the off-axis angle
error is reduced by ∼40% and the associated flux uncertainty is expected to be reduced
by ∼40% and becomes approximately same as that due to the proton beam uncertainties.
In this thesis, however, the new INGRID analysis is not used because its systematic errors
are not yet finalized.

The measured deviation of the neutrino beam center from the beam axis is not used in the
flux prediction, but considered as one of flux error sources. The flux is always predicted
based on the ideal off-axis angle. However, the measured deviation can be reflected into
the flux prediction to reduce the flux uncertainty.

The current off-axis angle errors includes the effect of the proton beam errors. If the off-axis
angle error can be estimated independently from the proton beam errors, it is expected to
reduce the flux uncertainties from off-axis angle errors.

4.5 Extrapolation of the ND280 flux measurements to SK

In the oscillation analysis, the SK flux prediction is refined more precisely based on the ND280
measurements (called extrapolation). The extrapolation is based on the correlation between
fluxes at ND280 and SK. The ratio of the predicted flux at SK and ND280 is one method to
extrapolate the flux measurement at ND280 to the flux prediction at SK; the SK flux can be
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Figure 4.24: Fractional flux uncertainties for all sources of uncertainties.
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estimated by multiplying the measured flux at ND280 by the flux ratio (ΦSK/ΦND280). This is
called the far/near ratio method. The benefit of this method is to cancel the flux uncertainties
correlated between ND280 and SK. The uncertainty on the far/near is a measure of how the
uncertainty is reduced when the flux is extrapolated from ND280 measurements. As shown in
Fig. 4.25, the uncertainty on the far/near ratio for the νµ flux prediction is less than 2% near the
flux peak and less than 6% for all energies. The non-uniform shape of the far/near ratio is due
to the fact that ND280 sees a line-like source of neutrinos and hence a range of off-axis angles,
while SK see a point-like source. In the K2K experiment, the far/near ratio method was used to
extrapolate the νµ flux measured at the near detector to the νµ flux prediction at SK. In T2K, as
mentioned in Sec. 4.4, the flux covariance matrix is used to extrapolate among different flavors
(for example, νµ at ND280 to νe at SK).This method is called the covariance matrix method.
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Figure 4.25: The far/near ratio for the νµ flux prediction (top) and the uncertainty on the ratio
(bottom).

4.5.1 Covariance matrix method

The flux covariance matrix contains the flux uncertainties and the correlation between fluxes
at SK and ND280. By using this correlation, the uncertainties of the SK and ND280 flux are
constrained simultaneously by the ND280 measurements. In particular, the joint probability
distribution function (PDF) for fluxes at SK and NT280 is constructed from the flux covariance
matrix. Suppose that the φND280 (φSK) represents the ND280 (SK) flux normalizations ac-
cording to flavors and neutrino energy bins. The joint PDF is defined as a multivariate normal
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distribution including the ND280 and SK flux normalizations (φND280,φSK) as:

PDF (φND280,φSK) =
1√

(2π)n|Vφ|
exp

(
−1

2
∆T
φV

−1∆φ

)
, (4.17)

where ∆φ = φ − φnom, φT = (φND280,φSK)T , the φnom is the nominal flux normalization,
n is the number of normalization parameters in φ, and V is the flux covariance matrix. As
an example, think about the two parameters case; the overall normalizations for the SK and
ND280 fluxes are considered (φT = (ΦND280,ΦSK , two dimension). The covariance matrix and
the PDF in this case are:

V =

(
σ2

ΦND280
ρσND280σSK

ρσND280σSK σ2
SK

)
(4.18)

PDF (ΦND280,ΦSK) =
1

2πσND280σSK
√

1− ρ2

× exp

[
− 1

2(1− ρ2)

(
∆2

ΦND280

σ2
ND280

+
∆2

ΦSK

σ2
SK

− 2ρ∆ΦND280
∆ΦSK

σND280σSK

)]
,(4.19)

where σND280 (σSK) are the uncertainties of ΦND280 (ΦSK) estimated with the flux simulation.
The ρ represents the correlation coefficient between ΦND280 and ΦSK . Figure 4.26 shows the
scheme of the flux extrapolation with the covariance matrix. The allowed regions for ΦND280 and
ΦSK are derived from Eq 4.18 as shown in Fig. 4.26. The allowed region for ΦND280 is constrained
by the ND280 measurement (as shown in the right plot of Fig. 4.26). The constrained allowed
region for ΦND280 is extrapolated to that for ΦSK through ρ, resulting in the reduction of σSK
(to σ′SK in Fig. 4.26).
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�ND280

�SK

Constrained region by 
ND280 measurement

Allowed region 
for SK flux

(�nom
ND280,�
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SK )

±�ND280
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Figure 4.26: Conceptual scheme of the flux extrapolation. These two ellipses represent the PDF
contours for flux normalizations at ND280 and SK (ΦND280,ΦSK) represented by Eq. 4.18. The
left plot shows the uncertainty of ΦND280 and ΦSK before constrained by the ND280 measure-
ments. The center of the ellipses are the nominal flux normalization for ND280 and SK. The
right plot shows the uncertainty of ΦND280 and ΦSK constrained by the ND280 measurements.
The blue region represents the constrained region for ΦND280 and the red one represents the
region for ΦSK (σ′SK) after the ND280 constraint. The σ′SK is smaller than σSK .

The total covariance matrix is calculated as a sum of covariance matrixes of all error sources
(shown in Fig 4.27). Figure 4.28 shows zoom up of the part of the matrix corresponding to the
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covariance between the ND280 νµ and SK νµ fluxes, or the ND280 νµ and SK νe fluxes. The
neutrino energy binning for each flavor and detector is defined as follows:

Bin Edge (GeV) 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
5.0, 7.0, 10.0.

To show the correlation, the correlation matrix is calculated from the covariance matrix and
is shown in Fig 4.29. Figure 4.28 shows zoom up of the part of the matrix corresponding to the
correlation between the ND280 νµ and SK νµ fluxes, or the ND280 νµ and SK νe fluxes. On
can see that there are strong correlation between νµ fluxes at ND280 and SK. There are also
significant correlation between the ND280 νµ flux and SK νe flux. The reason of this correlation
between different flavors is that some portion of νe flux originates from the decay of muons which
are produced from the pions decay (for example of π+ decay: π+ → µ+νµ, µ

+ → e+ν̄µνe). Thus,
the ND280 measurements can refine both the SK νµ and νe fluxes.
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Figure 4.27: Fractional covariance matrix of the neutrino flux for each flavor, energy and detector.
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Figure 4.28: Fractional covariance matrix of the neutrino flux for ND280 νµ v.s. SK νµ (left) or
SK νe (right)
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Figure 4.29: Correlations of the neutrino flux for each flavor, energy and detector.
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Figure 4.30: Correlation of the neutrino flux for ND280 νµ v.s. SK νµ or SK νe
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Chapter 5

Neutrino-nucleus interaction model

The cross-sections of the neutrino-nucleus interactions are used to predict the event rate and
energy spectrum of the SK νµ candidates for the oscillation analysis. The cross-sections are pre-
dicted with the interaction physics models. The uncertainties on the cross-sections are estimated
from the uncertainties on the parameters describing the interaction physics models.

5.1 Overview of the neutrino-nucleus interaction model

The neutrino-nucleus interactions are predicted with interaction physics models. The properties
of outgoing particles from the interaction are predicted by the interaction simulation. Based on
the flux prediction and interaction model, a neutrino-nucleus interaction generator NEUT [51]
generates simulated interactions. Nuclear targets handled in NEUT are hydrogen, oxygen, car-
bon, and iron, covering all materials of T2K neutrino detectors. The energy of neutrinos handled
in NEUT covers the energy region interested of T2K. The following neutrino interaction modes
in both the charged current (CC) (νl +N → l+X) and neutral current (NC) (νl +N → νl +X)
are considered in NEUT:

• Quasi-elastic scattering (QE): νl +N → l(νl) +N ′

• Resonant single (π, γ,K, η) production: νl +N → l(νl) +N ′ + (π, γ,K, η)

• Coherent π production: νl + 16O → l(νl) +X + π

• Deep inelastic scattering (DIS): νl +N → l(νl) +N ′ + hadrons

where N and N ′ represent nucleons and l represents a charged lepton. The neutrino-nucleus
cross-sections predicted with the interaction models are shown in Fig. 5.1. Among these inter-
actions, the CCQE interaction is dominant at the energy around the oscillation maximum.

For convenience, the interaction modes in NEUT are classified into the following categories
in oscillation analysis:

”CCQE” Charge current quasi-elastic scattering

”CC1π” Single π production from resonance

”CCCoh” Charge current coherent π production

”CCOth” Other charge current interaction mode

”NC1πC” Single charged π production from resonance

”NCOth” Other neutral current interaction mode
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Figure 4.3: Neutrino-nucleus cross-sections per nucleon divided by the neutrino energy in NEUT.

iron and carbon is set to 225 MeV (27 MeV), 237 MeV (32 MeV), and 217 MeV (27 MeV),
respectively, as extracted from electron scattering data [52].

The cross-sections of the neutral current elastic interaction are calculated by using the fol-
lowing relations [53, 54]:

�(⌫p ! ⌫p) = 0.153 ⇥ �(⌫n ! µ�p) (4.1)

�(⌫̄p ! ⌫̄p) = 0.218 ⇥ �(⌫̄n ! µ+n) (4.2)

�(⌫n ! ⌫n) = 1.5 ⇥ �(⌫p ! ⌫p) (4.3)

�(⌫̄n ! ⌫̄n) = 1.0 ⇥ �(⌫̄p ! ⌫̄p) (4.4)

Resonant single ⇡, �, K and ⌘ production

The resonant single ⇡ production is implemented with the Rein-Sehgal’s model [55, 56]. The
interaction is separated into

⌫` + N ! ` + N⇤

N⇤ ! ⇡ + N 0,
(4.5)

where N is the nucleons, and N⇤ is the baryon resonance. To obtain net cross sections, we
calculate the amplitude of each resonance production and then multiply the probability of decay
into one pion and nucleon for each resonance. The resonances below 2 GeV/c2 are considered and
the resonances over 2 GeV/c2 are simulated as the deep inelastic interaction. In the calculation
of the angular distribution of pion in the final state, we use the Rein-Sehgal’s method for the
P33(1232) resonance. For other resonances, directional distribution of the generated pion is set
to be isotropic in the resonance rest frame.

The cross-section of single �, K and ⌘ production is implemented with same way: the
amplitude of each resonance production is multiplied with the probabilities of decay into �, K
or ⌘ for each resonance.

44

Figure 5.1: Neutrino-nucleus cross-sections per nucleon as a function of neutrino energy in NEUT

Quasi-elastic scattering (QE)

The CCQE interaction is implemented with the Smith and Moniz model [77]. In this model,
the nucleons are treated as quasi-free particles. The relativistic Fermi gas formalism is used to
describe the nuclear potential.

Resonant single (π, γ,K, η) production

The resonant single π, K, and η production is described by the Rein-Sehgal’s (RS) model [78,79].
The RS model assumes an intermediate baryon resonance, N∗, in the reaction of νN → lN∗,
and their decay: N∗ → N ′m (m represents meson). All intermediate baryon resonances with
invariant mass less than 2 GeV/c2 are considered. Baryon resonances with invariant mass greater
than 2 GeV/c2 are simulated as deep inelastic scattering (described later). The RS model does
not simulate the multi-pion production. The multi-pion production is also simulated as the deep
inelastic scatterings.

Coherent π production

The coherent π production is implemented with the model developed by Rein and Sehgal [80,81].
This model is based on Adler’s PCAC theorem [82,83]

Deep inelastic scattering (DIS)

The deep inelastic scattering (DIS) is treated as the neutrino-quark scattering. The nucleon
structure functions is based on the GRV98 parton distribution functions [84]. Additionally, the
corrections in the small Q2 region developed by Bodek and Yang [85] are taken into account.

The ”W” represents the invariant mass of hadronic system (pion+nucleon, photon+nucleon).
The DIS is considered for W > 1.3 GeV/c2. The pion multiplicity is additionally restricted to
be greater than one (mupti-pion production) for W < 2 GeV/c2 to avoid double-counting the
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contribution of the single pion production. The multi-hadron final states are simulate with two
models according to the invariant masses: a custom-made program [86] for 1.3 GeV/c2 < W
< 2 GeV/c2, PYTHIA/JETSET [87] for W > 2 GeV/c2.

Final state interaction (FSI)

In addition to neutrino interactions described above, the generated meson, mainly pions, can
interact with the nucleus inside the nucleus before they escape. This re-interaction process is
called as the final state interaction (FSI). The pion FSI process is important for the SK event
selection. In the SK event selection ,the CCQE-like events are selected and the neutrino energy
in each event is reconstructed assuming the CCQE interaction (Eq. 6.1). If the charged pion
generated at the CC resonant neutrino interaction cannot escape from the nucleus, this event is
mis-identified as a CCQE-like event where only single muon is observed. The neutrino energy
is mis-reconstructed to the lower energy than true one.

In the FSI processes, the quasi-elastic (QE) scattering, charge exchange, and absorption
of pions in nuclei are mainly considered at the energy region of interest of T2K. For the QE
scattering and charge exchange interactions, the direction and momentum of pions are affected.
In the scattering amplitude, the Pauli blocking is also taken into account.

5.2 Model uncertainties

There are considerable uncertainties on the following parameters describing the neutrino-nucleus
interaction models:

• Model parameters in the group-A:

– Axial mass: MQE
A ,MRES

A

– Fermi Gas model parameters: Eb, pF

– Spectral function parameter

– CC other shape parameter

– W shape parameter

– Pion-less ∆ decay parameter

• Model parameters in the group-B:

– Absolute cross-section normalization

– Cross-section difference among flavors

• Model parameters in the group-C: Final state interaction (FSI) and Secondary interaction
at (SI) parameters

The model parameters in the group-A change the absolute normalization and energy depen-
dence of the interaction cross-section simultaneously. The absolute cross-section normalization
parameters are additional weights to change the normalization of each interaction category from
the nominal prediction. In addition, the cross-section normalization differences among flavors
are also considered. The FSI and SI parameters represent the rate of re-interaction processes
inside nucleus (SI is explained later). The uncertainties of the interaction parameters affect the
rate and energy spectra of the ND280 and SK neutrino events.
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Axial mass: MQE
A ,MRES

A

MQE
A is the axial mass in the CCQE cross-section calculation, which appears in the axial vector

form factor. MRES
A is the axial mass in the CC and NC single resonance moson production.The

axial appears in a dipole form, i.e., ∼ 1
(1+Q2/M2

A)2 and has a non-linear response to the interaction

cross-section.

Fermi Gas (FG) Parameters: pF , EB

In the CCQE interaction mode, the nuclear potential is characterized by two parameters: Fermi
momentum of the nucleus, pF and the nuclear potential (binding energy), EB. The center value
and uncertainties on pF and EB are determined from the electron scattering data [88].

Spectral function parameter

A more sophisticated and realistic model of the nuclear potential than Fermi Gas (FG) is built
based on electron scattering data [88]. This model is called by the spectral function (SF) [89]
model. The FG formalism nucleons are assumed to have a uniform distribution of nucleon
inside the Fermi sphere and a constant value of the binding energy. The SF model defines the
probability distribution of nucleon momenta and removal energies within the nucleus.

Since NEUT does not adopt SF models, another neutrino interaction simulation (NuWro [90])
is used to evaluate the effect of SF. The SF parameter describes the difference between the SF
and default FG models.

CC other shape parameter

The CC other shape parameter provides an additional freedom to change the energy dependency
of the cross-section normalization of CCOth. From external data [91], the uncertainty on the
cross-section normalization of CCOth is estimated to be O(10%) at 4 GeV. Using this as a
reference point, the normalization of CCOth events is multiplied by the following weight: 1 +
x/Eν(GeV), where x is CC other shape parameter and Eν is the neutrino energy (>0.6 GeV).

W shape parameter

The ”W shape” parameter is introduced to vary the shape of the pion momentum distributions
in resonance interactions, which shows poor agreement with data. In practice, the approach of
this parameter is to re-weight events with a pion or photon and nucleon before FSI (ignoring
pion-less ∆ decay events which is explained later) by varying the hadronic invariant mass W,
since this is an invariant quantity correlated with pion momentum.

Pion-less ∆ decay

Pion-less ∆ decay is known as ∆ re-absorption (∆N → NN) in the nucleus without a decay into
a pion. This process is currently implemented in NEUT as energy and target independent, and
the ∆ simply does not decay into any products, resulting in a CCQE-like event. The pion-less
∆ decay happens ∼20% of the time [92]. The parameter of the pion-less ∆ decay changes the
event probability of this phenomena.

However, the same authors [92] tested their FSI model against π photo-production without
the effect of the pion-less ∆ decay and see good agreement with the data. This suggests that it
may be redundant to consider both effects of pion-less and FSI in NEUT.
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Absolute cross-section normalization

For the CCQE (CC1π) interaction categories, the absolute cross-section normalizations are de-
fined as the following neutrino energy Eν regions: : Eν < 1.5 GeV, Eν = 1.5 ∼ 3.5 GeV
and Eν > 3.5 GeV (Eν < 2.5 GeV, Eν > 2.5 GeV). The cross-section normalization of other
categories are defined as an overall one.

The cross-section differences are considered between νe-νµ (σνe/σνµ), or ν̄-ν (σν̄µ/σνµ). The
cross-section differences are defined as an overall difference.

Summary of neutrino interaction parameter values

Table 5.1 summarizes the central values and uncertainties of neutrino interaction parameters.
These values and uncertainties were evaluated based on the results of external neutrino exper-
iments. The parameters pF , EB and spectral function depend on the target nuclei, hence, the
values for ND280 (12C) and SK (16O) are listed up separately.

Table 5.1: Summary of nominal values and errors of neutrino interaction parameters. The
nominal values and errors are constrained by external data. Eν represents the neutrino energy
(GeV).

Parameter Group Nominal value Error

MQE
A A 1.21 GeV/c2 0.45 GeV/c2

MRES
A A 1.41 GeV/c2∗ 0.22 GeV/c2

pF (12C) A 217 MeV/c 30 MeV/c
EB (12C) A 25 MeV/c 9 MeV/c
pF (16O) A 225 MeV/c 30 MeV/c
EB (16O) A 27 MeV/c 9 MeV/c
Spectral function (12C&16O) A 0 (OFF) 1 (ON)
CC other shape A 0 0.4
W shape A 87.7 MeV/c2 45.3 MeV/c2

Pion-less delta decay A 0.2 0.2

CCQE norm. Eν < 1.5 B 1 0.11
CCQE norm. Eν = 1.5 ∼ 3.5 B 1 0.3
CCQE norm. Eν > 3.5 B 1 0.3
CC1π norm. Eν < 2.5 B 1.15∗ 0.32
CC1π norm. Eν > 2.5 B 1 0.40
CCCoh norm. B 1 1
NC1πC norm. B 1 0.3
NCOth norm. B 1 0.3
σνe/σνµ B 1 0.06
σν̄µ/σνµ B 1 0.4

FSI uncertainties

The rates of the FSI processes are constrained by the external pion-nuclei scattering data. These
rates are simultaneously varied within their uncertainties with correlation among them. The

∗The default value ofMRES
A and CC1π norm.(Eν < 2.5) in NEUT is 1.21 GeV and 1.0, but these values shown

Table 5.1 are tuned by the MiniBooNE measurements [93]

73



Chapter 5. Neutrino-nucleus interaction model

contribution of the FSI uncertainties for the ND280 and SK measurements are evaluated as the
changes of the observables in MC by varying the FSI probabilities. In practice, since the MC
samples have the information of final state interactions inside a nucleus, they are re-weighted
according to sets of varied FSI parameters, and then the covariance matrix of the normalization
parameters for reconstructed energies can be built. The correlation of FSI uncertainties between
ND280 and SK measurements are not considered because the difference of nucleus targets causes
the difference effect.

SI uncertainties

The outgoing pion from a nucleus may interact with the other nucleus in the water of SK. This
hadronic interaction is called the secondary interaction, SI and is handled in the SK detector
simulation. The NEUT FSI model can be used in the SI model of the SK detector simulation.
The contributions of the SI uncertainties are estimated similarly to the FSI uncertainties. The
SI contributions are combined with the FSI uncertainties as the common uncertainties (FSI-SI
uncertainties).

5.3 Effect of the neutrino interaction parameters

The effect of neutrino interaction parameters are different for the prediction of the interaction
cross-section according to their groups. Here, the effects of the model parameters in the group-A
are described. These effect are estimated with response functions. The response function provide
a weighting factor for each simulated event and is defined according to the neutrino energy and
reconstructed energy. A following weight to the ith event in simulation samples is calculated
under a change of a parameter (x→ x′, x represents a model parameter in the group-A):

wx′(i) =
σx′(i)

σx(i)
. (5.1)

This ratio depends on a neutrino flavor, interaction category, neutrino energy and reconstructed
energy. The following response factor R in a given event type (a given flavor (f), interaction
mode (m), neutrino energy (t) and reconstructed energy (r)) is calculated:

Rx′(f,m, t, r) =

∑
iwx′(i)

Tx(f,m, t, r)
, (5.2)

where wx′(i) is the weight in Eq. 5.1 for the ith simulated event in a given event type and
Tx(f,m, t, r) is the sum of events in the un-weighted simulation samples. The response functions
are estimated for all model parameters in the group-A shown in Fig 5.1.

Figure 5.2 shows the response function of MQE
A for one energy bin (neutrino energy is in

0.6∼0.7 GeV and reconstructed energy is in 0.65∼0.7 GeV). Figures 5.3 shows the fractional
change of the reconstructed energy distribution at SK under the change of MQE

A . The number

of SK events and energy spectrum change simultaneously under the change of MQE
A . The

uncertainties from model parameters in the group-A are estimated with the response functions
and considered in the oscillation analysis.

74



Chapter 5. Neutrino-nucleus interaction model

A
QEFractional change to M

-0.4 -0.2 0 0.2 0.4

W
ei

gh
t o

f t
he

 b
in

0.6

0.7

0.8

0.9

1

1.1

1.2

νµ CCQE
True Eν: 0.6~0.7 GeV
Reconstruct Eν: 0.65~0.7 GeV-3σ

-2.5σ
-2σ

-1.5σ
-1σ

-0.5σ
0σ

+3σ
+2σ

+1.5σ
+1σ

+0.5σ

+2.5σ

Figure 5.2: The MQE
A response function for one energy bin of νµ CQQE event. The ”σ” repre-

sents a error size of MQE
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Measurements at the Near and Far
detectors

In T2K, three neutrino detectors are installed: INGRID, ND280, and SK. INGRID measures
the neutrino beam direction and event rate. The neutrino beam direction measurement is used
to predict the SK flux precisely. The neutrino event rate is kept as much as possible to increase
the statistics of neutrino events. ND280 (SK) measures the event rate and energy spectrum of
neutrinos in the off-axis direction before (after) oscillation. The ND280 measurements are used
to refine the flux prediction and neutrino-nucleus interaction models. The SK measurements are
compared with the SK prediction to measure the oscillation parameters.

6.1 Measurements at INGRID

Since the neutrino energy spectrum at SK varies by the change of the off-axis angle, the neutrino
beam direction should be controlled and monitored. To monitor the neutrino beam direction,
the neutrino beam profile is reconstructed at INGRID. The center of the neutrino beam profile
corresponds to the neutrino beam direction. The neutrino event rate at INGRID is used to
confirm the stability of the neutrino beam intensity. From the stability of the neutrino event
rate and beam direction, the neutrino beam production is confirmed to be stable during all
periods. From the stable neutrino production, the measurements at ND280 and SK in all run
periods can be combined without additional uncertainties even if the alive period of ND280 is
different from one of SK.

6.1.1 Data set for INGRID measurements

INGRID data taking continue from the first of Run 1 to Run 3. The INGRID data taking is
summarized in Table 6.1. The good INGRID spills are calculated by applying the INGRID data
quality cut to the good beam spills (described at Sec 2.6). The inefficiency of INGRID data
taking was ∼0.3% during all run periods. There were some missed spills mainly due to the
troubles of the INGRID data acquisition system. These INGRID good spills were used in the
neutrino events selection.

6.1.2 Event selection

The inclusive charged current (CC) neutrino events inside an INGRID module are selected. Since
a single muon is produced at the CC interaction, the inclusive CC events remain by selecting
events with a long track of the charged particle (muon-like) starting inside the module. The
neutrinos interact inside the wall of the near detector hall. This beam related interaction is
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Table 6.1: Summary of data taking of INGRID

Run period Good spill ratio (INGRID/Beam) POT

Run 1 0.999 0.325×1020

Run 2 0.996 1.11×1020

Run 3b 0.995 0.219×1020

Run 3c 0.997 1.37×1020

Total 0.997 3.02 ×1020

called ”sand interaction”. Especially, the muon generated at the sand interaction is called ”sand
muon”. It is required to reject the incoming particles from outside modules (cosmic-ray or sand
muon). A typical neutrino event at INGRID is shown in Fig. 6.1.

Z Z

XY

Figure 1.1: A typical neutrino event. A neutrino enters from the left and
interacts within the module, producing charged particles whose tracks are shown
as the red circles. Each of the green cells in this figure is a scintillator, and the
size of the red circles indicates the size of the observed signal in that cell.
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Figure 1.2: INGRID coordinates and the definition of the module ID
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Figure 6.1: A typical neutrino event detected at INGRID. The neutrino entered from the left
and interacted in the module, then produced the charged particle. Each of the green cells in this
figure is a scintillator and the red circles represent the MPPC hits. The size of the red circles
indicates the size of the observed energy deposit. The black line connecting the hits represents
the reconstructed track.

The selection criteria are described as follows:

1. Coincident hits with light yield selection This selection is composed of three sub-steps
mainly to reject MPPC noise events:

1. The hit threshold is set to 2.5 photo-electrons (PEs). A hit cluster is defined as four
or more MPPC hits clustering within ±50 nsec. The event with one or more hit
clusters is selected to remove the random MPPC noise hits.

2. An active plane is defined as a tracking plane with one or more hits in both the
horizontal and vertical layers. These hits are called coincident hits in both layers.
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Events whose number of active planes is three or more are selected.

3. The light yields averaged over horizontal or vertical layers of the active planes are
required to be larger than 6.5 PEs for both the horizontal and vertical layers.

2. 2D-Tracking Tracks are reconstructed in a projected plane of the horizontal and beam
direction, or the vertical and beam direction separately. The hits on the active planes are
used in the track reconstruction, and the track length and angle are obtained by fitting
these hits with a linear function. The vertex of the track is determined as the most
upstream point of hits associated the track. If there are two or more candidate tracks, the
longest one is selected.

3. 3D-Track matching The difference of the vertex of tracks in both projections is required
within ±1 plane width.

4. Timing selection The expected timing of the neutrino beam arrival is estimated spill-by-
spill based on the primary proton beam timing at CT5, the time of flight of neutrinos,
and the delay in the electronics. The hit timing at the vertex is required within ±100 nsec
around the expected timing. Cosmic-ray events are rejected by this selection.

5. VETO and fiducial volume selections These selection leaves neutrino events inside mod-
ules and rejects incoming particles from outside the modules. When there is no coincident
hits in the VETO planes or the first tracking plane at the upstream position extrapolated
from the track direction, the event are selected (VETO selection). The fiducial volume
(FV) of the module is defined as a volume composed of the 3rd to 22nd of the 24 scin-
tillators. After the VETO selection, the event with the vertex inside FV is selected (FV
selection).

6.1.3 Detector simulation

The efficiency and systematic error were evaluated by a Monte Calro (MC) simulation based on
Geant4, in which events are generated according to the neutrino flux prediction (JUNBEAM)
and the neutrino-nucleus interaction model (NEUT). This overview is shown in Fig. 6.2.

Proton
π µ

νTarget

INGRID module

µ

JNUBEAM
NEUT

Detector 
simulation 
(GEANT4)

Figure 6.2: The overview of the simulation for the INGRID neutrino event.

The simulation contains following steps:

1. The neutrino flux at INGRID is predicted with JNUBEAM. As described in Sec 4, JNUBEAM
generates neutrinos at the specified area. The flavor and energy of each neutrino are
recorded. Position and angle are also recorded in case of the near detectors. For the IN-
GRID simulation, fluxes are separately generated for the horizontal module area (10.22 m
(horizontal) × 1.44 m (vertical)) and the vertical area (1.44 m (horizontal) × 10.22 m
(vertical)). The neutrinos into the INGRID modules are generated on the plane whose hor-
izontal and vertical region covers the horizontal or vertical seven modules (1.44×10.22 m2)

78



Chapter 6. Measurements at the Near and Far detectors

and position in the beam direction is the center of the module. The fluxes for horizontal
and vertical seven modules are generate separately and neutrino events in the horizontal
or vertical modules are simulated separately.

2. The neutrino interactions inside modules are generated with NEUT. The cross-section
of each interaction mode is calculated according to the flavor and energy of each neu-
trino. Based on each cross-section, the interaction mode is determined randomly for each
neutrino. The kind and kinetic variables of generated particles are used in the detector
simulation.

The MC normalization is determined from the flux normalization and the neutrino interac-
tion probability. The neutrino interaction probability is calculated from the cross-section
of each neutrino interaction and the number of target nucleus of Fe and CH. The mass
ratio of scintillator planes to iron planes is 0.038. The cross-section of each interaction is
calculated based on the neutrino-Fe interaction model. The vertex in the beam direction
is uniformly generated in both the iron plates and the scintillator trackers. The vertex in
the horizontal and vertical is given from the neutrino information.

3. The particles generated from the neutrino interaction are tracked with the INGRID detec-
tor simulation. The detector simulation models the real detector structures (geometries,
materials). The particles’ motion and physics interactions with the materials are simulated,
and the energy deposit of each particle inside the scintillator is stored.

4. The energy deposit is converted into the number of PEs. The quenching effect of the
scintillation is taken into account. The attenuation of PEs propagating in the optical fiber
is taken into account. The non-linearity of the MPPC response is also taken into account
because the detectable PEs are limited by the number of the MPPC pixels. The number
of PEs is smeared according to the statistical fluctuation.

The conversion factor to PEs and the shape of the scintillator bar are optimized based on the
measurements. The conversion factor is optimized by adjusting the peak of the PE distribution
in MC to the one in the sand muon data (failed by the FV selection). The PE distribution in MC
is based on muons generated outside modules. Figure 6.3 shows the typical PE distribution of
the sand muon data and the MC prediction (after optimization). The MC prediction is adjusted
data well. The real cross-section of the scintillator bar is like to octagon and has the thin edge
(shown at Fig. 6.4). This thickness of the edge causes the tracking inefficiency. The cross-section
of the scintillator bar is changed to reproduce the tracking inefficiency in cosmic-ray data (shown
in Fig. 6.5).

The particles produced from the sand interaction are considered as the background source.
In the background MC simulation, the neutrino flux at the upstream plane from INGRID is
generated and the neutrino interaction is uniformly generated in the upstream wall region shown
in Fig. 6.6. The dimensions of the plane are 20 m×20 m and covers the whole of INGRID. The
plane is located at 10 m upstream from INGRID. The neutrino interaction is simulated with CH
as the target nucleus. The normalization of the background is determined based on data so that
the number of sand muon events is equal to that of data which is calculated from the number
of events failed with the FV selection.

The detection efficiency is defined as the fraction of events remaining after all selections to
the neutrino interactions inside FV. The CC purity is defined as the fraction of the inclusive CC
events among selected events. The detection efficiency and CC purity are estimated with the
detector simulation as shown in Fig 6.7. The detection efficiency is estimated for the inclusive
CC, neutral current (NC) and CC+NC interactions. The flux-integrated efficiency for all inter-
action is ∼54% (70%) for all (CC) interaction and the CC purity is ∼90%. The inclusive CC
events are selected efficiently by the INGRID event selection.
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Figure 2.5: PE distribution of beam related sand muon. Left plot shows the
distribution of the MC samples and right plot shows one of the real data.
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Figure 2.6: Tracking inefficiency as a function of the reconstructed track angle
with respect to the z-axis.

Figure 2.7: Photo of the cross-section of the scintillator bar (left) and the cross-
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Figure 6.4: Photo of the cross-section of the scintillator bar (left) and the cross-section in the
MC simulation (right) after changed.

6.1.4 Detector systematic errors

The systematic errors of the INGRID detection efficiency is summarized in Table 6.2. The
dominant error source is from the 3D track matching selection. Total detector systematic error
is 3.7%, which is evaluated as a quadratic sum of all error sources. The correlation of detector
systematic errors between modules are not considered. More detail of the error evaluation is
described elsewhere [45].

New INGRID analysis has been developed to increase the detection efficiency and improve
its systematic errors. The main improvement is that the new tracking algorithm is less affected
by the MPPC noise than current one. The total detector systematic error is found to be reduced
approximately by half. In this thesis, the new analysis is not used because the systematic errors
are still investigated.

6.1.5 Result of the measurements

The neutrino beam profile is reconstructed from the number of neutrino events measured at
each INGRID module. The neutrino beam profile for the horizontal (vertical) direction is based
on the measurements at seven horizontal (vertical) modules. The center of neutrino beam
profile is obtained by fitting the beam profile with the Gaussian function. Figure 6.8 shows the
predicted and measured horizontal neutrino beam profile for Run 1. One month data is needed
to determine the neutrino beam direction with the better than 1 mrad accuracy. Table 6.3 shows
the comparison of the predicted and measured beam center and event rate during Run 1. In
this period, the proton beam was aimed slightly off center of the target in the vertical direction
due to the mis-alignment of the MUMON. The measurements are consistent with the expected
neutrino interaction rate and profile center within errors.
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Figure 6.5: Tracking inefficiency as a function of the reconstructed track angle with respect to
the beam direction. The cosmic-ray data is used.
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Figure 2.7: Photo of the cross-section of the scintillator bar (left) and the cross-section
in the MC simulation after the tuning (right)

that the number of sand muon candidates is equal to that of real data, which will be
discussed in Sec.6.2.

Figure 2.8: The wall of the detector hall
reproduced in the GEANT4 simulation
(seen from downstream)
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Figure 6.6: Left: The wall of the ND280 hall reproduced in the GEANT4 simulation (downstream
view). The INGRID 14 modules (green and purple boxes) and the wall of the ND280 hall (gray
wall) are shown. Right: Black shows the vertex of the neutrino interaction in the background
MC simulation (top view)

6.1.6 Stability of the neutrino event rate and beam direction

Figure 6.9 shows the stability of the measured neutrino event rate. A decrease of event rate by
2% was observed from the first of Run 1 to the end of Run 3. There are several sources to cause
the decrease; the reduction of the neutrino production, or the beam intensity dependence in the
INGRID analysis (the detector efficiency can be reduce because of the pile-up events). At any
rate, the neutrino event rate is confirmed to be stabile within 2%.

Figure 6.10 shows the horizontal and vertical beam center approximately every month. The
neutrino beam center averaged for each run period are summarized in Table 6.4. The systematic
errors shown in this table is from only detector systematic errors. The neutrino beam direction
was confirmed within 1 mrad from the beam axis during all run periods.
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Figure 3.19: Neutrino event selection efficiency of the muon neutrino
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Figure 3.20: Neutrino event selection efficiency of the anti muon neutrino
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Figure 6.7: Efficiency (right) and CC purity (left) as a function of energy for the INGRID event
selection. The error bars in the efficiency represent the MC statistic errors.

Table 6.2: Summary of INGRID detector systematic errors.

Error source Error [%]

3D track matching 2.7
Channel hit efficiency 1.8
Tracking efficiency 1.4
Accidental MPPC noise 0.7
Beam-related background 0.2
Iron mass 0.1
Average light yield <0.1
Out-of-beam events <0.1
Beam timing <0.1

Total 3.7
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Figure 6.8: The horizontal neutrino beam profile reconstructed by INGRID for Run 1. The
profile is fitted with a Gaussian function (lines in this plot). The statistical errors are smaller
than the marks. Systematic errors are not shown.

Table 6.3: Summary of the predicted and measured INGRID beam center and event rate for
Run 1. The systematic error is only from the uncertainty of the detection efficiency and does
not include uncertainties of the flux and neutrino interaction cross-section.

Data Prediction

Rate [events/POT] 1.59 ×10−14 1.53 ×10−14

Horizontal center [mrad] 0.009±0.052(stat.)±0.336(syst.) 0.064
Vertical center [mrad] -0.314±0.055(stat.)±0.373(syst.) -0.477

6.2 Measurements at ND280

The event rate and energy spectrum of neutrinos are measured at ND280. The inclusive CC
νµ events are selected, and then subdivided into ”CCQE-like” and ”CC nonQE-like” samples
(”CC nonQE” means the CC interactions except for CCQE).

6.2.1 Data set for ND280 measurements

The ND280 data taking is summarized in Table 6.5. The good ND280 spills are obtained by
applying the ND280 data quality cuts to the good beam spills. The inefficiency of ND280 is about
15%. The main causes to of the inefficiency is the problems of the TPC hardware components
in Run 2.

6.2.2 Event selection

A negative charged muon-like long track starting from the FGD1 is selected to detect the inclusive
CC νµ interaction. FGD1 works a neutrino interaction target and a detector. TPCs identify
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Figure 6.9: Neutrino event rate measured by INGRID (points) overlaid with mean value (dashed
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Figure 6.10: Neutrino beam center measured at INGRID at each month. The error bar repre-
sents the statistical error. The dashed line corresponds to the 1 mrad from the designed beam
axis.

Table 6.4: Neutrino beam direction measured by INGRID in each run period. The first error is
statistical error, and the second error is detector systematic error.

Period X center [mrad] Y center [mrad]

RUN1 0.009±0.052±0.336 -0.314±0.055±0.373
RUN2 -0.028±0.027±0.333 0.050±0.030±0.374
RUN3b -0.110±0.085±0.385 0.152±0.100±0.472
RUN3c -0.001±0.026±0.331 0.232±0.029±0.378
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Table 6.5: Summary of data taking at ND280

Run period Good spill ratio (ND280/Beam) POT

Run 1 0.859 0.308×1020

Run 2 0.686 0.786×1020

Run 3b 0.977 0.211×1020

Run 3c 0.978 1.353×1020

Total 0.848 2.657×1020

a muon by measuring the momentum and ionization loss of the charged particle. A typical
neutrino event at ND280 is shown in Fig. 6.11. The selection criteria of the inclusive CC νµ
interaction event are described as follows:

4

Cut based selection requires a negatively charged muon-like track 
starting in FGD1 fiducial volume:

 

Selection reminder

CC inclusive sample divided into CCQE and CCnQE enriched samples 
using two additional cuts:

Track multiplicity cut: CCQE sample requires only 1 track in event

Michel electron cut: CCQE sample requires no Michel-like delayed 
activity (time-delayed FGD1 hit cluster)

 

n
µ
 beam

TPC1

FGD1

TPC2 TPC3

FGD2

Figure 6.11: A typical neutrino signal event at ND280. The neutrino entered from the left and
interacted in FGD1, producing charged particles whose tracks are found as the green list points.
A proton or pion in the neutrino interaction is also observed unlike to INGRID.

1.Timing: The event timing is required to be within ±60 nsec from the expected timing of the
neutrino beam arrival.

2. Negative track in FGD1’s fiducial volume: One or more negative tracks are required in
both FGD and TPC are required. The FGD1 fiducial volume (FV) is defined as a volume
which has the central 182 scintillator bars in the horizontal and vertical layers and the 2nd
to 14th of the horizontal and vertical layers. The track is required to start in the FGD1
FV. The TPC track is required to have significant clusters for a reliable reconstruction. If
there are more than one negative tracks passing this selection, the highest momentum one
is selected as the muon track.

3. Backwards-going tracks and TPC1 VETO: If the negative track starting inside the
FGD1 FV is backward-going (end position upstream of start position), the event is re-
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jected. This event is considered as a mis-reconstructed event where charged particles enter
the FGD1 FV from the upstream.

4. TPC particle identification (PID): The PID selection is performed based on the relation
of the energy loss and momentum measured by TPCs. This relation is shown in Fig 6.12.
A muon-like track is selected.

The remaining CC inclusive events after these selections are categorized into the CCQE-
like or CC nonQE-like events. The CCQE-like event is required to satisfy the following two
selections:

Track multiplicity selection: Only one matched TPC-FGD track to select µ in the CCQE
interaction. A proton in the CCQE interaction tends to stop in FGD1 and not to reach
TPCs. Many pions from the CC nonQE events tend to have a TPC track.

Michel electron selection: No Michel-like electron activity in FGD1. The Michel electron is
identified by a delayed FGD1 hit cluster.

TPC dE/dx official plots 2
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Figure 1. Energy loss distribution for negative particles with 400 < p(MeV/c) < 500
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Figure 2. Energy loss distribution as a function of the reconstructed momentum for negative
particles.Figure 6.12: Energy loss distribution as a function of the reconstructed momentum for negative

particles measured by TPC.

6.2.3 Detector systematic errors

All ND280 detection systematic errors are shown in Table 6.6 . There are seven major systematic
errors and other minor systematic errors are classified into ”Others”. In the major systematic
errors, the errors associated with the track reconstruction are as follows: the TPC magnetic field,
momentum resolution, and TPC-FGD matching. The pion absorption inside nucleus makes the
CC nonQE event mis-reconstructed to the CCQE event. There are two main background in
the ND280 events. One is the sand interaction which is described in Sec 6.1.2. Another is the
”Out-of-FV background” which is the neutrino interaction outside the FGD1 FV (but inside
FGD1). The event migration from CCQE-like events to CC nonQE-like events raises from the
event pile up of CCQE and background events.
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Table 6.6: Summary of all ND280 detector systematic errors.

Error source Error size [%]

Pion absorption 1∼5
TPC magnetic field distortion 1∼7
TPC momentum resolution 2
TPC-FGD matching <1
Sand interaction 1.5
Out-of-FV background 1∼9
Pileup: CCQE to CCnonQE 1.5
Others 1.3

6.2.4 Result of the measurements

Figure 6.13 and 6.14 show the distributions of the reconstructed muon momentum and angle
after the selections. The two dimensional distribution of the momentum and angle is shown in
Fig 6.15. The distributions predicted by MC including background are also shown. The shown
background is composed the following: ”Anti-numu”, ”out FGD FV”, ”out of FGD”, ”Sand”.
”Anti-numu” is the ν̄µ interaction. ”out FDG FV” is the neutrino interaction outside FGD1 FV
but in FGD1. ”out of FGD” is the neutrino interaction in ND280 components around FGD1.
”Sand” is the sand interaction. The number of events after the selections is summarized in
Table 6.7 along with the MC expectation. The measurements is consistent with the predictions.
The CCQE-like event selection increases the fraction of the CCQE events.

These ND280 measurements are used to refine the flux and neutrino interaction models for
ND280. The ND280 constraint is extrapolated to SK so that the uncertainties of the flux and
interaction models for SK are constrained to increase the sensitivity of the oscillation analysis.
The detail of the ND280 constraints is described in Sec. 7.

Table 6.7: Summary of the ND280 measurement in Run1+2+3. Here, the error represents the
only statistic error.

Data MC

inclusive CC selection 11055±105 11499.2±107.2

CCQE-like 5841±76 6343.8±79.6
CCnonQE-like 5214±72 5255.4±72.5

6.3 Measurements at SK

The rate and energy spectrum of the neutrino events are measured at SK after oscillation. A
single muon produced in the νµ CCQE interaction is selected to reconstruct the neutrino energy
efficiently. The neutrino energy Eν is reconstructed as Erecν based on the muon momentum and
angle in the CCQE interractions:

Erecν =
(Mn − V ) · Eµ −m2

µ/2 +Mn · Eb − V 2/2 + (M2
p −M2

n)/2

Mn − Eb − Eµ + Pµ cos θν
, (6.1)

where:
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Figure 6.13: Reconstructed muon momentum distribution of the inclusive CC, CCQE-like, and
CC nonQE-like events in Run1+2+3. Black points show the data and colored histograms show
the MC expectation.
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Figure 6.14: Reconstructed muon angle distribution of the inclusive CC, CCQE-like, and
CC nonQE-like events in Run1+2+3. Black points show the data and colored histograms show
the MC expectation.
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Figure 6.15: Two dimensional distribution of the reconstructed muon momentum and angle of
the inclusive CC, CCQE-like, and CC nonQE-like events in Run1+2+3. The black line boxes
show the data and colored boxed show the MC expectation.
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Mn,Mp: the neutron, proton mass

V : the nuclear potential energy (taken to be 27 MeV for 16O)

mµ: the mass of the muon

Pµ, Eµ: the reconstructed momentum of the muon and its total energy

θν: the angle between the neutrino beam and the outgoing muon

In this reconstruction, the Fermi momentum of the bound neutron is neglected. The Fermi
momentum smears the reconstructed neutrino energy. As already mentioned, in the charge
current interactions except for CCQE (CC nonQE), the neutrino energy is mis-reconstructed to
the lower energy.

6.3.1 Data set for SK measurements

The SK data taking is summarized in Table 6.8. The good SK spills are calculated by applying
the SK data quality cuts to the good beam spills. The inefficiency of SK is ∼1%. The accumu-
lated POT for the oscillation analysis is 3.01×1020. This POT corresponds to about 4% of the
T2K final statistics.

Table 6.8: Summary of data taking at SK

Run period Good spill ratio (SK/Beam) POT

Run 1 0.992 0.324×1020

Run 2 0.989 1.109×1020

Run 3 0.990 1.579×1020

Total 0.990 3.010×1020

6.3.2 Event selection

An example of a single-ring µ-like event measured at SK is shown in Fig. 6.16. The selection
criteria are described as follows:

1. Fully-contained fiducial volume (FCFV) selection

2. Single-ring µ-like selection

3. Reconstructed momentum is greater than 200 MeV/c

4. Number of decay electrons is equal to or less than one

FCFV selection

”Fully contained” (FC) events are required to have particles remaining inside the inner detector
volume (ID) with no energy deposit in the outer veto detector (OD). The fiducial volume (FV) is
defined in Sec. 2.5. An event is considered as the FV if the distance between the closest ID wall
and the reconstructed event vertex is greater than 200 cm. Finally, the FCFV event is defined
as that the visible energy from reconstructed Cherenkov rings, Evis, is larger than 30.0 MeV.
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Super-Kamiokande IV
T2K Beam Run 0 Spill 952106
Run 66831 Sub 410 Event 96851432 
10-05-18:18:33:08
T2K beam dt =  1879.5 ns
Inner: 2949 hits, 8030 pe
Outer: 3 hits, 2 pe
Trigger: 0x80000007
D_wall: 709.7 cm
mu-like, p = 1024.6 MeV/c
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Figure 21: An example event display of a single-ring µ-like event. Four white crosses represent
the reconstructed vertex position. The left-right pair shows its height and the top-bottom pair
shows its horizontal position. The white circle represents the fitted Cherenkov ring. A pink
diamond is placed on the wall in the beam direction starting from the reconstructed vertex. The
bottom right figure is the hit timing distribution with information on the number of the tagged
µ-decay electrons.

24

Figure 6.16: Example of a single-ring µ-like event detected at SK. Developed figure of the SK
tank is shown. The middle square box represents the side area of the SK tank. The top (bottom)
circle represents the top (bottom) edge of the SK tank. The white circle indicates the fitted
Cherenkov ring. Four white crosses indicate the reconstructed vertex position. A pink diamond
is placed on the wall in the beam direction starting from the reconstructed vertex. The bottom
right figure is the hit timing distribution with information on the number of the tagged µ-decay
electrons.
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This condition is to reject low energy events such as the NC background because charged pions
with low energy may be produced and cannot produce the Cherenkov rings.

The PMTs emit light from the internal corona discharges. This is called ”flashing”. The
flasher event is the event occured from the sudden flashing PMTs. The flasher event is the
dominant source of the systematic uncertainty in the FC event selection. This event is removed
based on the PMT hit timing distribution and its periodic event cycle.

Single-ring µ-like selection

In the CC nonQE interaction, for example the CC1π interaction, a pion are produced in addition
to a muon, then more than one reconstructed rings is observed if a Cherenkov ring by a pion
is observed. The number of rings is required to be one to reject the CC nonQE events. The
efficiency of the single ring identification for CCQE events is evaluated as∼96% in the simulation.
The particle identification (PID), i.e. the separation of e-like and µ-like rings can be performed
from the edge of the Cherenkov ring as described in Sec. 2.5. Events with one µ-like ring are
selected as the single-ring µ-like events.

Reconstructed momentum is greater than 200 MeV/c

The momentum of the µ-like particle is estimated by measuring the total number of photo-
electrons associated with the Cherenkov ring. The reconstructed momentum is required to be
more than 200 MeV to keep the good performance of the µ/e separation.

Number of decay electrons is equal or less than one

In order to reject the event with charged pions not reconstructed, the number of decay electrons
is required to be 0 or 1. Decay electrons are tagged by looking for hit activities after the primary
event. The tagging efficiency is estimated ∼90% from the measurement of the cosmic-ray stopped
muon in the tank.

6.3.3 Detector systematic errors

The SK detector systematic errors consist of the systematic errors of the detection efficiency and
the energy scale. The SK detector systematic error are summarized in Table 6.9.

Table 6.9: Summary of the SK detector systematic errors. Erec represents the reconstructed
neutrino energy.

Error Error size

νµ, ν̄µ CCQE efficiency (Erec < 0.4 GeV) 2.5%
νµ, ν̄µ CCQE efficiency (Erec = 0.4 ∼ 1.1 GeV) 3.9%
νµ, ν̄µ CCQE efficiency (Erec > 1.1 GeV) 9.5%
νµ, ν̄µ CCnonQE efficiency 20%
νe, ν̄e CC efficiency 100%
NC efficiency 111%
Energy scale 2.3%

Table 6.10 shows the breakdown of systematic errors for the detection efficiencies. A dom-
inant error source in the detection efficiencies is the ring counting error. The ring counting
error was evaluated by using atmospheric neutrino events (enriched events for νµ CCQE, νµ
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CC nonQE, and NC interactions) with special event selections. The error size of the ring count-
ing was assigned as the difference of the number of events between the atmospheric neutrino
measurement and the MC prediction. For νµ CCQE event, a correlation of the ring counting
errors among Erecν bins is also evaluated. The covariance matrix of νµ CCQE ring count errors
are defined in Eq. 6.2. The large ring counting errors for CC nonQE and NC originate from
the large deviation between data and MC. The Particle ID (µ/e separation) error for NC events
has not been studies well and assigned 100%. In principle, there are no lepton associated to the
neutrino flavor from the NC interaction, hence it is difficult to evaluate the Particle ID error for
NC events.

Table 6.10: Breakdown of the systematic errors for the SK detector efficiency. Erec represents
the reconstructed neutrino energy.

Error source νµ CCQE νµ CCnonQE NC

Ring counting
1.7% (Erecν < 0.4 GeV)

19.9% 48.2%3.5% (Erecν = 0.4 ∼ 1.1 GeV)
9.3% (Erecν > 1.1 GeV)

Flasher cut 1%

Fiducial volume 1%

Decay electron 1%

Particle ID �1% 100%

Momentum cut �1%

Outer Detector VETO �1%




Erecν < 0.4 GeV Erecν = 0.4 ∼ 1.1 GeV Erecν > 1.1 GeV

σ2
1 0.59σ1σ2 0.33σ1σ3

σ2
2 0.61σ2σ3

σ2
3


 (6.2)

σ1 = 1.7%, σ2 = 3.5%, σ3 = 9.3%

Since the contribution of the νe CC events is small in the SK νµ candidates events, the
systematic error of the νe CC efficiency is negligible. The estimation of this error is postponed
(assigned as 100%).

The error of the energy scale was assigned as 2.3%. This size is a quadratic sum of the
uncertainty of the absolute scale (2.19%) and the stability (0.4%). The uncertainty of the
absolute energy scale is evaluated by comparing data and MC, and the stability is checked by
using cosmic-ray data. The stability was confirmed to be stable within 2.3% during Run 1+2+3.

6.3.4 Results of the measurement

Figure 6.17 shows the distributions of the PID parameter, the reconstructed muon momentum,
and the number of decay electron. The MC prediction shown in this section are based on the
following conditions unless otherwise stated: the MC prediction is normalized by POT and
tuned based on the results of ND280 data fit (described at Sec. 7), and the two flavor oscillation
(νµ → ντ ) is assumed with (sin2 2θ23,∆m

2
32) = (1.0, 2.4 × 10−3 eV 2). The measurements are

consistent with the MC prediction in all distributions.
Figure 6.18 shows the distributions of the reconstructed muon momentum and angle, and

reconstructed neutrino energy. The distribution of the reconstructed energy is used as a input of
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Figure 26: Distributions of νµ event selection variables at each selection stage for RUN3 (right
column) and RUN1+2+3 combined (left column) data . Plots shown here are PID parameter
(top), reconstructed muon momentum (middle) and number of decay electrons (bottom). Blue
arrows indicate the selection criteria. MC is normalized by POT and reweighted by the BANFF
fit central values. The neutrino flux reweight (to 11bv3.1), the change of flux due to the horn
current change during RUN3, and two flavor (νµ → ντ ) neutrino oscillation with (sin2 2θ23,
∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.
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Figure 26: Distributions of νµ event selection variables at each selection stage for RUN3 (right
column) and RUN1+2+3 combined (left column) data . Plots shown here are PID parameter
(top), reconstructed muon momentum (middle) and number of decay electrons (bottom). Blue
arrows indicate the selection criteria. MC is normalized by POT and reweighted by the BANFF
fit central values. The neutrino flux reweight (to 11bv3.1), the change of flux due to the horn
current change during RUN3, and two flavor (νµ → ντ ) neutrino oscillation with (sin2 2θ23,
∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.
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column) and RUN1+2+3 combined (left column) data . Plots shown here are PID parameter
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∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.

35

µ-like selection momentum selection

Decay-electron selection

Figure 6.17: Distributions of the PID parameter (upper left), reconstructed muon momentum
(upper right), and the number of decay electron (bottom) for Run1+2+3 data and the MC
prediction. These variables are associated with νµ event selections. Blue arrows in plots indicate
the selection criteria.
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the oscillation analysis. The measurement is consistent with the MC prediction in all distribu-
tions. The two dimensional reconstructed vertex distribution is shown in Fig. 6.19. The vertex
distribution of νµ candidate events is uniform and in the SK FV.
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Figure 28: Distributions of the νµ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (νµ → ντ ) neutrino oscillation with
(sin2 2θ23, ∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.
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Figure 28: Distributions of the νµ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (νµ → ντ ) neutrino oscillation with
(sin2 2θ23, ∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.
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Figure 28: Distributions of the νµ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (νµ → ντ ) neutrino oscillation with
(sin2 2θ23, ∆m2

32)=(1.0, 2.4×10−3 eV2) are taken into account.
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Figure 6.18: Distributions of the reconstructed muon momentum (upper left) and angle (upper
right), and neutrino energy (bottom) in the νµ CCQE candidate events for Run 1+2+3 data
with the MC prediction.

Table 6.11 and 6.12 summarize the number of events passing each selection step for Run1+2+3
data and the MC expectation. The MC expectation with oscillation is consistent with the ob-
servation.
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Figure 30: Reconstructed Z distribution of the νµ candidate events for RUN1+2+3 and RUN3
only. Events passing the νµ selection cuts other than the fiducial volume cut are also included.
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Figure 31: Two dimensional vertex distribution of νµ candidate events. The left figure shows
the vertex distribution projected onto the X-Y plane and the red arrow indicates the neutrino
beam direction. The right figure shows the vertical position vs. vertex R2 from the central
vertical axis of the SK tank. A dashed blue lines indicate the fiducial volume boundary. Black
markers are events observed during RUN1+2 and pink markers are events from RUN3. Hollow
crosses represent events passing all νµ selection cuts other than the fiducial volume cut.
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Figure 6.19: The vertex distribution of νµ candidate events. The left figure shows the vertex
distribution projected onto the X-Y plane (at top view) and the red arrow indicates the neutrino
beam direction. The right figure shows the vertical position (Z) vs. vertex R2 from the central
vertical axis of the SK tank. A dashed blue lines indicate the fiducial volume boundary. Black
markers are events observed during Run 1+2 and pink markers are events from Run 3. Hollow
crosses represent events passing all selection cuts other than the fiducial volume cut.

Table 6.11: Summary of events passing each selection step for Run 1+2+3 data and the MC
expectation. ”Interaction in FV” means that the true neutrino interaction point is within FV
in MC. pµ represents the muon reconstructed momentum. Ndecay−e represents the number of
decay electrons.

Run1+2+3 Data MC expectation
MC νµ + ν̄µ νµ + ν̄µ νe + ν̄e NC

Selection step Total CCQE CC nonQE CC All

Interaction in FV (TrueFV) – 296.67 45.22 110.25 8.31 132.89
FCFV 174 166.61 34.37 83.83 7.93 40.48
Single-ring 88 83.56 32.47 34.52 5.03 11.55
µ-like cut 66 67.74 31.83 32.42 0.04 3.45
pµ >200 MeV/c 65 67.33 31.60 32.35 0.04 3.34
Ndecay−e 5 1 58 57.78 31.25 23.29 0.03 3.21

Efficiency for TrueFV [%] – 19.5 69.1 21.1 0.4 2.4
Efficiency for FCFV [%] – 34.7 90.9 27.8 0.4 7.9
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Table 6.12: Summary of events passing each selection step for Run 1+2+3 data and the MC
expectation (non-oscillation). The neutrino oscillation is not considered in the MC expecta-
tion. ”Interaction in FV” means that the true neutrino interaction point is within FV in MC.
pµ represents the muon reconstructed momentum. Ndecay−e represents the number of decay
electrons.

Run1+2+3 Data MC expectation (no oscillation)
MC νµ + ν̄µ νµ + ν̄µ νe + ν̄e NC

Selection step Total CCQE CC nonQE CC All

Interaction in FV (TrueFV) – 503.28 171.16 190.92 8.31 132.89
FCFV 174 30.45 155.77 146.27 7.93 40.48
Single-ring 88 242.47 151.24 74.65 5.03 11.55
µ-like cut 66 219.20 149.11 66.61 0.04 3.45
pµ >200 MeV/c 65 217.86 148.52 65.96 0.04 3.34
Ndecay−e 5 1 58 196.22 147.88 45.10 0.03 3.21

Efficiency for TrueFV [%] – 19.5 69.1 21.1 0.4 2.4
Efficiency for FCFV [%] – 34.7 90.9 27.8 0.4 7.9
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Extrapolation of ND280
measurements to SK prediction

7.1 Overview of the extrapolation of ND280 measurements

The flux normalizations and neutrino interaction parameters used in the ND280 prediction are
refined by comparing the ND280 prediction with the measurements. The SK flux is refined based
on the refined ND280 flux through the flux correlation. The refined interaction parameters are
reflected to the interaction cross-section for the SK prediction. The flux normalizations and neu-
trino interaction parameters used in the SK prediction are tuned by the ND280 measurements.

In practice, the p-θ distributions of CCQE-like and CC nonQE-like events of the ND280
measurements are fitted with the prediction by varying the flux normalizations and neutrino
interaction parameters within their uncertainties (called the ND280 fit). The ND280 detector
systematic errors are taken into account. The flux normalizations and interaction parameters are
refined by the ND280 fit. The correlation between flux normalizations and interaction parameters
is also evaluated. The results of the ND280 fit are reflected to the SK prediction.

7.2 Fit of the ND280 p-θ distribution

7.2.1 ND280 samples used in the fit

The ND280 CCQE and CC nonQE events are used in the ND280 fit (described in Sec. 6.2). The
CCQE-like events are sensitive to the flux at the energy around the oscillation maximum, while
the CC nonQE-like events are sensitive to the flux in the higher energy. By increasing the purity
of CCQE of CC nonQE interactions, the associated interaction parameters are refined well.

7.2.2 Parameters used in the fit

The Table 7.1 summaries parameters used in the ND280 fit. The flux normalization parameters
are the weights to change the normalizations predicted by the flux simulation. The condition
that the value of the flux normalization parameter is one means the nominal normalization.
The neutrino interaction parameters describe the neutrino interaction models. In the ND280
fit, these parameters are varied within their uncertainties. In addition, the ND280 detection
systematic uncertainties are taken into account in the ND280 fit.

The only ND280 νµ flux normalizations are refined well by the ND280 fit. Other flavor’s are
tuned weakly because the contributions from other flavors are negligible (each less than 1% in
the ND280 inclusive CC νµ samples). The SK νµ and νe flux normalizations are extrapolated
based on the refined ND280 νµ flux normalizations.
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Table 7.1: List of parameters varied in the ND280 fit.

Category Parameter

Flux ND280 νµ ν̄µ νe ν̄e normalization as a function of neutrino energy
(described in Sec. 4)

ν interaction absolute cross-section normalizations for each interaction category

MQE
A , MRES

A , pF (12C), EB(12C), Spectral function (12C),
CC other shape, W shape, Pion-less delta decay,
FSI (described in Sec. 5)

Neutrino interaction parameters used in the ND280 fit are categorized into the following
groups:

1. Parameters that are refined by the ND280 fit well and affect the SK prediction. The fit
results of these parameters are reflected to the SK prediction. The following parameters are
categorized here: the absolute cross-section normalizations for CCQE and CC1π, MQE

A ,
and MRES

A .

2. Parameters that only affect the ND280 prediction and not SK. Therefore, the fit results of
these parameters are not reflected to the SK prediction. Fermi gas (pF , EB ) and spectral
function parameters depend on the target nuclei and are different in ND280 (12C) and SK
(16O).

3. Parameters that are weakly refined by the ND280 fit well and affect the SK prediction.
There parameters are refined by external data. The fit results of these parameters are not
reflected to the SK prediction.

In short, the cross-section normalization for CCQE and CC1π interactions, MQE
A , and MRES

A

are refined by the ND280 fit and extrapolated to the SK prediction. Other neutrino interaction
parameters are refined by external data (not refined by the ND280 fit).

7.2.3 Results of the fit

Figure 7.1 and 7.2 shows the distributions of the reconstructed muon momentum and angle. The
bottom of each plot shows the residuals, defined as (data-MC)/(statistical error of data) for the
events in each bin. Table 7.2 summarizes the number of CCQE-like and CC nonQE-like events.
The prediction after the ND280 fit reproduces the data better than before the ND280 fit.

Figure 7.3 shows the ND280 νµ flux normalization parameters before and after the ND280 fit.
Table 7.3 summarizes the neutrino interaction parameters before and after the ND280 fit (here,
only interaction parameters reflected to the SK prediction). The ND280 flux normalizations and
neutrino interaction parameters are refined well by the ND280 fit.

7.3 Extrapolation to SK

The flux normalizations and neutrino interaction parameters used in the SK prediction are
refined by the ND280 fit. The refined parameters improves the uncertainties of the event rate
and energy spectrum at SK. Detail of this improvement is described at Sec. 8.1.2.

The SK νµ and ν̄µ flux normalization parameters are defined according to the neutrino energy
binning shown in Table 7.4. Figure. 7.4 shows the SK νµ and ν̄µ flux normalization parameters
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⌫µ Tracker Analysis BANFF Postfit Studies. 8

Figure 4. Data and MC Pµ distributions for the CCQE, CCnQE and CC inclusive samples for Runs 1,
2 and 3 together for nominal (solid line) and reweighted MC after the BANFF fit (dashed line), and data
(dots). At the bottom of each distribution the residuals are shown.
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Figure 7.1: Distribution of the reconstructed muon momentum before and after the ND280
fit for CCQE-like events (left), and CC nonQE-like events (right). The error bars of data the
statistical error.
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Figure 7.2: Distribution of the reconstructed muon angle before and after the ND280 fit for
CCQE-like events (left), and CC nonQE-like events (right). The error bars of data the statistical
error.

Table 7.2: Summary of ND280 CCQE-like and CC nonQE-like events before and after the ND280
fit. This residual is based on the total number events in each sub-sample.

CCQE-like CC nonQE-like
Events Residual Events Residual

Data 5841 – 5214 –
MC(Before fit) 6243.8 -5.27 5255.4 -0.57
MC(After fit) 5854.4 -0.18 5202.7 0.16
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Figure 7.3: ND280 νµ flux normalization parameters as a function of energy before and after the
ND280 fit. Left: the ND280 νµ flux normalization parameter before and after the ND280 fit.
The envelope on the plot represents the systematic error size. Right: the fractional error size of
the ND280 νµ flux normalization.

Table 7.3: Summary of neutrino flux and interaction parameters extrapolated to SK. Eν repre-
sents the neutrino energy (GeV).

# Parameter Before ND280 fit After ND280 fit
Central value Error Central value Error

0∼10 SK νµ Flux 1 0.09∼0.19 0.90∼1.01 0.07∼0.14
11∼15 SK ν̄µ Flux 1 0.11∼0.13 0.95∼0.98 0.09∼0.11

16 MQE
A 1.21 GeV/c2 0.45 1.27 GeV/c2 0.19

17 MRES
A 1.41 GeV/c2 0.22 1.22 GeV 0.13

18 CCQE norm.(Eν <1.5) 1.0 0.11 0.95 0.09
19 CCQE norm.(Eν=1.5∼3.5) 1.0 0.30 0.71 0.21
20 CCQE norm.(Eν >3.5) 1.0 0.30 1.35 0.22
21 CC1π norm.(Eν <2.5) 1.15 0.32 1.37 0.20
22 CC1π norm.(Eν >2.5) 1.0 0.40 1.02 0.28
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Chapter 7. Extrapolation of ND280 measurements to SK prediction

before and after the ND280 fit. The νe and ν̄e flux normalizations are not varied in the oscillation
analysis because the contributions of these uncertainties are negligible in the SK νµ candidates.
Table 7.3 also summarizes the common neutrino interaction parameters used in the ND280 and
SK prediction. All of flux and neutrino interaction errors are reduced significantly by the ND280
measurements.

Table 7.4: Energy binning for the SK νµ and ν̄µ flux normalization parameters

Flavor True neutrino energy binning [GeV] # of bins

νµ
0–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 0.7–1.0, 1.0–1.5,

11
1.5–2.5, 2.5–3.5, 3.5–5.0, 5.0–7.0, 7.0–30

ν̄µ 0–0.7, 0.7–1.0, 1.0–1.5, 1.5–2.5, 2.5–30 5

Figure 7.5 shows the correlation matrix between the flux normalization parameters and
interaction parameters extrapolated to the SK prediction before and after the ND280 fit. There
is a significant anti-correlation between them. The reason is that the observed neutrino events
are always affected from the both the flux normalizations and neutrino interaction cross-section.
In other words, when flux normalizations reduce, the neutrino interaction cross-sections always
increase so that the number of neutrino events does not change. It is important that this anti-
correlation can reduce the uncertainties on the SK prediction more than the quadratic sum of
the flux and neutrino interaction uncertainties (i.e. the uncorrelated case).
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Figure 7.4: Top: SK νµ (top left) and ν̄µ (top right) flux normalization parameters as a function
of neutrino energy before and after ND280 fit. The envelope on each plot show the flux systematic
error. Bottom: the fractional flux error for SK νµ (bottom left) and ν̄µ (bottom right) flux.
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Figure 7.5: Correlation matrix of SK flux and cross-section parameters which are constrained
by ND280 fit. These horizontal and vertical axises represent the parameter number in Table 7.3.
The correlation matrixes before (top) and after (bottom) ND280 fit are shown.
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Analysis of muon neutrino
disappearance

8.1 Analysis method

The goal of this analysis of muon neutrino disappearance is to determine the best oscillation
parameters (sin2 2θ23, ∆m2

32) with high precision based on the 3.01×1020 POT (Run 1+2+3)
data set. An extended unbinned maximum likelihood method is used in the analysis. The
likelihood is constructed with the rate and energy spectrum of the SK νµ events including the
systematic uncertainties of the SK prediction.

8.1.1 Definition of the likelihood

The likelihood is defined as:

L(Nobs,E
rec
obs;o,f) = Lnorm(Nobs;o,f)× Lshape(Erec

obs;o,f)× Lsyst(f) (8.1)

where:

Lnorm,Lshape,Lsyst: the likelihood for the event rate, neutrino energy spectrum and systematic
uncertainties.

Nobs, E
rec
obs: the rate and reconstructed energy (Erec) spectrum of νµ events observed at SK.

Erec is caclulated according to Eq. 6.1.

o: the neutrino oscillation parameters (sin2 2θ23,∆m
2
32) to be measured.

f : parameters representing systematic uncertainties for the prediction (called ”systematic pa-
rameters”). These parameters act as weighting factors to change the nominal SK predic-
tion. Following systematic uncertainties are taken into account: the neutrino flux, neutrino
interaction, the SK detection efficiencies and energy scale, and final-state and secondary
interactions (called FSI-SI, described in Sec. 5.2).

Lnorm is the event rate likelihood for the Poisson probability to observed Nobs candidate
events:

Lnorm(Nobs;o,f) =
e−Nexp(o,f )(Nexp(o,f))Nobs

Nobs!
, (8.2)

where Nexp(o,f) is the expected event rate.
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Lshape is the unbinned likelihood for the neutrino energy spectrum. This is defined as the
product of probabilities that each event is observed with the reconstructed energy Erecobs,i:

Lshape(Erec
obs;o,f) =

Nobs∏

i=1

ρ(Erecobs,i;E
rec
exp,o,f), (8.3)

where Erecobs,i represents the reconstructed energy of the ith observed event and ρ is the probability
density function (PDF) of the reconstructed neutrino energy. The PDF ρ is calculated for given
oscillation parameters and systematic parameters.
Lsyst(f) is the probability density function of the systematic parameters. This acts as the

penalty term by the systematic parameters. A multivariate normal distribution is used:

Lsyst(f) =
1

(2π)k/2
√
|V |

exp

(
−1

2
∆fTV −1∆f

)
, (8.4)

where k is the number of systematic parameters, V is the covariance matrix of systematic
parameters, and ∆f are the deviations of systematic parameters from their nominal values.

To measure the sin2 2θ23 and ∆m2
32, the likelihood in Eq. 8.1 is maximized by varying oscil-

lation parameters o and systematic parameters f simultaneously (called as the oscillation fit).
In practice, the negative log likelihood −2 logL(o,f) is defined as χ2 and minimized by the
minimum search algorithm (MINUIT library [94]). The sin2 2θ23 and ∆m2

32 are bound in the
following region:

0 < sin2 2θ23 < 1

1.0× 10−3 < ∆m2
32(eV2) < 6.0× 10−3

The sin2 2θ23 < 0 or sin2 2θ23 >1 is un-physical. The boundary for ∆m2
23 is determined based

on the clearly excluded region based on the current knowledge.

8.1.2 Prediction of the event rate and energy spectrum of SK νµ events

The expected event rate in each Erec bin is calculated for given oscillation and systematic
parameters. The expected event rate in the Ereci bin is defined as:

Nexp(E
rec
i ,o) =

5∑

F

∫ Ereci+1

Ereci

dErec
∫
dEν ΦF

SK(Eν) · PFosc(Eν ,o) (8.5)

×
6∑

I

σF,ISK(Eν) · εF,ISK(Erec) ·RF,ISK(Eν → Erec),

where

F : Neutrino flavor category. There are five categories, νµ, ν̄µ, νe, ν̄e and νe,app, where νe,app is
νe oscillated from νµ.

I: Neutrino interaction category. There are six categories: CCQE, CC1π, CC coherent, CC
others, NC1πC and NC others (see Sec 5).

Eν , E
rec: True and reconstructed neutrino energy of the event. The energy binning for Eν and
Erec used in this analysis is described in Table 8.1 or 8.2. The energy binning is defined
so that the shape of energy spectrum around the oscillation maximum is kept fine and the
number of bins is reduced to keep the analysis program simple.
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ΦF
SK : Predicted F flux at SK.

PFosc: Oscillation probability for the F flux, which is applied only on the CC interaction. Fol-
lowing oscillation probabilities are considered:

• νµ → νµ survival probability for F = νµ.

• ν̄µ → ν̄µ survival probability for F = ν̄µ.

• νe → νe survival probability for F = νe.

• ν̄e → ν̄e survival probability for F = ν̄e.

• νµ → νe appearance probability for F = νe,app.

The oscillation probabilities are calculated by the ”Prob3++” library [95] which calcu-
lates the oscillation probability in the three-flavor-neutrino oscillation model including the
matter effect. The oscillation parameters except for sin2 2θ23 and ∆m2

32 are fixed to the
current best knowledge, as shown in Table 8.3. The matter effect is not considered because
this effect is negligible for νµ disappearance.

σF,ISK : Neutrino-nucleus interaction cross-section for the target material of SK (16O).

εF,ISK : SK detection efficiency

RF,ISK(Eν → Erec): SK detector response function representing the probability to observe the
event with Eν as one with Erec.

Table 8.1: Binning of the true neutrino energy (Eν) used in the oscillation analysis. Bins at the
energy around the oscillation maximum (0.3∼1.0 GeV) are kept fine. Total number of bins is
85.

Eν [GeV] 0.0∼0.3 0.3∼1.0 1.0∼3.0 3.0∼3.5 3.5∼4.0 4.0∼5.0 5.0∼7.0 7.0∼10.0 10.0∼30.0
Bin width [GeV] 0.05 0.025 0.05 0.10 0.50 1.0 2.0 3.0 20.0
# of bins 7 28 40 5 1 1 1 1 1

Table 8.2: Binning of the reconstructed neutrino energy (Erec) used in the oscillation analysis.
Total number of bins is 74.

Erec [GeV] 0.0∼3.0 3.0∼4.0 4.5∼6.0 7.0∼10.0 10.0∼30.0
Bin width [GeV] 0.05 0.25 0.50 1.0 20.0
# of bins 61 4 4 4 1

The total expected event rate, N tot
exp(o), is calculated by integrating Nexp(E

rec
i ,o) over all

reconstructed neutrino energy bins:

N tot
exp(o) =

74∑

i

Nexp(E
rec
i ,o). (8.6)
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Table 8.3: Summary of oscillation parameter values except for sin2 2θ23 and ∆m2
32 used in the

probability calculation by Prob3++. These parameters are fixed in the oscillation fit.

Parameter Value

∆m2
21 7.5×10−5eV2

sin2 2θ12 0.8757
sin2 2θ13 0.098
δCP 0
Mass hierarchy Normal
Baseline length 295 km
Earth density 0 (Matter Effect off)

The PDF of the reconstructed energy spectrum, ρ(Erec) is derived from the normalized
Nexp(E

rec
i ) (N tot

exp is normalized to one). Since Nexp(E
rec
i ) is separated with a finite bin width,

the probabilities between neighboring bins are interpolated with the linear function to construct
the unbinned likelihood. The PDF is calculated as:

ρ(Erec) =
x ·Nexp(E

rec
i+1) · wi+1 + (1− x) ·Nexp(E

rec
i ) · wi

N tot
exp

, (8.7)

where

x =
Erec − Ereci

Ereci+1 − Ereci

, wi =
0.05 GeV

Ereci+1 − Ereci

, (Ereci+1 > Erec > Ereci ). (8.8)

Figure 8.1 shows the normalized Nexp(E
rec
i ) and the PDF according to Eq. 8.7.
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Figure 8.1: The PDF of reconstructed energy spectrum with oscillation. Black histogram shows
the normalized Erec spectrum. Blue line shows the linear function interpolated between neigh-
boring bin centers.

The SK prediction is the one refined based on the results of ND280 fit (described at Sec. 7.3).
The predicted Eν and Erec spectra are shown in Fig. 8.2 and 8.3 and the expected number
of SK νµ events is summarized in Table 8.4 for a given oscillation case (sin2 2θ23,∆m

2
32)=

(1.0,2.4×10−3) at 3.01×1020 POT. Figure 8.4 shows expected number of SK νµ events for each
oscillation parameter points (sin2 2θ23,∆m

2
32).
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Figure 8.2: Predicted true-energy spectrum of νµ candidate events (left plot) and the fraction
of each event category at each energy (right plot).
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Figure 8.3: Predicted reconstructed energy spectrum of νµ candidate events (left plot) and the
fraction of each event category at each energy (right plot).

Table 8.4: Predicted number of SK νµ events with neutrino oscillations (sin2 2θ23,∆m
2
32 =

1.0, 2.4× 10−3) at 3.01×1020 POT.

Before ND280 fit After ND280 fit After-fit/Before-fit
Category Number Fraction[%] Number Fraction[%] Ratio

νµ + ν̄µ CCQE 35.4 54.9 32.1 55.1 0.90
νµ + ν̄µ CC1π 20.3 31.4 18.2 31.1 0.90
νµ + ν̄µ CCCoh 0.53 0.8 0.51 0.9 0.96
νµ + ν̄µ CCOth 4.2 6.4 4.0 6.8 0.95
νe + ν̄e CC 0.15 0.2 0.14 0.2 0.93
All NC1πC 2.2 3.4 1.8 3.0 0.80
All NCOth 1.8 2.8 1.6 2.8 0.89

Total 64.5 58.3 0.90
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Figure 8.4: Expected total number of νµ candidate events for each oscillation parameter points
at 3.01×1020 POT

8.2 Systematic parameters

The systematic uncertainties on the predicted number of νµ and reconstructed energy spectrum
are built into the Nexp(E

rec
i ) calculation (Eq. 8.5) via systematic parameters, f . The correlation

among systematic parameters are included by the covariance matrix in the likelihood. The
contents of f are:

f = (fflux,fxsec,fSK , fe−scale)T , (8.9)

where:

fflux: Beam flux systematic parameters.

fxsec: Neutrino interaction cross-section parameters.

fSK : Systematic parameters representing combined SK detection efficiency error and the un-
certainties of final state interaction (FSI) and the secondary interaction (SI) in SK

fe−scale: SK energy scale systematic parameter.

In this analysis, 43 systematic parameters are used and summarized in Table. 8.5. Figure 8.5
shows the correlation matrix and fractional error size of all systematic parameters.

8.2.1 Beam flux systematics parameters

As mentioned, since the contribution from the uncertainties of νe and ν̄e flux were found to
be negligible (∼0.02 %), only uncertainties of νµ and ν̄µ are considered. The flux systematic
parameters fflux change the flux normalization as a function of neutrino energy as:

ΦF
SK(Eν)→ fflux(F,Ejν) · ΦF

SK(Eν) (Ejν < Eν < Ej+1
ν ), (8.10)

where the binning of Eν is defined in Table 8.6.
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Table 8.5: Summary of systematic parameters used in the oscillation analysis. No.0∼15 system-
atic parameters are categorized into the beam flux systematics parameters. No.16∼33 systematic
parameters are categorized into the neutrino interaction cross-section systematics parameters.
Other systematic parameters are categorized into SK detection efficiency and FSI-SI systematics
parameters. The SK detection and FSI-SI parameters (indicated by *) are combined into the
common parameters having a size of quadratic sum of uncertainties. Eν (Erec) represents the
true (reconstructed) energy in GeV unit.

No. Parameter
Before ND280 fit After ND280 fit
Value Error(1σ)[%] Value Error(1σ[%]

0∼15 Beam flux 1 9.3∼18.9 0.90∼1.01 7.0∼14.2

16 MQE
A [GeV] 1.21 37.2 1.27 16.0

17 MRES
A [GeV] 1.41 15.6 1.22 10.5

18 CCQE norm (Eν <1.5) 1 11 0.95 8.6
19 CCQE norm (Eν =1.5∼3.5) 1 30 0.71 20.9
20 CCQE norm (Eν >3.5) 1 30 1.35 22.5
21 CC1π norm (Eν <2.5) 1.15 31.7 1.37 20.4
22 CC1π norm (Eν >2.5) 1 40 1.02 28.2
23 CC other shape [GeV] 0 40 (same as before fit)
24 Spectral function 0(Off) 100(On) (same as before fit)
25 Eb [MeV] 27 33.3 (same as before fit)
26 pF [MeV] 225 13.3 (same as before fit)
27 CCCoh norm 1 100 (same as before fit)
28 NC1πC norm 1 30 (same as before fit)
29 NCOth norm 1 30 (same as before fit)
30 σνe/σνµ 1 3 (same as before fit)
31 W-shape [MeV] 87.7 51.7 (same as before fit)
32 Pi-less delta decay 0 20 (same as before fit)
33 σν̄/σν 1 40 (same as before fit)

34* SK eff. for νµ, ν̄µ CCQE (Erec <0.4) 1 2.5 (same as before fit)
35* SK eff. for νµ, ν̄µ CCQE (Erec=0.4∼1.1) 1 3.9 (same as before fit)
36* SK eff. for νµ, ν̄µ CCQE (Erec >1.1) 1 9.5 (same as before fit)
37* SK eff. for νµ, ν̄µ CCnonQE 1 20 (same as before fit)
38* SK eff. for νe CC 1 100 (same as before fit)
39* SK eff. for All NC 1 111 (same as before fit)
40 SK energy scale 1 2.3 (same as before fit)

34* FSI-SI for νµ, ν̄µ CCQE (Erec <0.4) 1 0.004 (same as before fit)
35* FSI-SI for νµ, ν̄µ CCQE (Erec=0.4∼1.1) 1 0.07 (same as before fit)
36* FSI-SI for νµ, ν̄µ CCQE (Erec >1.1) 1 0.3 (same as before fit)
37* FSI-SI for νµ, ν̄µ CCnonQE 1 8.7 (same as before fit)
38* FSI-SI for νe CC 1 1.1 (same as before fit)
39* FSI-SI for All NC 1 7.7 (same as before fit)

Table 8.6: Binning of the flux systematic parameters

Flavor Neutrino energy binning [GeV] # of bins

νµ
0–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 0.7–1.0, 1.0–1.5,

11
1.5–2.5, 2.5–3.5, 3.5–5.0, 5.0–7.0, 7.0–30

ν̄µ 0–0.7, 0.7–1.0, 1.0–1.5, 1.5–2.5, 2.5–30 5
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Figure 8.5: The correlation matrix (left) and diagonal fractional errors (right) of systematic
parameters used in the oscillation analysis with the ND280 data constraint. The red histogram
in the right figure represents the fractional errors before the ND280 fit.

8.2.2 Neutrino interaction systematics parameters

As described in Sec. 5.2, the neutrino interaction parameters fxsec are classified into following
categories: model parameters represented with the response function (fxsecres ), absolute cross-
section parameters (fxsecnorm), and the cross-section difference parameter (fxsecσν̄/σν

or fxsecσνe/σνµ
) The

cross-section difference is applied to only CC events. The neutrino interaction systematic pa-
rameters change the cross-section value as:

σF,ISK(Eν) → (8.11)

σF,ISK(Eν) × fxsecnorm(I, Eν) ·R(F, I, Eν , E
rec,fxsecres ) ·





1 F = νµ,

fxsecσν̄/σν
F = ν̄µ,

fxsecσνe/σνµ
F = νe,

fxsecσν̄/σν
· fxsecσνe/σνµ

F = ν̄e,

where R is the response functions described at Sec. 5.3.

8.2.3 SK detection efficiency and FSI-SI systematics parameters

The systematic parameters for the SK efficiency, FSI and SI uncertainties are combined. Their
error sizes are evaluated as the quadratic sum of all error sources. These systematic parameters
change the SK detection efficiency as:

εF,ISK(Erec)→ fSK(F, I, Erec) · εF,ISK(Erec) (8.12)

8.2.4 SK energy scale systematic parameter

The uncertainty from the SK energy scale is given as the parameter to change the Erec in the
SK detector response function, which is represented as fSKe−scale. The SK energy scale systematic
parameter changes the reconstructed energy for the response function as:

RF,I(Eν → Erec)→ RF,I(Eν → Erec · (1 + fSKe−scale)). (8.13)
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8.2.5 Effect of systematic uncertainties

To demonstrate the effect of each systematic uncertainty, N tot
exp is calculated by changing each

systematic parameter by ± 1 σ (σ is the error size) shown in Table 8.5. To check the individual
effect, the systematic parameters of SK detection efficiency and FSI-SI are handled separately.
Table 8.7 summarizes the effect of each systematic parameter. For the systematic uncertainties
of beam flux (16 parameters), the correlation between them is considered.

As previously described, there is a significant anti-correlation between flux normalizations
and some of neutrino interaction parameters which are refined by the ND280 measurements.
To estimate the effect of the systematic uncertainties including their correlation, many toy-
experimens (20000) of the systematic parameters are generated according to the multivariate
normal distribution and the covariance matrix. For each toy-experiment, Nexp(E

rec) and N tot
exp

is calculated. The central values of systematic parameters in multivariate normal distribution
is set to the values after the ND280 measurement. Figure 8.6 shows the N tot

exp and Nexp(E
rec)

distribution for the 20000 toy-experiments. The uncertainties ofN tot
exp andNexp(E

rec) are reduced
significantly by the ND280 measurement.
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Figure 8.6: Fluctuation of the N tot
exp and Nexp(E

rec) at (sin2 2θ23,∆m
2
32) = (1.0, 2.4 × 10−3).

Left: the distribution of the N tot
exp based on 20000 toy-experiments by systematic parameter

variations. Right: the Nexp(E
rec) distribution with errors which correspond to r.m.s. from

20000 toy-experiments.

Table 8.8 summarizes the contribution of following systematic error sets to the uncertainty
on the N tot

exp:

• Flux and ν interaction (ND280 meas.): the neutrino flux and neutrino interaction param-
eters which are refined by the ND280 measurement.

• Other ν interaction: neutrino interaction parameters which are not extrapolated to the
SK prediction.

• SK detector: the SK detector systematic parameters

• FSI-SI: the FSI-SI systematic parameters

Fig. 8.7 shows the fractional uncertainties of the Nexp(E
rec) for each systematic error set. The

dominant error sources at the energy around the oscillation maximum are the SK detection effi-
ciencies (especially for CC nonQE and NC event). The next ones are neutrino interaction errors
not refined by the ND280 measurement. The systematic uncertainties of the flux normalizations
and interaction parameters refined by the ND280 measurement are small. The effects of FSI-SI
errors are smallest.
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Table 8.7: Summary of the fractional change (in %) of the number of νµ candidate events under
a change to each systematic parameter by ±1σ (σ represents the error size) of before and after
ND280 fit shown in Table. 8.5. Eν and Erec are in the unit of GeV.

Systematic uncertainty
(sin2 2θ23,∆m

2
32) = (1.0, 2.4× 10−3)

Before ND280 meas. After ND280 meas.

Beam flux ±10.5 ±7.1

MQE
A 14.0/-16.9 +6.3/-7.0

MRES
A 7.6/-7.4 +4.4/-4.3

CCQE norm (Eν <1.5) ±4.5 ±3.5
CCQE norm (Eν=1.5∼3.5) ±4.3 ±3.0
CCQE norm (Eν >3.5) ±1.4 ±1.0
CC1π norm (Eν <3.5) ±4.4 ±2.9
CC1π norm (Eν >3.5) ±4.8 ±3.4

CC other shape ±0.8 (same as before fit)
Eb +0.2/-0.06 (same as before fit)
pF +0.1/-0.02 (same as before fit)
Spectral function ±0.7 (same as before fit)
CCCoh norm ±0.9 (same as before fit)
NC1πC norm ±0.9 (same as before fit)
NCOth norm ±0.8 (same as before fit)
σνe/σνµ ±0.01 (same as before fit)
W-shape ±0.4 (same as before fit)
Pi-less delta decay ±6.2 (same as before fit)
σν̄/σν ±2.4 (same as before fit)

SK eff. for νµ, ν̄µ CCQE (Erec <0.4) ±0.16 (same as before fit)
SK eff. for νµ, ν̄µ CCQE (Erec=0.4∼1.1) ±0.95 (same as before fit)
SK eff. for νµ, ν̄µ CCQE (Erec >1.1) ±2.3 (same as before fit)
SK eff. for νµ, ν̄µ CC nonQE ±7.8 (same as before fit)
SK eff. for νe, ν̄e CC ±0.25 (same as before fit)
SK eff. for All NC ±6.4 (same as before fit)
SK energy scale (not changed) (same as before fit)

FSI-SI for νµ, ν̄µ CCQE (Erec <0.4) ±0.00 (same as before fit)
FSI-SI for νµ, ν̄µ CCQE (Erec=0.4∼1.1) ±0.02 (same as before fit)
FSI-SI for νµ, ν̄µ CCQE (Erec >1.1) ±0.07 (same as before fit)
FSI-SI for νµ, ν̄µ CC nonQE ±3.4 (same as before fit)
FSI-SI for νe, ν̄e CC ±0.00 (same as before fit)
FSI-SI for All NC ±0.45 (same as before fit)
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Table 8.8: Uncertainty (r.m.s./mean in %) on the N tot
exp from each systematic error source set.

Errors
(sin2 2θ23,∆m

2
32) = (1.0, 2.4× 10−3)

Before ND280 meas. After ND280 meas.

Flux and ν interaction (ND280 meas.) 21.7 4.2
Other ν interaction 6.2 6.2
SK detector 10.5 10.5
FSI-SI 3.5 3.5

Total 25.3 13.5
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Figure 8.7: Fractional error on the ρ(Erec) with several systematic error sets. The fractional
error is r.m.s/mean of 20000 toy-experiments at each Erec bin.
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8.3 Sensitivity

The sensitivity to determine sin2 2θ23 and ∆m2
32 at the 3.01×1020 POT is evaluated as follows:

1. Systematic parameters are generated randomly based on the multivariate normal distri-
bution having the total covariance matrix.

2. The N tot
exp and PDF are calculated based on the generated systematic parameters,

3. The observed number of events in this toy-experiment is determined as a random number
following Poisson distribution having mean value of N tot

exp.

4. For each of N tot
obs events, the reconstructed energy is assigned according to the PDF given

in the step 2.

The 1000 toy-experiments are generated for (sin2 2θ23,∆m
2
32) = (1.0, 2.4−3). The sensitivity

contour is drawn by applying the constant ∆χ2 limit on the average ∆χ2 of 1000 toy-experiments.
The constant ∆χ2 limit is calculated by the following steps:

1. The χ2 for each point of (sin2 2θ23,∆m2
32) is calculated. The systematic parameters are

allowed to change to obtain minimum χ2 at that point.

2. The χ2 differences (∆χ2) between the minimum χ2 at each point and the minimum χ2 in
whole (sin2 2θ23,∆m2

32) points are calculated. The best (sin2 2θ23,∆m2
32) correspond to the

point with the minimum χ2 in the whole points.

The 68% (90%) sensitivity contour is defined the region where ∆χ2 is less than 2.30 (4.61). To
estimate the contribution of various systematic error sets, the sensitivity contours are estimated
for each systematic error set (as shown in Table 8.8). In practice, one systematic parameter
set is varied and others are fixed (e.g. the contribution of ”ND280 meas” is estimated with
systematic parameters of ”Flux and ν interaction” varied and others fixed). The contribution of
purely statistical errors (”No syst”) is estimated with all systematic parameters fixed. Figure 8.8
shows the sensitivity contour for (sin2 2θ23, ∆m2

32) with 90% confidence level (C.L.) and the ∆χ2

distribution for sin2 2θ23 and ∆m2
32. Table. 8.9 summarizes the 90% confidence interval (C.I.).

The statistical uncertainty is a dominant error source to limit the sensitivity with the current
POT. Among systematic parameters, the effect of SK detector efficiency & FSI-SI systematic
parameters are dominant. The contribution of systematic uncertainties in the ND280 fit is
reduced by the ND280 measurements.

Table 8.9: Summary of 90% C.I. sensitivities at 3.01×1020 POT. The C.I. for sin2 2θ23 (∆m2
32)

is evaluated at ∆m2
32 = 2.4× 10−3 (sin2 2θ23 = 1.0).

Source sin2 2θ23 (δ(sin2 2θ23)) ∆m2
32 (δ(∆m2

32)) [eV2]

No syst 0.93∼1.0 (0.070) 2.09×10−3 ∼ 2.74× 10−3 (7.5×10−4)
ND280 fit(before fit) 0.861∼1.0 (0.139) 1.93×10−3 ∼ 2.76× 10−4 (8.3×10−4)
ND280 fit(after fit) 0.929∼1.0 (0.071) 2.08×10−3 ∼ 2.74× 10−3 (7.6×10−4)
Other ν int. 0.927∼1.0 (0.073) 2.08×10−3 ∼ 2.76× 10−3 (7.8×10−4)
SK&FSI-SI 0.925∼1.0 (0.075) 2.08×10−3 ∼ 2.74× 10−3 (7.6×10−4)
All syst (after fit) 0.922∼1.0 (0.078) 2.06×10−3 ∼ 2.77× 10−3 (7.9×10−4)
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8.4 Results with Run 1+2+3 data

8.4.1 Fit result

As described in Sec. 6.3.4, the number of the selected events during Run 1+2+3 is 58. The
reconstructed energy spectrum is shown in Fig. 6.18. From these data, the best fit oscillation
parameters are obtained as:

(sin2 2θ23,∆m
2
32) = (1.00, 2.45× 10−3eV2).

These values are consistent with the current knowledge as shown in Sec 1.1.4. The expected
number of events is 57.97 and the expected energy distribution is shown in Fig 8.9 for the best
fit value of (sin2 2θ23,∆m

2
32). Data is consistent with the prediction at the best fit point. For

supplement, the systematic parameters at the best fit point are checked. The pull is calculated
for each systematic parameter as follows:

pulli =
f ipost − f iprior

σipost
, (8.14)

where i is the systematic parameter number, f iprior and f ipost is the value of the systematic

parameter before and after the oscillation fit, and σipost is the error estimated in the fit. The
pull for each systematic parameter is shown in Fig. 8.10. All pulls are close to zero. This is
because the systematic errors affect the prediction weakly since the statistical error is dominant
at current statistics. Anyway, variations of systematic parameters are reasonable.

The goodness-of-fit are evaluated to confirm the validity of the best fit point. For this
purpose, the simple binned χ2 for the goodness-of-fit (χ2

gof ) is defined as:

χ2
gof = 2

∑

i

[
nobsi × ln

(nobsi
nexpi

)
+ nexpi − nobsi

]
+ fTV −1f , (8.15)

where nobsi (nexpi ) is the observed (expected) number of events in the ith reconstructed energy
bin. The energy binning for χ2

gof is (0.0∼0.4, 0.4∼0.7, 0.7∼1.0, 1.0∼2.0, 2.0∼30.0) (GeV). This

was determined so that each bin has about 10 events. The χ2
gof obtained with the data is 1.771

at the best fit point. To evaluate the goodness-of-fit, the possible χ2
gof distribution is estimated

from the toy-experiments generated with the best fit oscillation parameters. The oscillation fit is
performed for each toy-experiment, and the χ2

gof is calculated. The distribution of χ2
gof of 1000

toy-experiments is shown in Fig 8.11. The χ2
gof of real data (1.771) is compared with the χ2

gof

distribution. The 85% of toy-experiments have larger χ2
gof s than that of real data. The χ2

gof of

real data sits well within the expected χ2
gof distribution shown in Fig. 8.11. This confirms that

the result of the data fit reasonably reproduces the data.
For further investigation of the data fit, the data fit is performed with the following likelihood

combinations:

• Lnorm · Lshape (all systematic parameters are fixed): to remove the contribution of system-
atic parameters to check the bias by them.

• Lnorm ·Lsyst or Lshape ·Lsyst : to separate into the normalization-only and shape constraint-
only constraint.

The fit results are shown in Table 8.10. The fitted energy distributions are shown in Fig. 8.12.
The fit results between all likelihoods are consistent within the allowed region. The systematic
parameters show no significant bias.
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Table 8.10: Fit results for several likelihoods

Likelihood Fitted N exp
SK sin2 2θ23 ∆m2

32 (eV2)

Lnorm · Lshape · Lsyst 57.97 1.00 2.45×10−3

Lnorm · Lshape 57.61 1.00 2.46×10−3

Lnorm · Lsyst 58.00 1.00 2.42×10−3

Lnorm · Lsyst 57.94 1.00 2.44×10−3
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Figure 8.12: The Erecν distribution. The points shows the data. The lines shows the prediction
with the best fit oscillation parameters for the each likelihood combination. The error bars on
data represent the statistical error.
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8.4.2 Allowed region

For the estimation of the allowed region around a physical boundary, strictly, the constant ∆χ2

limit is not correct because this method is fully based on the Gaussian approximation. To obtain
the correct allowed region, the Feldman & Cousins (F&C) method [96] is used. The F&C method
determines the critical value of χ2 (called ∆χ2

crit) to evaluate the confidence level individually
for each point of (sin2 2θ23,∆m

2
32), while the constant χ2 limit uses the same critical value for

all points. In the F&C method, the allowed region is estimated as follows: a lot of (10000)
toy experiments are generated for each point. For the each point, the ∆χ2

crit for α% C.L. is
determined such that the α of the toy experiments have ∆χ2

toy < ∆χ2
crit. The ∆χ2

toy is for each
toy experiment is calculated as:

∆χ2
toy = χ2

toy,true − χ2
toy,best (8.16)

where χ2
toy,true is the χ2

toy calculated by using the true oscillation parameters at that point (the
systematic parameters are varied to minimize the χ2

toy), and χ2
toy,best is the χ2

toy minimized by
the oscillation fit. The allowed region for the best fit of data is defined such that the regions
with ∆χ2

data < ∆χ2
crit are contained within the contour. The ∆χ2

data is calculated for real data
by using the same way as the ∆χ2

toy. Figure 8.13 and 8.14 shows the ∆χ2
crit distributions for

68% and 90% C.L. respectively. Figure 8.15 shows the ∆χ2
data distribution. By comparing these

distribution, the allowed region of the obtained (sin2 2θ23, ∆m2
32) is evaluated as Fig. 8.16. The

error sizes of sin2 2θ23 and ∆m2
32 are evaluated as the 68% confidence interval:

(sin2 2θ23,∆m
2
32) = (1.00+0

−0.04, 2.45± 0.19× 10−3eV2).

The 90% confidence interval is:

0.932 < sin2 2θ23 ≤ 1.0 (at ∆m2
32 = 2.45× 10−3[eV2]),

2.15× 10−3 < ∆m2
32[eV2] < 2.75× 10−3 (at sin2 2θ23 = 1.0).

Figure 8.17 shows the comparison of the allowed region with the F&C method and that with
the constant ∆χ2 limit. There is a slight difference between them.

Figure 8.18 shows the allowed regions with the other likelihoods combinations: Lnorm ·Lshape
(with all systematic parameters fixed), Lnorm · Lsyst, Lshape · Lsyst. These allowed region are
estimated by the constant ∆χ2 limit. The allowed region without the shape constraint is much
wider than the regions with the shape constraint. This is because the the best value is determined
basically as a line (N exp

SK=Nobs
SK) in the (sin2 2θ23,∆m

2
32) plane without the shape constraint and

has multiple values allowed. The contributions of statistical and systematic uncertainties to the
error size of sin2 2θ23 (δ(sin2 2θ23)) are evaluated as:

• Statistics uncertainty δstat(sin
2 2θ23) ∼ 0.06 (0.94 < sin2 2θ23 ≤ 1.0).

• Statistics and systematic uncertainty δstat+syst(sin
2 2θ23) ∼ 0.065 (0.935 < sin2 2θ23 ≤

1.0).

• Systematic uncertainty δsyst(sin
2 2θ23) =

√
δ2
stat+syst(sin

2 2θ23)− δ2
stat(sin

2 2θ23) ∼ 0.025.

Here we use the 90% confidence interval at ∆m2
32 = 2.45 × 10−3 (eV2) with the constant ∆χ2

limit. The statistical uncertainty has a dominant contribution for the allowed region at the
current statistics.
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8.4.3 Comparison with other experimental results

Figure 8.19 shows the T2K results with results by other experiments: the MINOS long baseline
experiment and the SK atmospheric neutrino measurement. The MINOS result was derived
from a combined analysis of the νµ and ν̄µ beam data and atmospheric neutrino data [97].
All SK results are based on the SK atmospheric measurements. The SK zenith angle analysis
was performed by using the two or three flavor oscillation model (non-zero θ13 was taken into
account in the three flavor oscillation model). The SK results were referred from the report at
the international conference, Neutrino2012 (reported by Y. itow [98]). Though the current T2K
statistics is just 4% of the T2K final POT, the T2K’s precision has reached to the current best
precision in the world. The T2K Run 1–3 result is also consistent with the other experimental
results.
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Figure 8.19: The 90% confidence regions allowed by T2K and other neutrino experiments. The
results of MINOS [97] and Super-Kamiokande [98] are shown. The published T2K result [32] is
based on Run 1-2 data. The SK zenith angle analysis was performed by using the two or three
flavor oscillation model (shown as 2flv or 3flv).

8.4.4 Summary and prospect

We performed the oscillation analysis via the νµ disappearance based on 3.01×1020 POT data
(just 4% of T2K exposure POT). The observed event rate and energy spectrum at SK are
compared with the predictions including the oscillation effect. We have obtained the oscillation
parameters with the errors (68% confidence interval):

(sin2 2θ23,∆m
2
32) = (1.00+0

−0.04, 2.45± 0.19× 10−3eV2).
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This result is consistent with values measured by other experiments. The 90% confidence inter-
vals are:

0.932 < sin2 2θ23 ≤ 1 (at ∆m2
32 = 2.45× 10−3[eV2]),

2.15× 10−3 < ∆m2
32[eV2] < 2.75× 10−3 (at sin2 2θ23 = 1.0).

We achieve the most precise measurement for the oscillation parameters in neutrino experiments
based on the stable beam operation and well-tuned flux prediction. This precision is still in-
adequate to approach the unsolved problems of neutrino physics described in Sec. 1.1.5 (also
worse than the precision of the global fit result as shown in Table 1.2). For example, for the
observation of the CP asymmetry via νe appearance, the leading term in P (νµ → νe) as Eq. 1.13
has a large (∼20%) uncertainty so that it is difficult to distinguish the contribution of the CP
violation term. The θ23 is still consistent with the maximal mixing (sin2 2θ23 > 0.96), and the
sin2 θ23 can be > 0.5 and < 0.5 within its error. We need the more precise measurement of the
oscillation parameters.

Since the uncertainty of the flux and neutrino interaction are reduced by the careful tun-
ing based on the external data and by the measurement at ND280, the sensitivity is limited
by the statistical uncertainty. The sensitivity with more statistics is estimated by using the
toy-experiment. The generated toy-experiments correspond to: 1.8×1021 POT (23% of T2K
exposure POT, expected statistics until 2015), and 7.8×1021 POT (T2K final statistics). Fig-
ure 8.20 shows the expected future sensitivity of T2K based on 4000 toy-experiments with the
constant ∆χ2 limit. The sensitivity is estimated both with statistical uncertainty only and with
the current systematic uncertainties. Table 8.11 summarizes the 90% confidence interval for
sin2 2θ23 at ∆m2

23 = 2.45 × 10−3 eV2. The sensitivity of T2K is expected to achieve the target
sensitivity, δ(sin2 2θ23) ∼ 0.01 at 7.8×1021 POT without systematic uncertainties.

Table 8.11: The 90% confidence intervals for sin2 2θ23 and the contribution of statistical and
systematic uncertainties with more statistics in future (at ∆m2

23 = 2.45 × 10−3 eV2). These
interval are evaluated with the constant ∆χ2 limit.

POT 90% (stat+syst) δstat(sin
2 2θ23) δsyst(sin

2 2θ23)

1.8×1021 0.972∼1.0 0.022 0.017
7.8×1021 0.987∼1.0 0.008 0.010
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Chapter 9

Conclusion

The T2K long baseline neutrino oscillation experiment has been performed to study physics
of neutrino oscillations. The original T2K’s purpose is to measure the oscillation parameters,
sin2 2θ23 and ∆m2

32 via the νµ disappearance and measure the non-zero θ13 via the νe appearance.
In T2K, a muon neutrino beam is produced with the proton beam in J-PARC, and is observed
at the near neutrino detector (ND280) and Super-Kamiokande detector (SK). The J-PARC high
power proton beam and the gigantic SK enable T2K to conduct the long baseline experiment
with the highest neutrino production ever. An off-axis method has been adopted to adjust the
peak energy of the neutrino flux at SK to the oscillation maximum. The oscillation parameters
are determined by comparing the event rate and energy spectrum of νµ measured at SK with the
prediction including the oscillation effect. The SK prediction are constructed by the neutrino flux
prediction, the neutrino-nucleus interaction models and the detector response. The experiment
was started in January 2010, and we analyzed the data of 3.01×1020 POT until June 2012 in
this thesis. This data corresponds to 4% fraction of T2K design full statistics.

The stable beam operation is one of the most important issues both for the quick accumula-
tion of data and the protection of the beam equipment from the high intensity proton beam. For
this purpose, we monitor and control the beam properties: the proton beam parameters (inten-
sity, position, and profile), neutrino beam direction and the horn currents. Especially, since the
neutrino energy spectrum at SK depends on the off-axis angle in the off-axis method, the neu-
trino beam direction has to be tuned within 1 mrad. The neutrino beam direction is monitored
by MUMON and INGRID. MUMON measures the beam direction indirectly by measuring those
of the muon beam spill-by-spill, while INGRID measures the beam direction directly. The stable
beam operation was achieved during data taking and the efficiency of the beam data taking was
99.7%. The intensity of the neutrino beam was stable within 2% from the nominal rate which is
the nominal intensity of the neutrino beam divided by the POT. The neutrino beam direction
was confirmed to be stable within 0.4 mrad. The neutrino beam with good quality was efficiently
delivered to the ND280 and SK.

The main subject of this thesis is the improvement of the neutrino flux prediction, which is
one of the most important part of the sensitivity to the oscillation parameters. The neutrino
flux is predicted by the neutrino flux simulation. The precision of the flux simulation is affected
by the uncertainties of the hadron production models and uncertainties of the beam properties.
The hadron production models, which are dominant error sources in the flux simulation, were
tuned based on the external hadron production data (CERN NA61/SHINE, and so on). The
CERN NA61/SHINE was performed to provide the hadron production data for T2K. The beam
properties were measured precisely by beam monitors in T2K. The fluxes at ND280 and SK
were predicted as a function of neutrino energy precisely (e.g. the systematic uncertainty of the
SK flux was estimated as 12% at the energy around the oscillation maximum).

The predicted SK flux and neutrino-nucleus interaction models is further refined by the
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ND280 measurements. The predicted ND280 flux and interaction models were refined by com-
paring the event rate and energy spectrum of neutrinos measured at ND280 with the prediction.
The predicted SK flux was refined based on the refined ND280 flux by using the correlation
between fluxes at SK and ND280 (e.g. the systematic uncertainty of the SK flux was reduced
to 8% at the energy around the oscillation maximum).

Fifty eight νµ events were observed at SK during the data taking, while the expectation is
57.97 at the best fit point. From the measurements and precise predictions, we obtained the
sin2 2θ23 and ∆m2

32:

(sin2 2θ23,∆m
2
32) = (1.00+0

−0.04, 2.45± 0.19× 10−3eV2).

and the 90% confidence interval of:

0.932 < sin2 2θ23 ≤ 1.0 (at ∆m2
32 = 2.45× 10−3[eV2]),

2.15× 10−3 < ∆m2
32[eV2] < 2.75× 10−3 (at sin2 2θ23 = 1.0).

We have provided the best precision of the measurement of sin2 2θ23 and ∆m2
23 with just 4% of

T2K exposure statistics in the neutrino experiments. We have achieved this precision thanks to
the stable beam operation and the well-tuned flux prediction. This precision is still inadequate
to approach the unsolved problems of neutrino physics (e.g. for the observation of the CP asym-
metry via the νe appearance, the leading term in P (νµ → νe) has a large (∼20%) uncertainty).
We can further improve our precision with more data.
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