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Abstract

We present a measurement of neutrino oscillation in the T2K experiment. T2K is a long baseline
neutrino oscillation experiment. The muon neutrino beam is generated at J-PARC and is de-
tected with Super-Kamiokande which is 295 km away from J-PARC. T2K started physics data
taking in January 2010. Data of 1.4 x 10?° protons on target were collected between January
2010 and March 2011. Analysis of neutrino oscillation in the muon neutrino disappearance mode
(vy — vy) is performed by comparing observations with the expectations at Super-Kamiokande
for both the neutrino energy spectrum and the number of muon neutrino events. For the precise
prediction of the expectations, the beam direction and the event rate of the neutrino events are
measured by near detectors. The beam x direction and y direction are measured to be —0.014 +
0.025(stat.)+0.33(syst.) mrad and —0.107 £ 0.025(stat.)+0.37(syst.) mrad, respectively. The
neutrino event rate relative to the prediction is measured to be 1.06 4= 0.001(stat.)=+0.037(syst.)
for the on-axis near detector and 1.036 + 0.028(stat.) T9-032 (syst.)+0.037 (phys.) for the off-axis
near detector. In total, 31 muon neutrino events are observed at Super-Kamiokande, while the
expectation without neutrino oscillation is 103.7 ﬂg:g. The best fit oscillation parameters are
obtained to be (sin” 2623, Am2,) = (0.99, 2.6 x 1073[eV?/c?]). The 90% confidence interval is
estimated to be 2.1 x 1073 < Am2, [eV?/c?] < 3.1 x 1073 at sin? 2053 = 1.0, and 0.86 < sin® 20a3
at Am3, = 2.6 x 1073[eV?/c?]. We firmly confirm the neutrino oscillations in the muon neutrino
disappearance mode and precisely measure the oscillation parameters. This result is one of the
most precise measurements today and is consistent with other experiment. Finally it is shown
that we have a potential sensitivity of d(sin®2623) = 0.01 with final goal of statistics (8.0 x 102
protons on target).
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Chapter 1

Introduction

Neutrino is an elementary particle first postulated by W. Pauli [1]. Three flavors are found so
far; ve [2], v, [3], and v [4], associating with the three charged leptons. It has spin of 1/2 and
no electric charge. Finite neutrino masses have been directly searched for [5-8] in a long time.
The efforts set upper limit on these masses. The evidence of the finite neutrino mass, however,
came from other phenomenon.

The discovery of neutrino oscillation in 1998 by Super-Kamiokande [9] revealed that the
neutrinos have finite mass. Because the neutrinos have mass, the leptonic system can be in
a situation quite analogous to the quark system. The weak eigenstates do not correspond to
the mass eigenstates and the mixing is descried by a 3 x 3 unitary matrix. It makes possible to
consider new CP violation in addition to that in quarks. Moreover, the measurement of neutrino
oscillation shows large difference of the flavor mixing between quarks and leptons, suggesting a
different flavor symmetry between them.

Thus the neutrino oscillation phenomenon took us to new horizon for understanding of
nature. Now we face the new mysteries. This thesis opens a new era where the mysteries might
be pull away.

In the following sections, we describe the physics of neutrino oscillation and the current
knowledge. T2K (Tokai-to-Kamioka) is a long baseline neutrino oscillation experiment aimed
for the precise measurement of v, disappearance (v, — v,) and the discovery of v, appearance
(vy = ve). We introduce the T2K long baseline neutrino oscillation experiment in Section 1.2.
The outline of this thesis is shown in Section 1.3.

1.1 Physics of Neutrino Oscillation

1.1.1 Neutrino mixing

If a neutrino has mass, we expect that the weak eigenstate could be different from the mass
eigenstate, as analogous to the quark system [10]. For simplicity, consider the two flavor case at
first. The flavor eigenstates, v, and vg, is written by

Va\ _ 09s9 sin 6 V1 _U V1 (1.1)
Vg sinf cosf V9 Vo
where vy and 15 are the mass eigenstates and 6 is the mixing angle. After traveling with a
certain time period t, each component of the mass eigenstate gets a different phase:

(28) B (6? 6—9E2t> (Z;ES%) (1.2)
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Detection of neutrinos by the charged current interaction projects these new states back onto

the flavor eigenstates:
Vo)) _ (e 0y (va(0)
<yﬁ(t))—U< o et ) U g0 (13)

Supposing a neutrino is generated as v, (i.e. V4 (0) =1 and v4(0) = 0), its surviving probability
in the same flavor eigenstate after traveling a certain distance L is obtained as

P(Va = va) = |Va(t)]> = 1 — sin? 20 - sin? (1.27Am2[eV2 /4] ;Jé?\%) (1.4)

when m; is very small compared to E; (E; ~ p + m?/2p). Here Am? = m% —m3. Thus the
flavor of neutrinos oscillates as a function of L/E.
1.1.2 Three generation mixing

In the three generation framework (o = e, u, 7), neutrino mixing is described by a 3 x 3 unitary
matrix, called the Pontecorvo-Maki-Nakagawa-Sakata [11,12] (PMNS) matrix. It is defined by
a product of three rotation matrices with 612, 613, #23 and CP phase §.

Ve i 141
VM = Uai V9 (15)
Vr L 178}
1 0 0 Cc13 0 5136_15 C12 si2 O
U = 0 C23 5923 0 1 0 —S12 C12 0
0 —S893 (€23 *5136“S 0 C13 0 0 1
c12€13 512€13 s13e”"
N _ is B is 1.6
= 512C23 — C12523513€ C12C23 — $12523513€ 593C13 (1.6)
i i
512823 — C12C23513€"°  —C12523 — $12C23513€"  C23C13

where a = e, pu, 7 are flavor indices, ¢ = 1,2, 3 are the indices of mass eigenstates, s;;(c;;) stands
for sin 6;;(cos 8;;). The probability of the oscillation is given by the formula,

P(vo — vg) = 0ap —42 Re(U;iUﬁanjUEj)-sin2 Dy :EQZIm(U;Z-U&UajUEj) -sin 20,5 (1.7)

i>j i>j
where ) o 4
O = 1.27Am”'[ev /e ]L[km], (1.8)
E,[GeV]
Am?j = mf — m?, L is the flight distance, and F, is the neutrino energy. The &+ sign in the

third term is the CP violation effect, + for neutrinos and — for anti-neutrinos. Here the matter
effect is neglected.

Here some practical expressions of Eq. 1.7 are calculated. In the calculation, we take the
oscillation parameters as the values suggested by atmospheric neutrino, solar neutrino and re-
actor neutrino; Am2, ~ Am2; = 1.9 x 1073 ~ 3.0 x 1072 [eV?/c?], Am3, = 7.38 x 1075 ~
7.79 x 107° [eV?/c?], sin® 2093 > 0.90, tan 1o = 0.428 ~ 0.497 and sin® 2613 < 0.15. For the
oscillation measurement with F, ~ Am3, - L, the contribution of Am3; term is small because
Am3, > Am3,. Since 613 is small and 63 is almost equal to /4, the probability of v, — v,
can be approximately calculated as

Py, —v,) ~1— sin? 2653 - sin® @4
Am3,[eV?/ct Lkm]

=1 — sin? 2693 - sin?(1.27 B, [GeV]

) (1.9)

Py, —=v,)=1-P(v, = v,)
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In this way, the mixing angle o3 and the mass difference Am3, are measured through v, dis-

appearance (v, — 1,). In the same way, the probability of v. appearance (v, — v,) is also

calculated as

Am3,[eV?/c*] Lkm]
E,[GeV]

P(v,, — ve) ~ sin? 20;3 - sin? a3 - sin®(1.27 ) (1.10)

Hence 6:3 is measured via v, appearance.

1.1.3 Current understanding

There are several neutrino sources in nature: cosmic-rays interacted in Earth’s atmosphere,
stars and so on. In addition to them, neutrino beam can be produced by accelerators and 7,
is emitted from fusion in reactors. Through these sources, neutrino oscillation is investigated
in several experiments. Past experiments deduced that |Am3,| ~ |[Am%| = 1.9 x 1073 ~
3.0 x 1073 [eV?/ct], Am3; = 7.38 x 107° ~ 7.79 x 107° [eV?/c?], 32.7 < 612 < 36.0 degrees [13],
36.8 < 623 < 53.2 degrees [14] and 613 < 11.4 degrees [15]. Thus, the PMNS matrix is

C12€13 512€13 s1ze” %
Upvns = —S812€23 — 012823813616 C12€23 — 812823813€i5 5s3C13
512523 — 6120238136“S —C12523 — 812'3238136"(S C23C13
0.79 ~ 0.84 0.53 ~ 0.59 < 0.20
= —(0.57 ~ 0.19) 0.39 ~ 0.74 0.59 ~ 0.80 (1.11)

0.19 ~0.57 —(0.72~0.42) 0.59 ~ 0.80

The mixing in quarks is described in the same way by using a 3 x 3 unitary matrix, called the
Cabibo-Kobayashi-Maskawa (CKM) matrix. The CKM matrix is measured to be [16]

0.97428 + 0.00015 0.2253 +0.0007  0.0034715:00015
Uorym = | 0.2252+0.0007  0.97345739%1  0.041075-50L (1.12)
0.0086210 00050 0.040310- 000 0.99915215-00602
The difference between Uppsys and Uo gy may indicate the difference of the generation sym-
metry between leptons and quarks.

1.1.4 Generation symmetry and mixing matrix

Here, the relation between the generation symmetry and the mixing matrix is shown. The mass

matrices (and mass eigen values) are just parameters in Standard Model of the particle physics.

However, it is shown that the form of the mass matrices is related to the mixing matrices.
First, let’s consider the quark case as an example. The Lagrangian related to the quarks can

be written as B p
urMyup +dp,Mgdp + GWJ’I]L’)/NCZL + (h.C.) (1.13)

where u = “(u,c,t), d= *(d,s,b) and M, (M) is a 3 x 3 mass matrix for the up (down) type
quarks. Here the Lagrangian is diagonalized to the weak interaction. As one example, a cyclic
permutation (Cs) symmetry of the generation is considered;

0 0 1
Xup1 = Xgp1 = Xup1 = Xgpn=|(1 0 0

010

010 (1.14)
Xu2=Xg0=Xyp2o=Xgp2=1(0 0 1

1 0 0

ur, — XuL’U/L, U — XuRUR, dL — XdeL, dR — XdeR
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For the Lagrangian to be invariant under Cs symmetry, the mass matrix must obey the restric-
tions

M, = X}, M,X,,, My=X} M,X,, (1.15)
So the mass matrix must have the form
ay by ¢y aq bd Cd
My=\|c, ay by |, Mg=\|cqa aq bg]|. (1.16)
by Cu ay by cq aq

These mass matrices are diagonalized by

) 1 6—27ri/3 627ri/3

Uy, =Uy, =Uy, =Uy, = — 1 1
uL e “ RERVE 1 e2mi/3  ,—2mi/3

—_

(1.17)
ur, — Uy, u,ur — Uypyu = M, — UJLMUUUR
dp — Ug,d,dp — Ugpd = My — US MUy,
Then the mixing matrix is extracted to be
1 0 0
Uokm =Ul Uy = [0 1 0 (1.18)
0 01

Small symmetry breaking can be introduced to generate off-diagonal terms in the mixing matrix.
In this way, the generation symmetry (C5 in this example) is related to the mixing matrix
(Eq. 1.18 in this example).

In the same fashion, let’s consider the lepton case. This time, the C3 symmetry is assumed
for the charged leptons and a Ss x So symmetry for the neutrinos as one possible example:

0 01 0 01
Xp1=Xpi=1(1 0 0)],X,1=(0 1 0
0 10 100
010 1 0 0 (1.19)
Xpo=Xpe=1(0 0 1],X =10 -1 0
100 0 0 1
b — XLEL, br — XRER, v— X,v
The mass matrix must have the form
a b c z 0 y
My=1c a b),M,={0 2 0 (1.20)
b ¢ a y 0 x
and the mass matrices are diagonalized by
1 e—2mi/3  2mi/3
1
Uy=Up=Upr=—11 1 1
\/g 2mi/3 —2mi/3
1 e e
(1.21)

1/vV2 0 —1/V2
U= 0 1 0

1/vV2 0 1/v2
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This gives so-called tri-bimaximal mixing

141 Vo V3
e 2/3  1/V/3 0
Upyns =UU, = | =1/V6 1/V3 1/v2
r\ 1/V6 —1/v/3 1/V2
141 Vo V3
e [ 0816  0.577 0
= u| —0.408 0.577 0.707
7\ 0408 —0.577 0.707

(1.22)

in a particular phase convention (v3 — iv3, 7 — (—1)7). This form is pointed to by the current
understanding (Eq. 1.11).

To proceed discussion more quantitatively, precise measurements of the mixing angles are
necessary. The 613 is only known as the upper limit of 11.4 degree and the uncertainty of fo3
has a large contribution to the error on the current understanding. If sin? 26,3 is measured with
a precision of d(sin?263) ~ 0.01, the range of (2, 3) element of Uppsns is down to 0.66-0.74.
The sin? 2653 can be measured via v, disappearance as shown in Eq. 1.9 and sin® 203 can be
measured via v, appearance as shown in Eq. 1.10.

1.2 Introduction to the T2K experiment

1.2.1 Overview

T2K is a long baseline neutrino oscillation experiment. The v, beam is produced at J-PARC
(Japan Proton Accelerator Research Complex) and detected in Super-Kamiokande (SK) which
is 295 km away from J-PARC. The location of J-PARC and SK are shown in Fig. 1.1. The
peak of the beam neutrino energy is ~ 0.6 GeV. Thus the measurement of the v, beam in SK
is sensitive to the neutrino oscillation occurred at Am? ~ E,[GeV]/L[km] ~ 1073eV?/c*.

Figure 1.1: Bird’s eye view of the T2K layout



Chapter 1. Introduction

1.2.2 Purpose

The T2K experiment is proposed to measure sin? 26,3 and Am3, precisely via v,, disappearance
(vy — v,) and to search for finite sin? 2613 via v, appearance (vy — ve): the probability of
v,, disappearance is described in Eq. 1.9 and the probability of v, appearance is described in
Eq. 1.10. Our goals are

e to measure sin? 2653 and Am3, with a precision of §(sin?26s3) ~ 0.01 and §(Am3,) ~

10~* eV2/ct. This is an order of magnitude improvement over the result of past experi-
ments [17-19].

e to search for sin? 26,3 down to 0.006 at 90% confidence level. This is an order of magnitude
improvement over the result of the CHOOZ limit [15].

with ~ 8x 102! protons on target (POT) corresponding to (proton beam of 0.75 MW) x (5 years).

1.2.3 Neutrino oscillation signals

The probability of v, disappearance in SK is described in Eq. 1.9. According to that equation, the
neutrino energy (F,) spectrum is calculated as shown in Fig. 1.2. The signal of v, disappearance
has two features: the distortion of the F, spectrum and the deficit of the v, flux.

600 - - - . :

400

200

Events/50 MeV/8.33x107POT

Figure 1.2: Expected neutrino energy spectrum for null oscillation (solid line) and the oscillation
with sin® 26a3 = 1.0 and Am32, = 2.4 x 1072 eV?/c* (hatched region).

The signal of v, appearance is the enhancement of v, compared to backgrounds as shown

in Fig. 1.3. The main components of the background are intrinsic beam v, (~ 1% in the total
flux).

1.2.4 Features

To achieve the goals, T2K has several features: high intensity beam, off-axis beam, near detectors
and the far detector.
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|6 _I 1T T 1T T TT L T 1T T TT T 1T T TT T TT LI I_
a S0 ]
o = v, event with statistical error -
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™ i 1
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Figure 1.3: Expected number of v, events as a function of the reconstructed neutrino energy
(Ere°) for the oscillation with sin? 2613 = 0.1, sin? 2653 = 1.0 and Am3, = 2.4 x 1073 eV?/c%.
The E}° is calculated by the muon momentum and the angle respect to the neutrino beam
direction assuming the interaction of v, + n — e~ 4+ p. The solid line shows the background
estimation.

High intensity beam

T2K utilizes the J-PARC 30-GeV proton beam to produce the v, beam. The beam protons
imping the production target and the charge pions are produced. The pions decay in flight into
pairs of a muon and a muon neutrino. The muon neutrino files to SK.

J-PARC is designed to be the most powerful beam (design intensity is 750 kW) in the world.
This feature is increasing the beam neutrino flux.

Off-axis beam

The second feature is the off-axis beam method; the beam axis is slightly shifted away from the
direction of SK so that the muon neutrino beam has narrow energy peak. This increases the
signal to the background ratio.

Here we give an explanation of the off-axis method [20]. The v, beam is produced from
the charged pion decay (m — puv,). The energy of the neutrino in the pion rest frame (in
which quantities are labeled with the superscript *) is

L mromp
Ej=—5 " =208 MeV (1.23)
mz



Chapter 1. Introduction

The laboratory frame 4-momentum can be calculated by Lorentz transformation:

T 0 0 ’YﬂlBﬂ
0 10 0

pu | — 0 01 0 Dy (1.24)
YeBr 0 0

(E,,E,sinb,0, E, cos0)
—(E}vz(1 + Brcos %), B sin0*,0, By (Br + cos6%))
where 6 is angle between the pion momentum and the neutrino momentum. The relation

between the angle in the pion rest (0*) and that in the lab. frame () is obtained from the
1st and 3rd components of Eq. 1.25:

(1.25)

E* sin 0%
tan @ = v 1.26
E}x(Br + cos %) (1.26)
If E,, E; > m, and then 8; >~ 1, we can re-write Eq. 1.26 to
E* : 9*
tan ~ —v>M7 (1.27)
E,

using the Oth component of Eq. 1.25. This equation indicates that a maximum lab angle
Oz 1s Obtained at 6* = 90°:

E*
tan 0,02 ~ E—Z (1.28)
In other words, there is a maximum neutrino energy (E!'**) with fixed angle 6:
£y 29.8M
o o Do 20.8MeY (1.29)

~ tanf  tané
The relation between E,, E; and 6 is obtained from the Oth component of Eq. 1.25:

_ ’VﬂWLrVﬂﬁle*tanZHE*

E
Y 14252 Y

(1.30)

, and is shown in Fig. 1.4. As expected from Eq. 1.29, there is a maximum neutrino
energy E7'* with non-zero 6, and as the neutrino energy approaches this value, pions
in large range of energies contribute to neutrinos in a small range of energy. Thus semi-
monochromatic energy neutrino beam with the peak around E]'** is achieved with the
fixed angle 0 which is called as the off-axis angle.

In T2K, the off-axis angle is set to be 2.5 degrees so that the v, beam has a narrow energy peak
at ~ 0.6 GeV as shown in Fig. 1.5 (top). This maximizes the effect of the neutrino oscillation at
the far detector located at 295 km away from the beam origin because the oscillation probability
has a peak around E, ~ 0.6 GeV as shown in Fig. 1.5 (middle). In addition, this reduces
background neutrino interactions as shown in Fig. 1.5 (bottom); our signal is Charged Current
Quasi-Elastic (CCQE) interaction as explained in Section 1.2.5 and the background is Charged
Current 7 production (CClw) and Neutral Current 7 production (NClr) interaction.

As shown in Fig. 1.5 top, the neutrino beam energy varies depending on the off-axis angle.
Therefore, the beam direction measurement is directly connected to the precision of the neutrino
oscillation measurement in T2K. Hence the measurement of the neutrino beam direction is very
important. To achieve the precision of §(sin? 2693) ~ 0.01 at T2K, the beam direction is required
to be measured with a precision better than 1 mrad [21].
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Figure 1.4: Relation between neutrino energy (F,) and pion energy (E;) in the pion decay with
several off-axis angles.

Near detector measurement

Third feature of T2K is sophisticatedly designed near detectors. We have two near detectors
for different purposes; an on-axis near detector and an off-axis near detector. The on-axis near
detector, INGRID (Interactive Neutrino GRID), measures the neutrino beam direction and the
neutrino event rate. The beam direction measurement is necessary to precisely predict the
neutrino energy spectrum in SK. INGRID is designed to have sufficient target mass to measure
the beam direction on a day-by-day basis with the 0.75 MW proton beam operation. Since the
neutrino oscillation analysis is performed on the assumption that the neutrino beam is stable,
the confirmation of the beam stability is important. The off-axis near detector, ND280, measures
the beam neutrino properties in the same direction to SK. In that position we can measure the
beam properties corresponding to those expected at the far detector.

Far detector measurement

Fourth feature is the far detector, the Super-Kamiokande (SK) water Cherenkov detector. SK
has sufficient mass of 50 kton to accumulate the beam neutrino events. By using Cherenkov ring
pattern, SK has capability to catch the oscillation signals as described in Section 1.2.5. Water
Cherenkov detectors promise us the high performance to identify the neutrino interaction type
around sub-GeV energy region.

1.2.5 Analysis strategy

To catch the oscillation signals, we detect the beam neutrinos in SK which is 295 km away from
J-PARC. Especially the neutrino charged current quasi-elastic (CCQE) interaction event,

vp+n—L +p (1.31)
is selected because of following reasons.

e The CCQE interaction is a dominant interaction mode in the T2K neutrino energy region.
About 40% interactions are expected to be the CCQE interactions in SK in case without
neutrino oscillation.
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Figure 1.5: (Top) Neutrino energy spectra with several off-axis angles (Apa). (Middle) Oscillation
probability as a function of the neutrino energy. (Bottom) Neutrino interaction cross-sections.
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e The neutrino energy can be reconstructed (E}°°) by measuring the lepton momentum (py)
and the angle with respect to the neutrino (6,):

rec __
B =

(mn — V)Ey + (m,)% —mj)/2— (mn = V)?/2 (1.32)

(my, — V) — Ep + pgcos by

where m,,, m, and my are the mass of the neutron, proton and lepton, respectively. Ej is
the lepton energy and V' is the nuclear potential of nucleus (it is 27 MeV for oxygen).

e Flavor of the neutrino can be determined by identifying the flavor of the lepton

In order to select the CCQE interaction event, we require only one Cherenkov ring in SK
because the associated proton often does not emit Cherenkov light due to its high Cherenkov
threshold in water (~ 1.1 GeV/c). The momentum of the muon or the electron can be recon-
structed by observed number of Cherenkov photons. The direction of the muon or the electron
is determined by the Cherenkov ring direction. The muon and electron can be distinguished be-
cause a muon makes a sharp edge ring and an electron makes a fuzzy one due to electromagnetic
showers.

For an analysis of the neutrino oscillation in v, disappearance, both the energy spectrum
and the number of the muon neutrino events in SK are compared between expectation and
observation. The energy spectrum at SK, ®gx(E,), strongly depends on the off-axis angle as
described in Section 1.2.4. Hence precise measurement of the beam direction is important for the
D5 (E,) estimation. In this thesis, the expected number of events at SK (N§&) is calculated
by using the number of events measured in the near detector (Ng%):

 Nsic

M5

f dEVq)SK rOSK " €ESK P(EV; sin2 2923, Am§2)
' [dE,®Np-0oND - €ND

Ng? = NS
(1.33)

__ pyObs
— 4YND

where osx (onp) is the neutrino cross-section of the target material of SK (ND), esx (enp)
is the detection efficiency of SK (ND), and P is the oscillation probability as described in
Eq. 1.9. One of the characteristic of Eq. 1.33 is the error cancellation between ND and SK.
For example, ®yp and Pgx have a common uncertainty of the production rate of the parent
pions. Because the uncertainty is included in both the numerator and the denominator, the
uncertainty in ®gx /Py p is canceled even if Pgx or @y p itself has ambiguities. Thus the event
rate measurement at the near detectors is important for the Ngﬁp' estimation.

An analysis of the neutrino oscillation in v, appearance is performed with almost same
procedure; the beam direction measurement is also important for this analysis.

1.2.6 Experimental setup

Here, overview of the T2K experiment setup is described. More details are describe in Chapter 2.

Neutrino beamline

Figure 1.6 shows a schematic of the way to produce the v, beam in T2K. The 30 GeV protons
are hit on a graphite target to produce charged pions. The pions are focused by three magnetic
horns and decay in flight into pairs of a muon and a muon neutrino. The muons are stopped by
the beam dump and subsequent soil.

To confirm the stable beam neutrino production, it is important to monitor the beam neutrino
directly by the near detector.

11
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Figure 1.6: Schematic of the way to produce the muon neutrino beam at T2K.

Near detectors

We have two near detectors; INGRID and ND280. These are located ~ 280 m away from the
graphite target. To confirm the stable beam neutrino production, we measure the neutrino
event rate and the beam direction by using INGRID. These measurements are also necessary
to precisely estimate both the expected number of events and the expected energy spectrum in
SK. We also measure the neutrino event rate by using ND280. Because neutrino properties at
ND280 are close to that at the far detector, we can reduce the uncertainty on N§ thanks to
the error cancellation between Né\%c and Nll\}/[g.

Super-Kamiokande

We employ Super-Kamiokande (SK) as the far detector of T2K. As described in Section 1.2.5,
SK is able to measure the number of neutrino events and the neutrino energy by detecting the
single Cherenkov ring event. In addition, SK is suitable as the far detector because SK has large
mass to accumulate neutrino events; about two events are expected to be observed in a day with
the 0.75 MW proton beam operation. Because ambiguities of the SK measurements are directly
connected to the ambiguities of the oscillation signals, it is important to estimate the systematic
uncertainties of the SK measurement.

1.3 Outline of this thesis

This thesis first describes the measurement of the neutrino beam direction and the event rate
by using the INGRID detector. Both measurements are needed for the oscillation analysis as
described. Then this thesis focuses on an analysis of the neutrino oscillation in v, disappearance
with the first T2K physics data set, corresponding to 1.43 x 10?° protons on target.

The outline is as follows. Chapter 2 introduces the T2K experimental setup. INGRID
and its basic performance are subsequently described in Chapter 3. The MC simulations are
explained in Chapter 4. Chapter 5 gives an introduction of the analysis. The measurement
of the beam neutrino event rate and the beam direction by using INGRID, and the event rate
measurement by using ND280 are described in Chapter 6. The analysis of Super-Kamiokande
is described in Chapter 7 together with the estimation of the systematic uncertainties, and the
neutrino oscillation analysis is performed in Chapter 8. Finally, the conclusion is summarized
in Chapter 9.

12



Chapter 2

T2K Experiment

This chapter gives an overview of the experimental setup of the T2K experiment [22]. It consists
of the proton accelerator (Section 2.1), the neutrino beamline (Section 2.2), the near detectors
(Section 2.3) and Super-Kamiokande (Section 2.4).

2.1 Proton accelerator

The primary proton beam is provided by the 30-GeV proton synchrotron at J-PARC (Japan
Proton Accelerator Research Complex). J-PARC consists of three accelerators as shown in
Fig. 2.1: a linear accelerator (LINAC), a Rapid-Cycling Synchrotron (RCS) and the Main Ring
(MR). A H™ beam is accelerated up to 181 MeV (400 MeV in future) by LINAC, and is converted
to an H™ beam at the RCS injection. Then the beam is accelerated up to 3 GeV by RCS, injected
to MR, and accelerated to 30 GeV. The eight of nine bunches in MR are filled by the beam and
extracted to the T2K neutrino beamline in one turn. The bunch spacing is 581 nsec and the
spill spacing is 3.52 sec up to June 2010, 3.2 sec during November 2010 to March 7th 2011, and
3.04 sec during March 8th to 11th. The parameters of the extracted proton beam are listed in
Tab. 2.1.

Table 2.1: Parameters of the extracted proton beam to the T2K neutrino beamline

Kinetic energy 30 GeV
Number of bunches 6 /spill (up to June 2010)

8 /spill (from November 2010 to March 2011)
Number of protons 6 x 102 ~ 9 x 10" /spill

(corresponding to 8~145 kW)

Bunch interval 581 nsec
Bunch width 58 nsec
3.52 sec (up to June 2010)
Spill interval 3.2 sec (November 2010 ~ March 7th 2011)

3.04 sec (March 7th 2011 ~ March 11th 2011)

2.2 Neutrino beamline

The 30-GeV proton beam is extracted from MR to the T2K neutrino beamline. The neutrino
beamline is composed of two sections: the primary and secondary beamlines. In the primary
beamline, the extracted proton beam is bent to proper direction against Super-Kamiokande and

13
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Figure 2.1: Bird eye’s view of the J-PARC site.

transported to the neutrino production target. In the secondary beamline, the proton beam
impinges on the target to produce secondary pions. Those pions are focused by magnetic horns
and decay into neutrinos.

2.2.1 Primary beamline

Figure 2.2 shows a schematic view of the primary beamline. The proton beam is extracted to the
preparation section (~ 50 m) and bent by 80.7 degrees in the arc section (~150 m). The beam
is finally directed downward by 3.636 degrees and focused to the target in the final focusing
section (~ 40 m).

There are several beam monitors in the primary beamline to monitor the proton beam
intensity, timing, position, profile and beam loss. The location of each monitor is shown in
Fig. 2.2.

The beam intensity and timing is monitored by current transformers (CT). The CT is a
toroidal coil which picks up the induced magnetic field by the proton beam. The precision of
the absolute intensity, relative intensity and beam timing are 2%, 0.5% and 5 nsec, respectively.

The beam position is monitored by electro statics beam position monitors (ESM). The ESM
has four round-rectangular electrodes surrounding the proton beam and measures top-bottom
and left-right asymmetry of the induced electric field by the proton beam to monitor the beam
position (Fig. 2.3). The precision of the beam center position is estimated to be less than
0.45 mm, while the required precision is 0.50 mm.

The beam profile is monitored by segmented secondary emission profile monitors (SSEM).
The SSEM has two thin titanium foils stripped horizontally and vertically to the beam orbit.
The beam profile is reconstructed by measuring charges induced by the emission of the secondary
electrons (Fig. 2.4). The precision of the beam center position and the beam width are estimated
to be less than 0.45 mm and 0.20 mm, respectively.

The beam loss is monitored by wire proportional chamber filled with Ar-CO9 mixture. The
signal is integrated during each spill, and if it exceeds a threshold, a beam abort signal is fired.

14
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Figure 2.4: Schematic of how to measure the beam profile by the SSEM.

2.2.2 Secondary beamline

Figure 2.5 shows the side view of the secondary beamline. The proton beam goes through the
baffle, which is a graphite block with a beam hole of 30 mm in a diameter, and impinges the
production target.

The optical transition radiation (OTR) monitor is installed between the baffle and the target
to monitor the beam profile and center. The OTR monitor uses optical transition radiation, the
emission of visible photons when energetic charged particles traverse a boundary between media
with different dielectric constants. A titanium alloy foil is placed at 45 degrees to the proton
beam, so that backward going OTR light from the foil is reflected at 90 degrees to the beam.
The light is transported by mirrors and collected by a CCD camera. The precision of the beam
center and width measurement is estimated to be 0.4 mm and 0.3 mm, respectively.

Production target and magnetic horns

The production target is a 2.6 cm diametral, 91.4 c¢cm long graphite rod, which corresponds to
1.9 interaction length. The target is inserted in the first horn.

T2K uses three horns. Each magnetic horn consists of two coaxial (inner and outer) con-
ductors. The conductors encompass a closed volume in which a toroidal magnetic field is gener-
ated [23]. The maximum field is 2.1 T for the current at 320 kA (250 kA for the data set used
in this thesis). Positive pions are focused by the horns, and negative ones are defocused.

Decay volume and beam dump

The pions decay to muon neutrinos and muons in the decay volume. 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 entrance, and
3.0 m wide and 5.0 m high at the end.

At the end of the decay volume, there is a beam dump composed of 3.174 m long, 1.94 m wide
and 4.69 m high graphite blocks. The beam dump stops all the particles except for neutrinos
and high energy muons.
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Figure 2.5: Side view of the secondary beamline.

Muon monitor

The muon monitor located just after the beam dump (~ 118 m downstream from the target)
measures the muon intensity and profile. The muon monitor consists of two types of detector
arrays: ionization chambers and silicon PIN photodiodes as shown in Fig. 2.6. Each array holds
49 sensors at 25 cm x 25 cm intervals and covers a 150 x 150 cm? area. The two-dimensional
muon profile is reconstructed in each array for each spill. The precision of the muon intensity
and direction are estimated to be ~ 0.1% and 0.2 mrad, respectively. The details of the muon
monitor are described in [24].

Data acquisition and event synchronization

The data of the neutrino beam lines are taken on a spill by spill basis. The data acquisition
system is triggered by a signal synchronized with the MR extraction. The local time clock (LTC)
module receives the timing signal and sends the trigger signal to the beamline monitors.

The LTC modules is a heart of the event synchronization between J-PARC and Super-
Kamiokande. It records time based on 1 pps (pulse per second) signals from two independent
GPS receivers, 1 pss from the Rb clock, and 100 MHz internal clock. When the MR, synchronized
signal is received, the LTC module counts the accumulated number of received signals as the
spill number and sends its spill number and its time to Super-Kamiokande which has the same
LTC system. The Super-Kamiokande LTC module immediately sends back the spill number and
its time for consistency check. This system provides O(50 nsec) scale synchronization between
the neutrino beamline and Super-Kamiokande *. The LTC module also provides the trigger for
near detectors.

*Tt is expected to be improved because of the GPS common-view system operating from RUN-II.
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Figure 2.6: Photograph of the muon monitor inside the support enclosure. The silicon PIN
photodiode array is on the right side and the ionization chamber array is on the left side. The
muon beam enters from the right side.

2.3 Near detectors

The near detectors are located approximately 280 m away from the production target. There are
two detectors (Fig. 2.7); one is an on-axis near detector, INGRID (Interactive Neutrino GRID),
to measure the neutrino beam direction and intensity, and the other is an off-axis near detector,
ND280, to measure the beam neutrino properties in the same direction as the far detector.
Details of INGRID are described in Chapter 3.

Figure 2.8 shows an exploded view of ND280. The ND280 elements are contained inside the
UA1 magnet [25]. The magnet consists of aluminum coils, which create the dipole field oriented
horizontally to the beam, and a flux return yoke, which is eight C-shaped yokes made of low-
carbon steel plates. The inner dimensions of the magnet are 3.5 x 3.6 x 7.0 m?. The magnet is
operated with a horizontal uniform magnetic field of 0.188 T during RUN-I and 2.02 T during
RUN-II. The ND280 elements are aligned along the beam direction; from the upstream of the
beam, there is a Pi-Zero Detector [26] (POD), three Time Projection Chambers [27] (TPCs)
interleaved with two Fine Grained Detectors [28] (FGDs) and the DownStream Electromagnetic
Calorimeter (DSECal). The POD, TPCs, and FGDs are surrounded on all four sides by Elec-
tromagnetic Calorimeter (ECal). All sides of the magnet are instrumented with the Side Muon
Range Detector [29]. Because the neutrino event rate is measured by using FGDs and TPCs in
this thesis, these detectors are described below.

Two FGDs serves as neutrino interaction target and detects the charged particles coming
from the interaction vertex. The FGDs are constructed from 9.61 mmx9.61 mmx1864.3 mm
bars of extruded polystyrene scintillator, which are oriented perpendicular to the beam in either
horizontal and vertical direction. Total volume of each FGD is 2300 mmx2400 mm x365 mm
and the mass is 1.1 tons. The scintillator bar has a hole in its center in which a wave length
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Neutrino beam

Figure 2.7: T2K near 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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Figure 2.8: Exploded 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.
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shifting (WLS) fiber is inserted. The scintillation light is collected and transported via the WLS
fiber to the photosensor attached at one end of the fiber.

The TPCs perform three functions: tracking of the particles coming from FGD’s or P0OD,
measurement of momentum with the magnetic field, and measurement of the ionization loss for
particle-identification. The TPCs use a gas mixture Ar:CF4::C4Hjo (95:3:2) and MicroMegas
detectors [30]. The point spatial resolution is estimated to be 0.7 mm. The resolution of
deposited energy is estimated to be 7.8% for minimum ionization particles.

2.4 Super-Kamiokande detector

Super-Kamiokande serves as the far detector in T2K. It is in operation also to study the at-
mospheric and solar neutrinos, to watch cosmic neutrinos from supernova explosions, to search
for proton decay, and more. Super-Kamiokande is located 295 km west of J-PARC and is in
the Kamioka mine, 1 km deep inside a mountain. It is a cylindrical cavern, 39 m in diameter
and 41 m in height (Fig. 2.9), filled with 50 kton of pure water and has a 22.5 kton fiducial
volume. It is mainly comprised of two segments: the inner detectors (ID) and outer detectors
(OD). ID is completely surrounded by OD. The size of ID is 36.2 m in height and 33.8 m in
diameter, containing 32 ktons of water (Fig. 2.10). ID (OD) holds 11129 (1885) inward-facing
(outward-facing) 20-inch (8-inch) diameter photomultiplier tubes (PMTs) on its cylindrical wall.
Neutrinos are detected with these PMTs by measuring Cherenkov lights emitted by charged par-
ticles from neutrino interactions in water. The Cherenkov lights are fitted to rings, from which
the particle’s vertex, energies, directions and species are reconstructed. Neutrino interactions
are distinguished from the other activities like cosmic muons by selecting events in which the
vertex exists inside the fiducial volume. Details of Super-Kamiokande are described in [22,31].

Control room

L] B Inner Detector

— Outer Detector

Detector hall Access tunnel

Figure 2.9: Schematic overview of Super-Kamiokande. This figure comes from [32]

T2K beam data

The charge and timing of all the hit PMTs (hit threshold is ~ 0.25 PE) within 500 usec from
the beam arrival time (Fig. 2.11) are written to disk. The hits are fed into the offline processing
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Figure 2.10: Cross section view of the SK water tank.

and the neutrino event selection as described in Section 7.2.
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Figure 2.11: Illustration of the timing of the data taking at Super-Kamiokande. The T2K time
window for £500 usec is set at the beam arrival time which is aproximately 1 msec of the

neutrino time of flight after each spill.
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INGRID Detector

The INGRID (Interactive Neutrino GRID) detector is an on-axis neutrino near detector located
at 280 m downstream from the proton target. This chapter describes the detector configuration,
the details of each component, and the basic performance of INGRID.

3.1 Detector configuration

The main purpose of the INGRID detector is to monitor the neutrino beam profile center with a
precision better than 28 cm; 28 cm corresponds to 1 mrad of the beam direction at the INGRID
location (280 m x 1 mrad). The spatial width (1) of the neutrino beam at the INGRID location
is about five meters as shown in Fig. 3.1. Because the decay volume has the rectangular cross-
section (See Section 2.2.2), the spatial width is different in the x direction and the y direction.
To cover the sufficient region of the beam profile, INGRID is designed to sample the beam in a
transverse section of 10 m x 10 m with 14 identical modules arranged as a two identical groups
along the horizontal axis and vertical axis, as shown in Fig. 3.2. Two separate modules, called as
shoulder modules, are placed at off-axis positions off the main cross to monitor the asymmetry
of the beam. The measurements using the shoulder modules is not covered in this thesis and
INGRID means the horizontal seven modules and the vertical seven modules here.

Each of the module consists of nine iron target plates and eleven tracking scintillator planes
as shown in Fig. 3.3 left. They are surrounded by veto scintillator planes (Fig. 3.3 right) to
reject charged particles coming from outside the modules. The dimensions of the iron target
plates are 124 x 124 cm? in the horizontal and vertical directions and 6.5 cm along the beam
direction. The total iron mass serving as a neutrino interaction target is 7.1 tons per module.
The tracking scintillator plane consists of two scintillator layers: the layers arranged in the
horizontal and vertical directions. Each layer has 24 scintillator bars, constructing a plane of
120 x 120cm? in the horizontal and vertical directions and 1.0 cm along the beam direction.
The veto scintillator plane consists of one scintillator layer which is made by 22 scintillator bars
segmented along the beam direction in order to identify the coming charged particles produced
by neutrino interactions in upstream wall of the detector hole.

Figure 3.4 shows an example of neutrino event candidates in one module. Neutrino interac-
tion events are selected by reconstructing the track of charged particles generated in neutrino
interactions in the iron target. The horizontal and vertical neutrino beam profiles are recon-
structed from the number of observed events in each module.
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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 (1o) of both profiles is about five meters.
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Figure 3.2: Overview of the INGRID detector.
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Figure 3.3: Exploded view of the INGRID module. It consists of nine iron target plates and
eleven scintillator trackers (left), and it is surrounded by the scintillator VETO planes (right).
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Figure 3.4: Typical neutrino interaction event candidate in one module in the real data. A beam
neutrino enters from the left and interacted in the 2nd iron target plate. The size of the circles is
proportional to the observed number of photo-electrons at each scintillator bar, and black lines
show the reconstructed tracks in the side and top views.
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3.2 Detector elements

3.2.1 Extruded scintillator

All the INGRID scintillator bars were produced at Fermilab [33]. The scintillator bars are made
of polystyrene, infused with PPO (1%) and POPOP (0.03%), and are produced by extrusion
in the shape of rectangular (1.0 cm x 5.0 cm) bar with white reflective coating composed of
TiOy infused in polystyrene (15% by weight). The wavelength of the scintillation light at the
emission peak is 420 nm. One side of the rectangular face, far from light readout, is painted with
white reflective coating (ELJEN® EJ-510). The length of the scintillator bars is 120.3 cm, 111.9
cm and 129.9 cm for the tracking, top/bottom-veto and right/left-veto planes, respectively. A
hole of about 3 mm in diameter at the center of the scintillator bar allows the insertion of a
wavelength shifting (WLS) fiber for light collection. INGRID has 8360 scintillator bars in total.

In order to build a scintillator tracking plane, a vertical and a horizontal layers are glued
together using epoxy resin (Cemedine PM-200) with aluminum (A6063) frames and black plastic
(ABS) plates surrounding the layers (Fig. 3.5). In addition, rubber (EPDM) strips are attached
between the aluminum frames and the plastic plate to prevent light leak.

During assembly, one scintillator bar per every one layer was sampled and its dimension and
weight were measured. The mean value and root-mean-square (RMS) of the measurement are
summarized in Tab. 3.1.

Rubber
strip

Scintillator
layers

Aluminum
flame

Black
plastic plate

Figure 3.5: Exploded view of the scintillator plane.

Table 3.1: Mean value and RMS of the measured dimensions and weight of the scintillator bars.
In total, 349 bars were measured.

unit mean RMS

width mm 50.01 0.062

thickness mm 9.921 0.094
length mm 1203  0.42
weight g 6021 28
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3.2.2 Wave length shifting fiber

The WLS fiber, Y11(200)M by Kuraray, is used for the light collection. The diameter of the
fibers is 1.0 mm and fits the active region of the photo-detector (1.3 x 1.3 mm?). The scintillation
photons are absorbed by the Y-11 fluor and re-emitted. As shown in Fig. 3.6, the absorption
spectrum, centered at the wavelength of 430 nm, has only a little overlap with the emission
spectrum, centered at 476 nm, so that self-absorption in the fiber is small.

The fiber is a double-clad type; the inner core containing the WLS fluor (200 ppm) is
polystyrene (refractive index n; = 1.59), the thin intermediate layer is acrylic (ne = 1.49),
and the thin outer cladding is a polyfluor (n3 = 1.42). The light whose angle with respect to
the fiber axis is less than 26.7 degree is trapped and transported along the fiber.

The fiber is non-S type; the core of non-S type is of almost no oriented polystyrene chain
and is optically isotropic and very transparent. The 1/e attenuation length is 242 c¢m, which
was measured at KEK FUJI test beam line [34]. We also measured the attenuation length of
each fiber after assembly of the scintillator plane and the result is consistent with 242 cm.

The fibers are cut to the lengths of the scintillators. The cut surfaces of the fibers were
polished with diamond blades (Fiberfing Inc. FiberFin 4). The fiber is attached to the Multi-
Pixel Photon Counter (MPPC) through the specially developed connector [35]. The connector
consists of two parts as shown in Fig. 3.7: one part holds the MPPC at the bottom of the funnel,
and the other part holds the fiber by gluing with optical cement (ELJEN® EJ-500). The other
side of the fiber is painted with the reflective coating (ELJEN® EJ-510) to increase the light
yield at the far side. After cutting, we sampled 204 fibers and measured their mean light yields
at a test-bench using LED light. The RMS of the mean light yields is 10%.

1.0 Y-11
x> Emission
(O]
Q.
8
o U |
2
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350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 3.6: Absorption and emission spectra of Y-11 WLS fiber.

3.2.3 Multi-Pixel photon counter

INGRID uses a Multi-Pixel Photon Counter (MPPC, Hamamatsu S10362-13-050C) [36] man-
ufactured by Hamamatsu Photonics as the photo-sensor. Figure 3.8 shows a photo of MPPC.
MPPC is a newly developed photon sensor. It is an electrically parallel array of avalanche pho-
todiodes (APDs) which operates in Geiger-mode at above the breakdown voltage. It is able to
count the photons as the number of fired pixels. INGRID is the first large application of MPPC.
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Figure 3.7: Optical connector between the WLS fiber and the photo-sensor.
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MPPC has great features such as high photon detection efficiency (40% at 500 nm) and the
capability of photon counting. Its basic parameters such as a gain and dark noise rate depend
on the overvoltage, AV, which is the difference between the applied voltage and its breakdown
voltage.

Figure 3.8: Photo of the Multi-Pixel Photon Counter (MPPC).

The gain is defined as the charge of a fired single pixel divided by the charge of an electron.
Because the capacitance C' of a single pixel is on the order of 10 ~ 100 fF and AV is a few
volts, the gain (= C' x AV/e) is order of 10° ~ 10%. There are a few bad features in MPPC.
MPPC has dark noise of few hundreds Hz due to the thermal generation of carries. Afterpulse
occurs following the true signal with some probability. It is generated by the primary carries
trapped by crystal defects. Photons emitted during avalanche multiplication at the firing pixel
propagate inside the lattice and could create another electron-hole pairs at neighboring pixels
and these free carriers can trigger another pulses there. This phenomenon is so-called crosstalk.
The probability of afterpulse and cross-talk is typically ~ 0.1.

Before the installation, the basic parameters together with their dependence on AV and
the temperature are measured for all the MPPCs [37] as summarized in Tab. 3.2. Using this
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result, the applied voltage to each MPPC in INGRID is determined and controlled at front-end
electronics with an accuracy of 0.02 V. The AV of the INGRID MPPC is 1.1 V. At this operation
voltage, the gain is ~ 5.0 x 10°. The dark noise rate is ~ 5.0 x 10° Hz and average number of
the noise hits (threshold = 2.5 PE) at one of the module (number of channels = 616) during the
integration window (530 nsec) is five (Fig. 3.9).

Table 3.2: Mean value and RMS of gain, dark noise, after pulsing and cross-talk probability and
photo detection efficiency (PDE) for 17686 MPPCs at 15, 20, 25°C and AV = 1.0 V, quoted
from [37].

Parameter Temperature Measured values RMS
15°C 4.91 x 10° 0.26 x 10°
Gain 20°C 4.85 x 10° 0.26 x 10°
25°C 4.75 x 10° 0.24 x 10°
Breakdown voltage 15°C 68.05 0.73
(V) 20°C 68.29 0.73
25°C 68.53 0.73
Dark noise rate 15°C 3.37 x 10° 0.85 x 10°
(Hz) 20°C 4.47 x 10° 1.02 x 10°
25°C 6.03 x 10° 1.21 x 10°
After pulsing and 15°C 0.073 0.039
cross-talk 20°C 0.070 0.036
probability 25°C 0.066 0.031
PDE (xPMT of 15°C 1.45 0.32
Hamamatsu R1818) 20°C 1.53 0.33
25°C 1.62 0.34

3.2.4 Readout electronics

Readout electronics of INGRID consist of Trip-t front-end Boards (TFBs) and three kinds of
back-end boards (BEBs): Readout Merger Module (RMM), Master Clock Module (MCM) and
cosmic-ray trigger Module (CTM), as shown in Fig. 3.10.

TFB (Fig. 3.11) has four Trip-t chips, two 10-bit dual channel ADC chips (AD9201), eight
8-channel 8-bit DACs (AD5308), a FPGA (Xillinx Spartan 3) and so on. Details of Trip-t and
TFB can be found in [38,39]. Each TFB reads out MPPCs in one tracking plane or MPPCs in
two veto planes: INGRID has 182 TFBs in total. The MPPC signals are capacitively split (low
gain and high gain outputs) and routed to two separate channels of Trip-t. Trip-t integrates the
charge and stores the result of 23 integration cycles. The data is multiplexed onto AD9201 which
digitize the data. The dynamic range of high (low) gain output is up to ~ 100 (1000) PE. Signals
from the high gain channel are routed to a discriminator, which is a part of Trip-t to provide
timing information. TDC data is recored with a time resolution of 2.5 nsec (least significant bit).
TDC data is also used to calculate a cosmic-ray trigger primitive signal, which is sent to CTM.
AD5308 provides the 0 to 5 V programmable trim voltage to each MPPC. The TFB operation
is controlled by FPGA. TFB needs four low voltage levels (1.7 V, 3.1 V, 3.8 V and 5.5 V), which
are provided together with the MPPC high voltage by a power supply (TDK Lambda ZUP6-33)
installed on each INGRID module.

All BEBs are developed on the same hardware platform with a high-end Vertex II Pro
FPGA from Xillinx (Fig. 3.12). RMM is connected to TFB via Cat 5e cables and all BEBs
are connected to each other via their RocketIOs. RMM transmits parameters to TFB for the
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Figure 3.9: Number of the MPPC dark noise hits during a integration window (530 nsec).
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Figure 3.10: Overview of the INGRID readout electronics system.
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Figure 3.11: Photograph of the TFB top surface (left) and its bottom surface (right).

set-up and running. MCM distributes the beam trigger to TFB via RMM. It also distributes
the cosmic-ray trigger signal generated by CTM. CTM generates the cosmic-ray trigger from
the primitive signal from TFBs.

Figure 3.12: Photograph of the back-end board.

BEBs are connected to the DAQ PCs by optical Gigabit Ethernet links. The DAQ architec-
ture is based on the MIDAS framework [40] and details can be found in [41].

3.2.5 Connection between MPPC and TFB

Each MPPC is connected to TFB via co-axial cable (Hirose U.FL-2LP-068) of 150 cm. There
are several components around the MPPC and TFB as a guide of the cable.

Figure 3.13 shows a Printed Circuit Board (PCB) connector attached to the MPPC. The
MPPC is electrically connected to the co-axial cable via this PCB. Figure 3.14 left shows compo-
nents around the MPPC and the PCB. There are two parts, a cover attached to the aluminum
frame and a cap attached to the cover. Figure 3.14 right shows the photo of the cover. To
prevent the light leak from the cable hole, the black rubber is installed inside of the cover and
the cover and cap are coated with black anodizing.

Each TFB is contained inside a box made by aluminum (Fig. 3.15 left). Between TFB and
bottom of the box, a rubber is inserted as a heat conductor. The TFB boxes are attached to
the top side of the module (Fig. 3.15 right).
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Figure 3.13: Printed Circuit Board (PCB) connector. The MPPC is electrically connected to
the cable via PCB.
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Figure 3.14: (Left) Components around the MPPC and the PCB. (Right) Photo of the cover.
There is a hole on the cover in which the black rubber is put to prevent the light leak and hold
the cable. The cap is not shown in this photo.
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Figure 3.15: (Left)TFB mounted in the aluminum box. (Right)TFB boxes attached to the top
side of the module.
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3.2.6 Iron and module support structure

The iron plates and the module support structures were fabricated in France. After fabrication
of the iron plates, the mass of each plate was measured within a precision of 1 kg, whereas
designed mass is 785 kg. Table 3.3 shows measured mass of nine iron plates installed in each
module. The difference between measured and designed value is taken into account to correct
observed number of neutrino interaction events as described in Section 6.2.4.

Table 3.3: Mass of each module iron plates. The design value is 7065 kg (785 kgx9 plates).
module 0 1 2 3 4 5 6 7 8 9 10 11 12 13
weight[kg | || 7124 | 7081 | 7065 | 7076 | 7059 | 7094 | 7114 | 7041 | 7063 | 7094 | 6987 | 7079 | 6979 | 6988

The support structures of the module are made of welded steel beams onto which the target
plates are bolted. For the horizontal modules, the mechanical structure is a simple frame with
base plates to interface the module to the concrete floor (Fig. 3.16). The structure of the vertical
modules is more complex with columns and bracing (Fig. 3.17) that serves to build the twelve
meter high tower of the detector by stacking and bolting together the modules. An aluminum
frame, mounted around the target plates and tracking planes, provides the mechanical support
for the VETO planes, the power supply units and the cable trays.

Figure 3.16: Support structure of the horizontal module. The nine iron plates are attached in
this figure. The eleven scintillator tracking planes are inserted between iron plates.

3.3 Data acquisition

The timing diagram of the INGRID data acquisition (DAQ) is shown in Fig. 3.18. There are
two triggers: beam trigger and cosmic-ray trigger.

The beam trigger is provided from the accelerator via the LTC module as described in
Section 2.2. After getting the beam trigger signal and waiting 2.5 usec so that the first bunch
timing is in the middle of fifth cycle, the INGRID DAQ starts to take data and record the
data of 23 cycles. The time window of the integration and the reset is 530 nsec and 50 nsec,
respectively, whereas the spill spacing is 581 nsec. Before 0.1 sec of the beam trigger, there is a
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Figure 3.17: Support structure of the vertical module. The nine iron plates are attached in this
figure. The eleven scintillator tracking planes are inserted between iron plates.
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Figure 3.18: Timing diagram of the data acquisition.
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beam warning trigger with which the INGRID DAQ aborts taking the data to be ready for the
beam trigger.

The cosmic-ray trigger is enabled between the beam triggers. During this period, the INGRID
DAQ takes the data continuously and records the data of last 23 cycles only when the cosmic-
ray trigger is fired. The cosmic-ray trigger is generated by CTM when the one of the module
satisfies a cosmic-ray trigger algorithm. The algorithm is shown in Fig. 3.19; the cosmic-ray
trigger primitive signal at each TFB is generated with two hits and the cosmic-ray trigger is
generated with four primitive signals from one of the combination in Fig. 3.19. To suppress the
data size, only the data of the channels with 2.5 photo-electrons or more are recorded in the
cosmic-ray trigger events.

Trackingplane# 0 1 2 3456 7 8 9 10

(TOR& T3 && T4 && T6) !
(T4 && T6 && T7 && T10) !

(TO && T1 && T4 && T7)
I

T* means two hits in the plane *

Figure 3.19: Algorithm of the cosmic-ray trigger.

3.4 Coordinate system

INGRID uses the right-handed Cartesian coordinate system in which the z axis is the beam
direction and the y axis is the vertical upward direction. The origin is located on the most
upstream surface of each module in the z dimension and the edge of the tracking plane in the x
and y dimensions. Each module has an independent origin and the neutrino event selection at
each module are described based on the this coordinate system. The numbering of scintillators in
a tracking plane is done from -x to +x (0 to 23) and -y to +y (0 to 23). Similarly the numbering
of the tracking plane is done from -z to +z (0 to 10). In both cases the counting starts from zero.
Usually the event selection is explained by the scintillator number and the scintillator tracker
number. Since each module is read out both vertically and horizontally, two views are defined:
x-z projection (top) and y-z projection (side).
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3.5 Basic performance of INGRID

3.5.1 Dead channel fraction

Because MPPC has the capability of single photon counting and high dark noise rate, the peaks
corresponding to zero photo-electron (pedestal) and one photo-electron can be observed without
light source, as shown in Fig. 3.20. By checking these two peaks, we found 14 (0.17%) dead
channels out of 8360 channels.

Following three problems caused dead channels. First one is damage to the co-axial cable
between the MPPC and the TFB: 10 of 14 channels. Second one is trouble with the chip on the
TFB which controls the voltages applied to the MPPCs: 3 of 14 channels. Third one is trouble
with an electrical circuit; the pedestal of these channel are not stable 1 of 14 channels.

3.5.2 Gain

As described in 3.5.1, the zero photo-electron and one photo-electron can be observed without
any light source. The MPPC gain is measured using these two peaks. Figure 3.21 shows the
MPPC gain for all the channels. Figure 3.22 shows the MPPC gain for all the channels as
a function of time. Because of the variation of temperature, the MPPC gain varied slightly.
Especially, the temperature is different for the horizontal seven modules and the vertical seven
modules. The voltage applied to the MPPCs is tuned at the start of the MR run. The gain is
stable within 10% level.

1000—

# of events

500—

200 150 200 250
ADC counts

Figure 3.20: Typical ADC distribution of MPPC dark noise.

3.5.3 Light yield

The light yield per lcm of a muon track is monitored with inter-spill cosmic-ray data for each
channel. A typical light yield distribution of one channel is shown in Fig. 3.23. The distribution
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Figure 3.21: MPPC gain for all the channels.
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Figure 3.22: Stability of the MPPC gain for all channels.
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is consistent with the Landau distribution. The mean light yield of all the channels are shown
in Fig. 3.24.

Table 3.4 shows the average and RMS of the mean light yields for each month. The average
become larger slightly and RMS become smaller between Jun. 2010 and Dec. 2011, because a
fine tuning for the MPPC voltage was done. There is no light yield measurement between Jan.
2010 and Feb. 2010 because cosmic-ray trigger module was not available. During that period,
hit efficiency described in Section 3.5.4 was measured with the beam induced muons and the
result shows that the efficiency is high enough.

From these measurements, we concludes that the light yields of all the channels are sufficiently
high and stable during all the measurement periods.

Mod04 YPlane04 Ch.04

Entries 12104
Mean 22.23

400

200

0 50 100
PE/1cm

Figure 3.23: Typical light yield distribution. Light yield is normalized by the pass length (1 cm).

Table 3.4: Average and RMS of mean light yields

period Average[PE/lcm] r.m.s.[PE]
Mar. 2010 23.8 2.4
Apr. 2010 23.1 2.3
May 2010 23.5 2.4
Jun. 2010 23.2 2.4
Dec. 2010 24.3 1.6
Feb. 2011 24.6 1.6
Mar. 2011 24.8 1.7

3.5.4 Hit efficiency

The hit efficiency is evaluated by using beam induced muon tracks with the following procedure;
a muon track is reconstructed without using the hit information in the scintillator plane being
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Figure 3.24: Mean light yields of all the channels.

evaluated, and then in that plane, channels expected to have hits from the track trajectory are
checked whether they have hit or not.

Figure 3.25 shows the result of the hit efficiency measurement with the beam induced muons.
Figure 3.26 shows the efficiency as a function of the track angle measured by using the beam
induced muons. The track angle is defined as the angle between the beam direction and the
reconstructed track. Because the main origin of the inefficiency comes from the gap between
scintillators, the efficiency depends on the track angle: a particle with small angle has a higher
probability to go through the gap. As a result, the efficiency is smaller than that expected from
photo-electron statistics with measured light yield described in 3.5.3.

3.5.5 Hit timing resolution

Hit timing resolution is estimated by measuring the time difference among hit channels for
cosmic-ray tracks. Figure 3.27 shows the time differences of each hit channel from the average
of all channels after the correction for differences in the readout cable length and the light
propagation time through the fiber. The RMS is 0.9 nsec, which corresponds to the timing
resolution if all the channels have the same resolution. The width of the primary proton beam
bunch was about 30 nsec during RUN-I and RUN-II, so this resolution is sufficient for selecting
the beam events.
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Figure 3.25: Hit efficiencies of all the channel measured with the beam induced muons.
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Figure 3.26: Hit efficiency as a function of reconstructed track angle measured with beam induced
muons.
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Figure 3.27: Time difference of hit channels from the average hit times for cosmic-ray tracks.
Timing is corrected taking cable length and the light propagation through the fiber int account.
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Monte Carlo Simulation

The T2K Monte Carlo (MC) simulations are processed in three steps:

e Simulation of the neutrino beam. It gives the neutrino flux and energy spectra at the near
detectors (ND) and Super-Kamiokande (SK).

e Simulation of the neutrino interaction. It generates final state particles with their kine-
matics in the neutrino-nucleus interaction.

e Simulation of the detector response. It simulates the passage of particles in a material and
the response of detector components.

They are described one by one in the following sections.

4.1 Neutrino beam simulation

In order to predict the neutrino flux and energy spectrum at each detecor location, a neutrino
beam Monte Carlo simulation, called JNUBEAM, has been developed. JNUBEAM is based on
the GEANT3 [42] simulation tool. The secondary beamline geometry is implemented in the
simulation and particles are tracked in materials until they decay into neutrinos or are absorbed
in the material. The tracks of neutrinos are extrapolated to the ND and SK location. Then the
flux and the energy spectrum at each location are provided.

In JNUBEAM, protons with a kinetic energy of 30 GeV are injected into the production
target. The beam optics such as spatial distribution are reproduced according to the beam
monitor measurements.

The proton interaction inside the target is simulated by the FULUKA hadron interaction
model [43,44]. The differential cross section and production rate for the secondary charged pions
production are tuned using the NA61 measurement [45]. This measurement covers 92% (98%)
of the T2K phase space for 7™’s (77 ’s). The systematic errors are typically 5 ~ 10% for the
differential cross section and 2.3% for the production rate. These errors are propagated to the
error of the neutrino flux prediction. The pion production by the secondary proton is tuned by
the NA61 data after they are scaled to that momentum by the Feynman scaling [46,47]. For
productions of pions at the phase space uncovered by the NA61 measurement and the productions
of other hadrons, the FLUKA hadron interaction model [43,44] is used because FLUKA shows
better agreement with the NA61 result than GEANT3 hadron interaction model.

Hadron interactions outside the target are simulated by the GCALOR [48] hadron interaction
model. The particles are traced through the magnetic horns and the decay volume until they
decay into neutrinos or are absorbed in the material. In JNUBEAM, 7+, K+, K 2 and p* decays
listed in Tab. 4.1 are neutrino sources.
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In order to save CPU time, whenever a particle decays into a neutrino, the flavor and energy
of the neutrino as well as the ancestors’ information are stored with a probability that the
neutrino is produced in the direction of ND or SK.

Table 4.1: Neutrino-producing decay modes in JNUBEAM and their branching ratio in per-
centage. Decay modes for 7, and 7, are omitted in this table. The 7~ (K ~) mode is charge
conjugate of the 7+ (K™) mode.

Parent particle

Tt K+ Kg ut w-
Vy ;ﬁuu ,Lﬁuu, 7T0,U,+I/N 7T_[L+I/M e vy Ve
99.9877 63.55, 3.353 27.04 ~100
Ve et v, metve | 7 etve | e, ve
1.23 x 10~* 5.07 | 4055 |  ~100

The composition of the neutrino beam is dominated by muon neutrinos since the horn mag-
nets mainly focus the positive mesons. Figure 4.1 shows the energy spectrum of v, v, ¥, and
7, at SK with showing the contribution from different neutrino parents.

Energy spectra at the INGRID center and end of the horizontal modules are shown in Fig. 4.2.
Because each module covers different off-axis angle, the neutrino energy spectrum at different
location is different. The difference of the average neutrino energy between the center module
and the end modules is about 0.2 GeV.

4.2 Neutrino interaction simulation (NEUT)

Neutrino interactions with nuclear targets are simulated with the NEUT program library [49,50].
Nuclear targets handled in NEUT are hydrogen, oxygen, carbon, and iron. The energy of neu-
trinos handled in NEUT ranges from 100 MeV to 100 TeV. The following neutrino interactions
in both the charged current (CC) (v, 4+ N — £+ X) and neutral current (NC) (vy+N — v+ X)
are considered:

e quasi-elastic scattering (QE), vy + N — £(vy) + N';

(

e resonant single m production, vy + N — ¢(vy) + N’ + 7,
resonant single v production, vy + N — £(vy) + N’ 4 ~;
resonant single K production, vy + N — £(vy) + N' + K;
resonant single n production, vy + N — £(vp) + N' + n;

e coherent 7 production, vy +1%0 — I(vy) + X + 7
e deep inelastic scattering (DIS), vy + N — l(vy) + N’ + hadrons

where N and N’ are nucleons and ¢ is a charged lepton. The neutrino-nucleus cross-sections in
NEUT for these interactions are shown in Fig. 4.3.

Quasi-elastic (QE) scattering

The CCQE interaction is implemented with the Smith and Moniz model [51]. The vector mass
My and axial vector mass My are set to be 1.21 (£0.2) GeV/c? and 0.84 (+0.1)GeV /c?, re-
spectively. For the neutrino-nucleon interaction, Fermi motion of the nucleon and Pauli blocking
effect are taken into account. The Fermi surface momentum (the nuclear potential) for oxygen,
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Figure 4.1: Neutrino energy spectrum predicted by JNUBEAM at SK for v, (upper left), 7,
(upper right), v, (lower left) and 7, (lower right). Each color shows a contribution of each parent
particles. The error bars are the MC statistical errors.
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Figure 4.2: Neutrino energy spectrum predicted by JNUBEAM at the INGRID center and end
modules. The error bars are the MC statistical errors.
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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]:

o(vp—vp) = 0.153 x o(vn — u p) (4.1)
o(op — vp) = 0218 x o(vn — p'n) (4.2)
olvn —-vn) = 15x0o(vp— vp) (4.3)
o(vn —-ovn) = 1.0x o(vp — vp) (4.4)

Resonant single 7, v, K and n production

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

%
V[—}—]\i—)f—i-N/ (45)
N* =7+ N,
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 /c? are considered and
the resonances over 2 GeV/c? 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 v, K and 7 production is implemented with same way: the
amplitude of each resonance production is multiplied with the probabilities of decay into -y, K
or n for each resonance.
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Coherent pion production

The coherent pion production is implemented with the model of D. Rein and L.M. Sehgal [57,58].
The model is based on Adlers PCAC theorem [59, 60].

Deep inelastic scattering

Cross-section of deep inelastic scattering (DIS) is calculated as the neutrino-quark scattering.
The nucleon structure functions are taken from the parton distribution function GRV98 [61]
with corrections proposed by Bodek and Yang [62].

For the cross-sections for multi-pion production induced by the neutral current, we use the
following relations:

o\v 14
TN = o x) ) 2000 {(E,—3)/3} (3GeV < E, <6GeV)
0.30 (E, > 6GeV) (w5
(5N = 7X) 0.39 (E, < 3GeV) '
o\v — vV
SN 5 prx) — | 039~ 0:02x {(By = 3)/3} (3 GeV < By < 6GeV)
0.37 (B, > 6GeV)

These values are estimated from the experimental results [63,64].

4.2.1 Final state interaction (FSI)

The interactions of the mesons, especially of pions, which are generated by the neutrino interac-
tions, is important to estimate background events in Super-Kamiokande. Especially interaction
inside the nucleus in which neutrino interaction occurred is important and called as final state
interaction (FSI). FSI is simulated as follows. When a pion is created by the neutrino interac-
tions, the production point of a pion inside the nucleus is set according to the Woods-Saxon type
density distribution. Then the following pion interactions are considered: inelastic scattering,
charge exchange and absorption. Each cross section is calculated based on the Oset model [65],
which agrees well with the past experimental data [66]. In the simulation, Fermi motion of
nucleus and Pauli blocking effect are taken into account.

4.3 Detector response simulations

4.3.1 Near detectors

The INGRID detector response simulation code was developed with the Geant4 framework [67].
The simulation includes the detailed geometry of the experimental hall in addition to the detector
itself. The energy deposit in each scintillator bar is simulated by Geant4 library and is converted
to the number of photo-electrons at each MPPC. The conversion factor from the energy deposit
to a number of photo-electrons is determined based on the measured light yields with cosmic-
rays. Because the main origin of the hit inefficiency comes from the gap between scintillator
bars as described in Section 3.5.4, the shape of the scintillator bar is important to reproduce the
detector response. The cross-section of the scintillator bar (Fig. 4.4) is tuned to reproduce the
hit efficiency as a function of the track angle as shown in Fig. 3.26. Scintillator quenching effect
is simulated by using the Birk’s law with the value measured in [68]. Attenuation in the fiber
is taken into account based on the measured attenuation length [34]. The response of MPPC,
such as linearity of observed photo-electrons to injected photo-electrons, is modeled based on
the test bench measurements [69].
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Figure 4.4: Cross-section of the INGRID scintillator bar. (right) the photo of the scintillator
bar. (left) the shape implemented in the INGRID simulation.

Geant4 is also used to simulate the response of the ND280 detectors. The geometry of the
detectors is constructed in Geant4 code. The energy deposits from the final state particles that
pass through the detector is simulated. The response of the active detectors (scintillator bars,
fibers, MPPCs and electronics, and TPC electron drift and electronics) is simulated through
custom-written code [22,70].

4.3.2 Super-Kamiokande

The Super-Kamiokande detector response to the particle generated in the neutrino interaction is
simulated by SKDETSIM [22], a program library based on GEANT3 [42]. SKDETSIM simulates
the particle propagation across the detector, Cherenkov photon propagation, photo-electron
production at PMT and response of the electronics.

For the propagation of the Cherenkov photos in water, the absorption, Raleigh scattering and
Mie scattering are considered. The parameters of the scatterings are tuned based on measure-
ments with calibration sources. In addition to the propagation in water, the reflection, refraction
and absorption at the detector components such as the PMT surface are also implemented.

The absolute quantum efficiency for the photo-electron production at PMT refers to the
measurement by Hamamatsu Photonics K.K. The relative efficiency of the PMTs are calibrated
by the measurement with the Ni calibration source.

The energy scale for SKDETSIM is checked by using cosmic data as described in Section 7.3.
For all samples, the agreement of the energy scale between data and SKDETSIM is within a few
percent.
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Analysis Overview

This chapter introduces the outline of the neutrino oscillation analysis. Section 5.2 summarizes
the neutrino beam data set used for the analysis.

5.1 Outline of the analysis

Figure 5.1 shows the block diagram of the analysis flow. The analysis strategy is already de-
scribed in Section 1.2.5; the analysis is performed by comparing observations with the expecta-
tions at Super-Kamiokande for both the neutrino energy spectrum and the number of v, events.
The expected neutrino energy spectrum, @g?, is obtained by the neutrino beam MC predic-
tion multiplied by the oscillation probability. To precisely predict @g);f, the measurement of
the beam direction is important because we use the off-axis method. The expected number of
events, N§i¢~, is estimated by using the number of events in the near detector as described by
Eq.1.33.
To perform the oscillation analysis, we measure the following quantities:

(1) neutrino beam direction
(2) number of events in the near detectors
(3) energy spectrum and the number of events at SK

Chapter 6 describes the measurement (1) and (2). The measurement (3) is subsequently de-
scribed in Chapter 7. Finally, we perform the neutrino oscillation analysis in Chapter 8. These
measurements and analyses are introduced below.

5.1.1 Neutrino beam direction

We measure the beam direction using INGRID. The beam neutrino events are counted in each
INGRID module and the beam profile is reconstruct. The beam center is measured as the peak
of the profile. Then the beam direction is reconstructed as the direction from the neutrino
production target to the measured INGRID center.

5.1.2 Number of neutrino events in the near site

The neutrino event rate is measured by using both INGRID and ND280. For the INGRID
measurement, the number of neutrino events is counted by using all the INGRID modules. For
the ND280 measurement, FGDs and TPCs are used to reconstruct v, CC inclusive event.
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5.1.3 Super-Kamiokande analysis

Neutrino events in SK are selected by using the beam timing, information of the reconstructed
Cherenkov ring, and the delayed activities due to decay electrons. We select the single u-like
ring events for the analysis of neutrino oscillation in v, disappearance, and the single e-like
ring events for v, appearance. Because this thesis focuses on the oscillation in v,, disappearance,
Chapter 7 describes the selection of the single u-like ring events and the systematic uncertainties.

5.1.4 Neutrino oscillation analysis

The analysis is performed to get both the best fit value and the confidence region of (sin® 263,
Am3,). The best fit value is determined with the method of maximum likelihood. The confidence
region is constructed by using the method based on Feldman and Cousins [71]. Section 8 describes
the method and result of the analysis.
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Figure 5.1: Block diagram of the v, disappearance analysis.
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5.2 Data set

T2K started taking neutrino beam data from January 2010. The analysis in this thesis is based
on a data set collected from January to June 2010 (RUN-I), and from November 2010 to March
2011 (RUN-II). There are nine physics run periods according to the MR run number: run 29
to 34 (RUN-I) and 36 to 38 (RUN-II). The history of number of protons on target (POT) and
accumulated POT are shown in Fig. 5.2. The collected data set corresponds to an accumulated
POT of 1.44 x 10%.

In order to guarantee good beam conditions, following selections are applied offline.

1. ”Physics run”: Spills during the physics run are selected. Before this selection, spills for
the beam line DAQ test, the beam tuning and the beam study are included.

2. ”"Beam trigger”: Spills with the beam trigger, which is synchronized with the MR extrac-
tion, are selected.

3. 7Good GPS status”: The time difference between the two GPSs (GPS1 and GPS2) at the
J-PARC site has to be less than 200 nsec to guarantee the good status of the GPS system.

4. ”Spill flag”: The number of protons per spill at the most downstream CT is required to
be more than 1 x 10! to exclude spills which do not contain the beam.
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Figure 5.2: History of proton per spill and accumulated POT.

5. "Normal beam condition”: Every component in the beam line has to be under the normal
condition.

6. "Horn current cut”: Variations of every horn current have to be within +5 kA from the
nominal value.

7. ?Muon center and yield cut”: The muon profile center and variation of the muon yield
normalized by the number of protons per spill have to be within +10 ¢cm and +5%, re-
spectively.

The number of spills and accumulated POT after each selection are listed in Tab. 5.1. The
fraction of the POT loss due to the good beam spill selections was less than 1%. The total POT
after all selections is 1.446 x 10%° which is 2% of the T2K goal.

Table 5.1: Number of spills and POT after each good beam spill selection.

Selection Number of spills Number of POT
All 3046839 1.458 x 10?9
1. Physics run 2529368 1.449 x 1020
2. Beam trigger 2512746 1.449 x 1020
3. Good GPS status 2512746 1.449 x 10?0
4. Spill flag 2508871 1.449 x 10%Y
5. Normal beam condition 2500184 1.446 x 10%0
6. Horn current cut 2499409 1.446 x 10?0
7. Muon center and yield cut 2499013 1.446 x 1020
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Neutrino Beam Measurements using
Near Detectors

This chapter describes the measurements by using INGRID and ND280; Section 6.1 ~ 6.3 de-
scribe the INGRID measurements and Section 6.4 describes the ND280 measurement. Section 6.5
summarizes the results.

6.1 Data set for the INGRID measurements

INGRID has been taking data from the beginning of T2K RUN-I. The results presented here
is based on the data set of RUN-I and RUN-II. Good beam spills are selected as described
in Section 5.2. Table 6.1 shows the summary of the neutrino beam data taking in INGRID.
INGRID took more than 99% of all the good beam spills. The reasons of the missing beam spill
are as following:

e dead time during switching of a INGRID data acquisition (DAQ) run (404 spills, 6% of
missing spills).

e trouble of the INGRID DAQ system (712 spills, 11% of missing spills).
e data corruption due to the INGRID DAQ trouble (5328 spills, 80% of missing spills).

e mis-configuration of slow control system (185 Spills, 3% of missing spills).

Table 6.1: Summary of neutrino beam data taken at INGRID.

MR run period delivered spills | collected spills | delivered POT | collected POT
29 Jan. 2010 26813 26813 | 0.32 x 10%® 0.32 x 10'8
30 Feb. 2010 59256 59070 | 1.13 x 10'8 1.12 x 10'8
31 Mar. 2010 86980 86935 | 1.97 x 10'8 1.97 x 108
32 Apr. 2010 237350 236647 | 7.65 x 10'® 7.64 x 10'8
33 May. 2010 350079 350012 | 1.22 x 10" 1.22 x 1019
34 Jun. 2010 246504 246410 |  9.30 x 10'8 9.30 x 108
36 Nov. 2010 601344 601294 | 4.19 x 10%? 4.19 x 10%?
37 Jan. 2011 747993 742606 | 5.75 x 1019 5.70 x 1019
38 Mar. 2011 142694 142597 | 1.26 x 10" 1.26 x 10

Total 2499013 2492384 | 1.44 x 10%0 1.44 x 10%0
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The generate MC data used for the analysis corresponds to 1 x 1023 POT equivalent. In
addition to the neutrino interactions inside the INGRID module, we also simulate interactions
inside the upstream wall of the experimental hall.

6.2 Neutrino event selection

The neutrino beam profile is reconstructed based on the observed number of neutrino events at
each module.

6.2.1 Selection criteria
Overview

A neutrino event is identified by a long track of the charged particle generated in the neutrino
interaction. First, pre-selections are applied to reject events due to the MPPC dark noise hit.
Then, tracks are reconstructed by using hit information. After that, charged particles from
outside of the module are rejected by using the veto planes. In addition, the start point of the
track is required to be inside the fiducial volume (FV) to reject remaining background events. In
these selections, each module is treated separately. The details of selection criteria are described
as follows.

Event definition

An event is composed of hit (hit threshold = 2.5 photo-electrons) clusters within £50 nsec. It
is required that the number of hits is four or more.

Pre-selections

A tracking plane with at least one hit in both x and y layers is defined as an ”active” plane.
Events with three or more active planes are selected as shown in Fig. 6.1. There is a discrepancy
in the number of events with no active plane between the data and the MC simulation. Figure
6.2 shows a MC event display of a typical event with no active plane. The first tracking plane
is not counted as the active plane, but is used for the veto plane. Most of the events originate
in low energy particles produced in the neutrino interactions inside the wall of the experimental
hall. We consider that the discrepancy is caused by uncertainty on the production rate of these
low energy particles.

After the selection with the number of active planes, light yields averaged over x or y layers
of the active planes are required to be larger than 6.5 photo-electrons (PE) for both x layers
and y layers as shown in Fig. 6.3; inefficiency due to this selection is negligible for muon tracks
because the mean light yield is measured to be 24 photo-electrons with the cosmic-ray muons
(Section 3.5.3).

Tracking

After the previous selections, tracks in x-z and y-z projection are reconstructed independently
with a simple algorithm; first, hits in the most downstream active layer are adopted as the end
point of the track. Then the track is linearly extrapolated to upstream layers by checking the
upstream hits. A hit is included in the track if the hit position is within two scintillator bars
from the straight line extrapolated from the downstream hits. Figure 6.4 shows an example of
a reconstructed track. Tracking efficiency is checked with cosmic-ray data and the efficiency is
~ 95% for cosmic-rays passing three scintillator planes.
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Figure 6.1: Number of active planes. Events with three or more active planes are selected.
BG from wall is normalized with the number of beam induced muon events, as described in
Section 6.2.2.
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Figure 6.2: Examples of the MC event with no active plane. The red circle shows a hit by the
particle and the blue circle shows the hit by the MPPC dark noise.
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Figure 6.3: Light yield averaged over active layers. Events with more than 6.5 photo-electrons
are selected. BG from wall is normalized with the number of beam induced muon events, as
described in Section 6.2.2.
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Figure 6.4: Examples of the reconstructed tracks. The size of the circles shows the observed
number of photo-electrons at scintillator bars, and black lines show the reconstructed tracks.
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The vertex position is reconstructed as the most upstream point of the track for each pro-
jection. The track angle is obtained by fitting the hits composing the track with a straight line.
Figure 6.5 and 6.6 show differences between true and reconstructed x and z vertex positions,
respectively, for MC events. The RMS for the x vertices is 2.7 cm. Figure 6.7 shows the dis-
tribution of 3D angle between true and reconstructed muon tracks for MC events. The RMS is
3.8 degrees.

After the tracking, some badly fitted tracks are rejected by using the position difference of
the vertex z between x-z and y-z projections. The difference is required to be within +1 plane,
as shown in Fig. 6.8.
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Figure 6.5: Differences between true and reconstructed vertex position in the x direction for MC
events.

Timing cut

Figure 6.9 shows the event timing distribution. The six or eight bunch structure is clearly seen.
Here the event timing is defined by the hit at the start point of the track. To reject off-timing
events such as cosmic-ray events, only events of +100 nsec from the expected neutrino event
timing are selected as shown in Fig. 6.10. The expected timing is evaluated for each bunch with
the primary proton beam timing measured by CT, the time of flight of the particles from the
proton target to INGRID, and the delay of the electronics and cables. Both CT and INGRID
use the MR timing for the data taking trigger.

Veto and fiducial volume (FV) cuts

Two selections are applied to reject incoming particles from outside, which are produced by
neutrino interactions in the upstream material, such as the wall of the experimental hall. First,
events which have a hit in a veto plane or the first tracker plane at the upstream position
extrapolated from the reconstructed track are rejected. The displays of events rejected by the
veto cut are shown in Fig. 6.11. After the veto cut, the fiducial volume (FV) cut is applied. The
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Figure 6.6: Differences between true and reconstructed vertex position in the z direction for MC
events.

x10°
S
3 T . cc
[72]
£ 30
D)
>
> i
° 20k
()]
o]
2 i
>
pd 10—
L SN, |
-50 0 50

rec. angle - true angle[deg.]

Figure 6.7: Angles between true and reconstructed tracks.
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is normalized with the number of beam induced muon events, as described in Section 6.2.2.
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Figure 6.9: Event timing distributions after reconstructing the track with RUN-I (left) and
RUN-II (right) data. The number of beam bunches is six and eight during RUN-I and RUN-II,

respectively.
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Figure 6.10: Time difference between the measured event timing and the expected neutrino
arrival timing. Events within £100 nsec are selected.

FV of each module is defined as a volume composed of the 3rd to 22nd of the 24 scintillator
bars in the x and y directions, and from the second to the ninth tracker plane in the z direction.
Events having a vertex inside the F'V are selected as shown in Fig. 6.12. The events rejected by
these selections are identified as ”beam induced muon” events.

Figure 6.13 shows the vertex distributions in the x and y directions after all cuts.
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Figure 6.11: Event displays of rejected events by the veto cut.

6.2.2 Event selection summary

The result of the event selection is summarized in Table 6.2. The MC simulation reproduces the
reduction in the data well.

The MC simulation includes neutrino interactions inside the upstream wall of the experi-
mental hall. The MC prediction of the beam induced muon events is 35% smaller than the
observation. It is considered to be caused from the uncertainties of the density of wall, the
neutrino flux and the neutrino interaction model. When we compare the data and MC, the
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Figure 6.12: Vertex x and y distributions. A volume composed of the 3rd to 22nd scintillator
bars in the x and y directions is defined as Fiducial Volume (FV). BG from wall is normalized
with the number of beam induced muon events, as described in Section 6.2.2.
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Figure 6.13: Vertex x and y distributions after all the event selections. BG from wall is normal-
ized with the number of beam induced muon events, as described in Section 6.2.2.
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number of neutrino interactions inside the wall in the MC simulation is normalized by the ob-
served number of the beam induced muons. The 35% discrepancy is assigned as the systematic
uncertainty of the background contamination fraction.

A fraction of the background contamination is estimated to be 0.4% by the MC simulation
and the data. The uncertainty is estimated to be 0.2% (=0.4% x 35%).

Table 6.2: Event selection summary for the RUN-I and RUN-II data. The MC number is normal-
ized by POT. The MC simulation includes neutrino interactions in the wall of the experimental
hall.

selection Data (%) MC (%)
1 # of active planes > 2 | 8.53 x 106 100 | 9.02 x 10 100
2 PE / active layers > 6.5 || 8.53 x 10 99.9 | 9.02 x 10 99.9
3 Tracking 8.01 x 105 94 | 8.40x 10° 93
4 Track matching 7.74 %105 91 | 810x10% 90
5 Beam timing 7.73x 105 91 | 810x10% 90
6 veto cut 3.30 x 10 39 | 3.30 x10% 37
7 FV cut 218 x 105 26 | 2.17 x 10 24

6.2.3 Selection efficiency

Figure 6.14 shows estimated selection efficiency as a function of true neutrino energy in the MC
simulation after several selection criterion: after # of active planes > 2, after tracking, and after
all FV cut. The efficiency for each neutrino interaction is shown in Fig. 6.15. The efficiency
around 0.6 GeV is about 40% for neutrino CC interaction. The ~20% inefficiency at high energy
for the CC interaction is due to the events in which muons are produced with rather large angle:
for such events, the muon escapes from the module before it penetrates two iron plates.

6.2.4 Correction factors

Two corrections are applied to the number of selected neutrino events. The correction factors
are for the iron target mass and accidental MPPC noise.

The neutrino interactions in the MC simulation are generated with the design mass of iron
target plates, so correction is applied to the neutrino interaction rate in each module individually
based on the difference of the design mass to the measured mass of the module (Tab. 3.3):
—1 ~ +1% for each module.

Accidental MPPC noise hits sometimes results in mis-identification of the vertex. The de-
pendence of the selection efficiency on the MPPC noise rate is estimated by MC simulation
where the ADC distribution and hit timing distribution are varied to reproduce measured noise
rate. According to estimated dependence on the MPPC noise rate and measured noise rate, the
number of selected events is decreased by 3% with the existence of MPPC noise. The number
of events in the MC simulation is corrected to account this effect.

6.2.5 Systematic errors

Table 6.3 shows the summary of the systematic errors. Total error is calculated as quadratic
sum of the errors and it is 3.7%. The each error is explained as follows.
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Figure 6.14: Neutrino event selection efficiency as a function of true neutrino energy after # of
active planes > 2 (black dashed), after tracking (blue chain) and after FV cut (red solid)
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Figure 6.15: Neutrino event selection efficiency as a function of true neutrino energy.
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Table 6.3: Systematic error table

Item Error[%]
Vertex z matching 2.7
Channel hit efficiency 1.8
Tracking efficiency 14
FV cut 1.1
Accidental MPPC noise 0.7
Beam-related background 0.2
Iron mass 0.1
Average light yield per active layer <0.1
Out-of-beam events <0.1
Beam timing selection <0.1
Total 3.7

Vertex z matching

In the neutrino event selection, the position difference of the vertex z between the x-z and y-z
projections is required to be within one plane. There is an error of the MPPC dark noise hit and
the optical cross-talk among the scintillator bars of the x-z and y-z layer. These errors cause
the migration between the position difference of the vertex z. To estimate the event migration
effects, we compare the ratio of the number of selected events to the number of events selected
with different cut value for the vertex z matching selection. Table 6.4 shows the result. The
maximum difference, 2.7%, is taken as the systematic error.

Table 6.4: Ratio of the number of events with the nominal selection to the number of events

selected with several cut values of track matching.
(vertex z of x-z track) -

(vertex z of y-z track) [plane] | Data[%] MC[%] | diff.[%)]

-1, 0, +1 (nominal selection) 100.0  100.0 0.0
0 83.0 £0.2 85.7 2.7
21,0, +1, +2 104.040.2  103.0 1.0

Channel hit efficiency

Because a missing hit at the scintillator bar results in miss-reconstruction of tracks, the number
of selected events varies with the hit efficiency of each channel.

The relation between the hit efficiency and the number of selected events is estimated with the
MC simulation in which the hit efficiency is changed. The result shows that the decrease of the
hit efficiency by 1% corresponds to the decrease of the number of selected events of 1.6%.

The channel hit efficiency is measured by using the beam induced muons as shown in Fig. 3.25.
The RMS (0.5%) is assigned as one of the uncertainties of the channel hit efficiency. The MC
simulation reproduces the hit efficiency of the data by tuning the cross-section of the scintillator
bar. The discrepancy after the tuning is within 1% across the entire track angle as shown
in Fig. 3.26. From these two uncertainties, the error of the hit efficiency is estimated to be
V1.02 4+ 0.52 = 1.1%. It corresponds to 1.8% error of the number of the selected events.
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Tracking efficiency

The tracking efficiency is compared between the data and the MC simulation with two methods.

The first method is a re-tracking test. This test is schematically explained in Fig. 6.16. The
event sample used in this test is the event after the neutrino event selections. The tracking
efficiency is defined as the ratio of the number of tracks which pass the re-track test to the
number of original tracks. The result is shown in Tab. 6.5. The maximum difference between
the data and the MC simulation is 1.3%.

The second method is to count the number of events before and after tracking for some
samples having different number of active planes. In this method, the efficiency is defined as the
ratio of the number of events after tracking to that before tracking. Using the beam events after
the pre-selections, the efficiency is estimated as shown in Tab. 6.6. The maximum difference
between data and the MC simulation is 1.4%. The discrepancy comes from the difference of
the hit efficiency and the uncertainties of the neutrino interaction model which results in the
uncertainty of the hits by the final state particles.

The maximum difference among two methods, 1.4%, is taken as the systematic error of the
tracking efficiency.

Test area

Test area

Mask Mask

»

3)Check if it is succeeded
to re-track or not

1)start-point < test area
end-point < test area

2)Mask hits
except test area

Figure 6.16: Method of the re-tracking test.

Table 6.5: Tracking efficiency estimated by the re-tracking test.

Test area Data|%] MC|[%] | diff.[%]
2~ 5 (inxz) | 950203 9040 | 1.0
2~5 (iny-z) | 95.3£0.3  94.0 1.3
2~6 (in x-z) | 96.9+0.2 96.3 0.6
2~ 6 (inyz) | 969402 962 | 0.7
92~ 7 (inxz) | 975402 97.8 | 0.3
9~ 7 (inyz) | 978402 977 | 0.1
3~ 8 (in x-z) | 98.14+0.1 98.0 0.1
3~ 8 (inyz) | 979401 982 | 0.3
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Table 6.6: Ratio of the number of events before and after tracking. The events after pre-selections
are divided into sub-samples according to the number of active planes.

Number of active planes | Data[%] MC[%] | diff.[%]
3 87.6+£0.2  86.9 0.7
4 93.2+0.2 91.8 1.4
S 94.7+£0.2  94.3 0.5
6 95.6+0.2 96.2 0.6
7 96.2+0.2  96.6 0.4
8 96.7+0.2 96.8 0.1
9 98.7£0.2 97.9 0.8
10 99.1£0.1 99.0 0.1

FV cut

Different fiducial volumes are defined and the number of selected events with each fiducial volume
is compared between the real data and the MC simulation. Here, the different volumes are set
in the center, middle and edge region in order to check the contamination fraction of the beam
induced muon backgrounds which are expected to distribute more in the edge region. Table 6.7
shows the result. The maximum difference, 1.1%, is taken as the systematic error.

Table 6.7: Ratio of the number of events selected with nominal FV and the number of events
selected with several tried fiducial volumes.

x-y dimension of FV Datal%| MC|%] | diff.[%]

<50 cm from center(nominal selection) 100.0 100.0 0.0
<25 cm 25.6 £0.2 25.2 0.4

25 ~ 40 cm 39.9 0.2 39.3 0.6

40 ~ 50 cm 34.4 £0.3 35.5 1.1

Accidental MPPC noise

The effect of the accidental MPPC noise on the number of selected events is studied by using
the MC simulation. The correction on it is applied on the data as described in Section 6.2.4.
The systematic error on the accidental MPPC noise is estimated to be 0.7% based on the errors
on the correction and the time variation of the MPPC noise rate.

Beam-related background

The contamination fraction of the beam-related background is 0.4% and the uncertainty is 0.2%
as described in Section 6.2.2.

Iron mass

As described in Section 6.2.4, the mass of each iron plate was measured with a precision of 0.1%,
which is taken as the systematic error.
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Average light yield per active layer

The cut value is changed from nominal value (6.5 PE/active layer) and the number of events with
several cut values are compared to that with the nominal cut. Because the nominal cut value
is much smaller than the mean light yield measured with cosmic-ray (Fig. 3.24), the difference
between each cut value is very small (0.01%). Thus the error of this selection is negligible.

Non beam-related backgrounds

To estimate the contamination fraction of non beam-related backgrounds, the data of the off-
beam integration cycles (18th cycle to 23rd cycle, whereas the on-beam integration cycles are
from 5th to 10th (RUN-I) or from 5th to 12th (RUN-II) ) is analyzed with the same event
selections for the neutrino event. Figure 6.17 shows the examples of the selected events. They
are considered as the cosmic-ray stopped within one of the modules. The fraction of the non
beam-related backgrounds in the on-beam integration cycles is estimated to be 0.02 % and it
is negligible, where the number of off-beam events is normalized by the ratio of the number of
on-beam cycles to that of off-beam cycles.
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Figure 6.17: Examples of the non beam-related backgrounds. They are considered as the cosmic-
ray stopped event within one of the modules.

Beam timing selection

Because of the finite timing resolution of INGRID and time stretch of the proton beam, there
is a probability that some neutrino events are lost in the timing selection. To estimate the
uncertainty, the cut value is changed from nominal value (100 nsec) and the number of selected
events with several cut values are compared to that with the nominal cut. The result is shown in
Tab. 6.8. Because non beam-related background rate is negligible and the nominal time window
for the selection is taken as much wider than the detector resolution and the time stretch of
the primary proton beam, the differences between the cut values are very small (0.01%). In
conclusion, the error of this selection is negligible.

Table 6.8: The number of the selected events with three cut values for the event timing

Cut value[nsec] | number of selected events | ratio[%)]
+100 2179674 100.0
£+90 2179570 99.995
+110 2179895 100.001
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6.3 Results of the measurement

6.3.1 Event rate
Stability

Figures 6.18 and 6.19 show the daily rates of the neutrino events and the beam induced muon
events normalized by protons on target (POT). The beam induced muon events are defined as
the events rejected by the veto cut or the FV cut in Section 6.2. The average rate, typical
statistical error and x? from the average rate are summarized in Tab. 6.9. The relatively large
x? values (226.9/158 for neutrino event rate and 286.0/158 for beam induced muon events) come
from the decrease of the event rate after February 4th, 2011. It is considered to be caused by
a change in the primary beamline condition because the muon yield measured by the muon
monitor showed a consistent tendency. The average rate, typical statistical error and y? from
the average rate before and after February 4th are summarized in Tab. 6.9. The x? values are
almost equal to the degree of freedom (ndf) and it is concluded that the event rate is stable
within the statistical error. The decrease of 0.9% in the neutrino event rate is sufficiently small
compared to assigned systematic error and the statistical error of v, event in SK (17%).

We concluded that the beam neutrino production rate is stable. It confirms that the neutrino
flux in Super-Kamiokande is stable.

Table 6.9: Average rate, typical statistical error and x? from the average rate.

average rate typical
(events/10'* POT) statistical error x2/ndf
neutrino  (whole period) 1.512 £ 0.001 226.9/158
event  (before Feb. 4th 2011) 1.518 4+ 0.001 1.7% 111.5/125
(after Feb. 4th 2011) 1.504 £ 0.002 26.4/ 32
beam  (whole period) 3.851 £ 0.002 286.0/158
induced  (before Feb. 4th 2011) 3.859 £+ 0.003 1.1% 122.1/125
muon  (after Feb. 4th 2011) 3.841 +0.004 25.6/ 32

Data over MC

The data to MC ratio of the neutrino event rate is measured to be
[NRE /NNl (on—axis) = 1.06 & 0.001(stat.) & 0.037(syst.) (6.1)

after the correction. The uncertainties from the neutrino flux prediction and neutrino interaction
model are not included in this systematic error. Agreement between the data and the MC
simulation is very good.

6.3.2 Beam direction

The profile of the beam in the x and y directions are reconstructed with the number of neutrino
events in seven horizontal and seven vertical modules, respectively. The observed profiles are
fitted with a Gaussian function. The profile center is defined as the peak position of the fit.
Finally, the beam direction is reconstructed as the direction from the proton beam target position
to the measured center at INGRID.
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Figure 6.18: Daily event rate of the neutrino events normalized by protons on target.
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Figure 6.19: Daily event rate of the beam induced muon events normalized by protons on target.
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Stability

In order to monitor the stability of the beam direction, the number of neutrino events is accu-
mulated on a monthly basis. Figure 6.20 shows the observed profiles in April 2010. The black
point in this figure shows the number of neutrino events in each module and the red dashed line
shows the fitted Gaussian.

Black and blue points in Fig. 6.21 show the history of the beam centers in the x and y
directions. All the points were stable well within 28 cm, which corresponds to the requirement
of 1 mrad for the beam direction. Because the beam direction was adjusted in November 2010,
the beam centers in the y direction after November 2010 are slightly shifted toward the center.

The beam direction is stable well within our requirement of 1 mrad. It confirms that the
neutrino energy spectrum in Super-Kamiokande is stable.
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Figure 6.20: Neutrino beam profiles for horizontal (left) and vertical (right) directions measured
in April 2010.

Systematic error and average beam direction

The systematic error on the profile center measurement was estimated by a toy MC simulation.
In the simulation, the number of events at each module is changed within the range of the
total detector systematic error of 3.7%. Here the error between each module is assumed to
have no correlation. The 100,000 profiles are generated and the distribution of reconstructed
beam centers are shown in Fig. 6.22. RMSs of the reconstructed center values are taken as the
systematic errors; 9.2 cm and 10.4 cm for the x and y center, respectively. Because the width
of the y profile is wider than that of the x profile as described in Section 3.1, the error of the y
center is bigger than that of the x center.

From the beam center measurement and the survey between the proton target and the
INGRID detectors, the average beam direction in x and y direction are measured to be

x direction = —0.014 £ 0.025(stat.) £ 0.33(syst.) [mrad]

o (6.2)
y direction = —0.107 £ 0.025(stat.) £ 0.37(syst.) [mrad]

We succeeded to measure the beam direction with a precision better than the requirement of
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Figure 6.22: The reconstructed beam center distributions for x (left) and y (right) directions of
the 100’000 profiles made by the toy MC simulation.
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1 mrad. It ensures that the beam direction uncertainty on the sin? 2653 measurement does not
effect on achieving the precision of §(sin? 2693) ~ 0.01.

6.4 Measurement by ND280

The number of neutrino events in the ND280 detector is measured with FGDs and TPCs; FGDs
serve as the neutrino interaction target and identifies the interaction point, and TPCs measure
charged particles generated in the interaction. Combining the momentum measurements and
the ionization loss of the charged particles, TPCs identify muons and select the charged current
(CC) interactions.

The overview of the event selection criteria is following:

1. Require no track in TPC1 to veto the through-going muons.

2. Require that there is at least one track reconstructed in TPC2, the associated hits in
FGDL1 start in the FGD1 fiducial volume, and the momentum of the track is larger than
50 MeV/c

3. Select the track with the highest momentum among the negative tracks reconstructed in
TPC2 as a lepton track

4. Apply a PID cut to this track based on the TPC information about the energy deposit
versus momentum, to select a muon and to reject a low energy electron/position

5. Repeat the steps 2-4 for TPC3 and FGD2 when there is no track in TPC2

6. To suppress miss-identified particle coming from outside of FGDs, reject a single track event
in which track angle is cosf <0.9, momentum < 500 MeV /c and the TPC extrapolated
track is close to FGD hits lying outside the fiducial volume.

The data set used for this analysis corresponds to 2.88 x 10 POT in T2K RUN-I. We took
the data during the T2K RUN-II period but don’t use it because the data process and quality
checks require a long time. Figure 6.23 shows the distribution of E}*° calculated by Eq. 1.32.
After subtracting the background interactions outside the FGDs, we obtained 1456 neutrino
events. As a result, the ratio of data over the MC simulation is 1.036 £ 0.028 (stat.).

The systematic error related to the detector response is estimated by using the beam data,
the cosmic-ray data and the MC simulation. The total error is (+4.2, -3.6)%. The main sources
are TPC-FGD track matching (£2.1%) and PID efficiency (+3.0%). The first one comes from
the uncertainties of alignment between TPC and FGD. The error of the background interactions
outside of the FGDs is estimated with a positive track sample; the sample is defined by changing
the selection step (3) to select the positive charge track. In this sample, we can eliminate the
main components of muons and obtain a background-enriched sample. The number of events in
this sample are consistent within 0.9% between the data and the MC simulation. The 0.9% is
assigned as the systematic error of the background contamination. In addition to the detector
systematic error, the error due to the neutrino interaction model is estimated to be £3.7%.

In conclusion, the ratio of data over the MC simulation is measured to be

[NRE /NN T (off —axis) = 1.036 = 0.028(stat.) £0033 (syst.) £ 0.037(phys.) (6.3)

6.5 Summary of the measurements using near detectors

For the neutrino oscillation analysis, we need followings as described in Section 1.2.5:

69



Chapter 6. Neutrino Beam Measurements using Near Detectors

S gL T T T T I e
g B v, CC QE

= 160 B v, CC non QE

= 140 B NC

% 120 -V“CC

i= Qutside FGD

£ 100

80
60
40

20

0O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
E(v) (MeV)

Figure 6.23: Distribution of the EJ*° calculated by Eq. 1.32

(1) confirmation of the stable neutrino beam production
(2) measurement of the neutrino event rate in the near site

(3) measurement of the beam direction

INGRID measurement
We measured (1), (2) and (3) by using INGRID. We took more than 99% of all good beam spills.

The day-by-day neutrino event rates normalized by POT were stable within statistical error
(it is typically 1.7%). The moth-by-month beam directions were stable well within our require-
ment of 1 mrad. From these measurements, we confirmed the stable neutrino beam production.
The data to MC ratio of the neutrino event rate was measured to be

(NS /NRE | (on—axis) = 1.06 = 0.001(stat.) 4 0.037(syst.)
The beam x direction and y direction were measured to be

x direction = —0.014 £ 0.025(stat.) £ 0.33(syst.) [mrad] (6.4)
y direction = —0.107 £ 0.025(stat.) £ 0.37(syst.) [mrad] '

We succeeded to measure the beam direction with a prediction better than our requirement
of 1 mrad. It ensures that the beam direction uncertainty on the sin? 2093 measurement is
negligible.

ND280 measurement

We measured (2) by using ND280. ND280 analysis is performed with RUN-1 data after a quality
cut, corresponding to 2.88 x 10! protons on target. The data to MC ratio of the neutrino event
rate was measured to be

[NRE/NRD ) (of —axis) = 1.036 £ 0.028(stat.) 70035 (syst.) = 0.037(phys.)
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Application of NI‘\}%S / Nf\\{[DC on the neutrino oscillation analysis

As described in Eq. 1.33, the expected number of events in SK (Ngﬁp') is obtained by using
N /NYMS. With this method, the error on Ng~ can be reduced because of the error cancella-
tion between ND and SK. As a typical example, Tab. 6.10 shows the estimated beam flux error
size on NJ and NG with two cases: using INGRID and using ND280. Thanks to the error
cancellation, the error size on NSEP‘ is smaller than that on Né\fg. Because ND280 measures
the neutrinos in the same direction to SK, the error size on NS by using ND280 is smaller
than that by using INGRID. Hence we use the ND280 measurement for the neutrino oscillation
analysis.

In this analysis the ND280 measurement with only the RUN-I data set is available because it
takes too much time to process the data. Because the stability of the neutrino beam production
between RUN-I and RUN-II is confirmed by the INGRID measurements, we can use RUN-I and
RUN-II data for the oscillation analysis by scaling the RUN-I ND280 measurements according
to POT.

Table 6.10: Uncertainties of Ngﬁc and [Né\fg Nll\\fIDC ] from the beam flux prediction, two cases
(normalized with INGRID and ND280) are shown.

INGRID ND280
Error on NJI© ~ 15%
Error on [NYC/NYS ]
(no oscillation) 11.2% 6.4%
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Chapter 7

Far Detector Analysis

The number of v, events and their energy spectrum are measured with Super-Kamiokande (SK)
which is 295 km away from J-PARC. This chapter describes the data set used for the analysis,
the v, event selection, and the systematic uncertainties.

7.1 Data set

All the data during RUN-I and RUN-II are used for this analysis. The good beam spills are
selected as described in Section 6.1. After the good beam spill selections, following selections
are applied to the SK data in order to ensure the SK data quality.

(1) SK DAQ alive
The dead time fraction is 0.1%.

(2) Bad subrun cut
A ”Subrun” is a unit of SK data corresponding to approximately one minute of observation.
Each subrun is judged to be suitable for the analysis or not. The primary cause of the bad
subruns is PMT flasher (the flasher events are described in Section 7.2 ). Other reasons
are DAQ trouble and so on. The dead time fraction by this cut is 0.5%. The good/bad
subrun list is also defined for the SK atmospheric neutrino analyses [72].

(3) DAQ/GPS error cut

DAQ status is checked by the number of hits (hit threshold is ~ 0.25 PE) in a £500 usec
T2K window; because most of the hits are due to the PMTs’ dark noise and dark noise
rate is almost constant, the number of hits of ID-PMT and OD-PMT are required to be
above 48000 and 6000, respectively. The threshold values, 48000 and 6000, are determined
by the study with the data without the beam. In addition, if both the GPS1 data and the
GPS2 data have error flags, the spill is classified as a bad spill. No spill has been rejected
by DAQ/GPS error cut so far.

(4) Special data block cut
The SK electronics system records all the hit signals in units of the 17 usec data block.
Two types of special blocks are rejected. One is ”pedestal block” for taking pedestal data
every 65536 blocks. The other is "TDC reset block” for resetting some counters every 4096
blocks. The reduction inefficiency caused by this cut is 0.08%.

(5) Pre-activity cut
In order to remove an accidental contamination of a decay-electron from cosmic-ray muons
stopped inside the detector tank, events which have another event in the 100 usec before
the original event are rejected. The spill loss by this cut is 0.3%.
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Chapter 7. Far Detector Analysis

The number of spills after each cut is summarized in Tab. 7.1. A total of 2474419 spills are
selected and inefficiency is 1.0%. Figure 7.1 shows the accumulated number of POT as a function
of date. The total POT after the SK quality cut is 1.43 x 1020,

Table 7.1: Number of spills after each SK quality cut.

Selection Number of spills Inefficiency

Beam good spills 2499013

(1) SK DAQ alive 2495955 0.1%

(2) Bad subrun cut 2484348 0.5%

(3) DAQ/GPS error cut 2484348 no

(4) Special data block cut 2482298 0.08%

(5) Pre-activity cut 2474419 0.3%
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Figure 7.1: Accumulated number of POT after the beam good selections (blue) and the SK data
quality selections (red), together with a change in the SK dead fraction.

7.2 Event selection

Overview

To measure the neutrino flux and the energy spectrum, we select the muon neutrino CCQE
interaction events. The neutrino energy is reconstructed by the muon momentum and the angle
against the neutrino direction as described in Eq. 1.32. Figure 7.2 shows the classification of
the neutrino event in SK. As the first step, the outer detector (OD, see Fig. 2.10) and partially
contained (PC) events are rejected using the OD PMTs activities. After that the muon neutrino
CCQE interaction events are selected from the information of the reconstructed Cherenkov rings
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Chapter 7. Far Detector Analysis

and the delayed activities due to decay electrons. Details are described below. The selection
criterion are established through the atmospheric neutrino analysis [73] before the T2K neutrino
analysis.

Figure 7.2: Illustration of the event classification at SK.

FC event reduction

As described in Section 2.4, the charge and timing of all the hit PMTs (hit threshold is ~ 0.25
PE) within 500 psec from the beam arrival time are written to disk. Then an event is extracted
as the clustered hits within —5 ~ +35 psec from the timing of the trigger which is fired by 47
ID-PMT hits in a 200 nsec time window (corresponding to a 5 MeV electron) or by 22 OD-PMT
hits in a 200 nsec time window.

In the following the events in the T2K beam window are called as the beam events. All the
beam events are then classified into 5 categories as shown in Fig. 7.3:

1. Calibration events
Events with a flag for identifying detector calibration

2. OD candidates
Events in which the number of PMT hits in the largest OD hit cluster is larger than 15
are selected, where the OD hit cluster is searched by sliding 200 nsec time window in the
event.

3. Low energy (LE) candidates
Events in which the total charge of the inner detector (ID, see Fig. 2.10) PMT hits in a
300 nsec window is less than 200 PE are selected. Events in which the maximum charge
in a single ID-PMT is more than half of the total charge are also selected as low energy
events mainly caused by radioactivity near the PMT.

4. Flasher events
The flusher events are spurious events due to a sudden ”flashing” PMT that emit light
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Chapter 7. Far Detector Analysis

from internal corona discharges. Because the flusher events have a broader hit timing
distribution than the neutrino events (Fig. 7.4), the flusher events are removed by checking
the timing distribution. In addition, because the flusher events have a tendency to be
repeated with similar spatial hit pattern, the pattern information of the candidate event
is compared with one of the flasher event in the database to cut the flasher event. The
parameter used for the cut is evaluated with the charge observed in ID-PMTs of 2 mx2 m
square patch and a charge pattern between the patches. Figure 7.5 shows the flasher cut
parameter for the atmospheric neutrino samples and the flasher events. The inefficiency
to the neutrino events due to this cut is estimated to be ~ 1%.

5. FC candidates
Events which survive all criterion.

The FC events then go to following selections.

All sample

in Imsec window

Y

\ 4 N Y
NHITAC >= 16 OD candidates

\ 4 N

PE300 < 200p.e. Y

or LE candidates
PEMAX/PE300 > 0.5

\ 4 N Y

Flasher test Flasher events

FC candidates

Figure 7.3: Flowchart of the FC event reduction.

Visible energy > 30 MeV

The visible energy (FEy;s) is defined as the sum of the energy of all rings on an assumption that all
rings are produced by electrons. In order to eliminate low energy events such as NC background
events, events with F,;s > 30 MeV are selected as shown in Fig. 7.6.

Distance from the reconstructed vertex to the nearest ID wall > 200 cm (Fiducial
volume)

The vertex is reconstructed by using two algorithm: "TDCHit” for all the events and ”MSfit”
for only single ring events. In TDCfit, the vertex position is estimated by finding the position
at which the timing residual ( (photon arrival time) - (time of flight) ) distribution is mostly
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Figure 7.4: Timing distribution of the flasher event (top) and the neutrino event (bottom).
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Figure 7.5: Flasher cut parameter distribution for atmospheric neutrino data (blue dots), atmo-
spheric neutrino MC simulation (green) and flasher events (red) identified by eye-scan.
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Figure 7.6: Distribution of the visible energy for the T2K beam data and its MC simulation.
The MC sample is broken down into v, and 7, CCQE interaction (red), v, and 7, CC non-QE
interaction sample (yellow), the v, CC interaction sample (green), and NC interaction sample
(blue). The MC includes v, — v, oscillations with Am? = 2.4 x 1073eV2/c* and sin? 263 = 1.0.

peaked. The MS vertex fitter uses not only the timing information but also the Cherenkov ring
pattern information and improves the vertex resolution in the longitudinal direction. The vertex
resolution is estimated to be 25 cm for 1 ring p-like events in the MC simulation. Because the
detection efficiency is slightly decreased near the edge region of the ID wall, events with the
distance from the ID wall > 200 cm are selected as shown in Fig. 7.7.

single ring

The ring counting algorithm consists of two steps. The first step is searching for second ring
candidate using Hough transformation [74]. In the second step, likelihood is calculated by
comparing the observed PMT hit map and one expected by the ring candidate. If the second
ring is determined to be exiting, the two steps are repeated to find other possible rings up to
five. An example of the ring finding for v, CCl7 event is shown in Fig. 7.8. The muon ring and
charged pion ring are well fitted by the algorithm. The efficiency of single ring identification
for CCQE event is estimated to be ~ 96% in the MC simulation. Figure 7.9 shows the ring
counting likelihood distribution for the beam events. Events with negative (positive) likelihood
are recognized as single ring (multi-ring) events. In order to select v, CCQE event, single ring
events are selected.

p-like ring

Each ring is classified as a showering particle (e-like) or a nonshowering particle (u-like). Fig-
ure 7.10 shows the distribution of likelihood constructed with the Cherenkov ring pattern and
opening angle for the beam events. Events with negative (positive) likelihood are recognized as
e-like (u-like) ring events. The p-like events are selected.
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Figure 7.7: Distribution of the distance from the reconstructed vertex to the nearest ID wall for
the T2K beam data and its MC simulation.
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Figure 7.8: A result of the ring fitter. A v, CClm Monte Carlo event is reconstructed as a two
ring event. The reconstructed Cherenkov rings are drawn by flesh color.
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Figure 7.9: Ring counting likelihood for the T2K beam data.
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Figure 7.10: PID likelihood for the T2K beam data.
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muon momentum > 200 MeV

The momentum is estimated from the total number of photo-electrons detected within a 70°
half opening angle towards the reconstructed ring direction. The number of photo-electrons
is corrected for light attenuation in water, PMT angular acceptance and PMT coverage. The
reconstructed momentum resolution is estimated to be ~ 3% for the single ring muons. In order
to keep the PID performance, events with the muon momentum > 200 MeV are selected as
shown in Fig. 7.11.
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Figure 7.11: Distribution of the reconstructed muon momentum.

Number of decay electrons < 2

Decay electrons are tagged by searching for hit clusters after the primary event. The tagging
efficiency is estimated to be ~ 90% with the cosmic-ray stopped muon in the tank. In order
to eliminate the events with charged pions not reconstructed, events with the number of decay
electrons < 2 are selected as shown in Fig. 7.12.

Event selection summary

Table 7.2 shows the number of selected events at each selection step. The number of selected
events is 31. The distribution of the reconstructed neutrino energy is shown in Fig. 7.13.

Figure 7.14 shows the accumulated number of selected events as a function of POT. The
hypothesis that the event rate is constant was examined by using the Kolmogorov-Smirnov (KS)
test. Translated to the plot, this hypothesis is represented by the straight line between (0, 0)
and (1.43><1020POT, 31). Then the largest vertical distance Dy,,x between the observation and
the hypothesis was searched for. Dy, was found to be 0.16 and the KS probability to obtain
the values larger than 0.16 by statistical fluctuations was calculated to be 34%. The event rate
is concluded to be stable.
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Figure 7.12: Distribution of the number of decay electrons.

Table 7.2: Number of events after each selection.

Oscillated MC

sin® 260 = 1.0
Selection Data Non-oscillated MC A2 — 2.4 x 107 3eV?2
FC event 121 246 109
FV 88 166 74.1
single ring 41 120 38.7
p-like 33 112 32.0
Pu > 200 MeV/c 33 111 31.8
# of decay electrons < 2 | 31 104 28.4
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Figure 7.13: Reconstructed neutrino energy (E7°°) distribution for the selected 31 events.
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Figure 7.14: Accumulated number of 1 ring p-like events as a function of POT.
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7.3 Systematic error of the event selection

Table 7.3 shows the summary of the systematic errors. In this table, CCnonQE is defined as the
CC interactions other than CCQE interaction. For the particle ID error for the NC interaction
mode, 100% error is assigned because there is no estimation on it now. Other errors are explained
as follows.

Table 7.3: Summary of the systematic error on the number of events in SK and the systematic
error on 7.

Systematic error on the number of events
v, CCQE v, CCnon-QE | NC
1.7%, 3.5%, 9.3%
Ring Counting | with error matrix Eq.7.1 19.9% 48.2%
Flasher cut 1.0%
Fiducial volume 1.0%
Decay electron 1.0%
Particle ID <1% | 100%
Momentum cut <1%
OD cut <1%
Systematic error on the reconstructed neutrino energy
Energy scale 2.3%

7.3.1 Ring counting (RC)

Because the ring counting (RC) systematic error is the most dominant error of SK, details are
described here. Before explaining the method, the result is shown in Tab. 7.4 in advance. We
estimated the energy dependent error on the number of v, CCQE events, the error on the
number of the v, CC non-QE events, and the error on the number of the NC interaction events
by using the atmospheric neutrino data. For the CCQE interaction, the energy dependence of
the error is estimated along with the correlation between them as shown in Eq.7.1.

Table 7.4: RC systematic error

Interaction mode Error
CCQE (Erec < 0.4 GeV) 1.7%
CCQE (Eree =04~ 1.1 GeV)  3.5%
CCQE (Erec > 1.1 GeV) 9.3%
CC non-QE 19.9%
NC 48.2%

Eiec <0.4GeV E;ee =04~ 1.1GeV  Epoc > 1.1GeV

o? 0.5901 09 0.330103
o3 0.610903 (7.1)
o3

o1 =17%,09 = 3.5%, 03 = 9.3%
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Overview of the method to estimate the error is as follows:

(1) Control samples are defined with atmospheric neutrino events; the enriched samples of v,
CCQE, v, CC non-QE, and Neutral Current (NC) are defined to estimate the error for
each neutrino interaction. In addition, the v, CCQE enriched sample is divided with the
visible energy (Eyis) to estimate the energy dependence of the RC error.

(2) The number of events of each sample is compared between the data and the MC simulation.
The RC error is estimated as the difference between the data and the MC prediction.

(3) For v, CCQE interaction, the estimated errors as a function of Ei are translated to the
errors as a function of F.. by the MC simulation.

Step(1), (2) and (3) are explained in following sub-section I, IT and III, respectively. Finally the
estimated errors are summarized in sub-section IV.

I. Control samples

Control samples among the fully contained fiducial volume events of atmospheric neutrinos as
shown in Tab. 7.5. Each control sample enhances v, CCQE, v, CC non-QE, and NC interaction
events. The v, CCQE samples are divided with Fy;s to estimate the energy dependent error. In
addition, a v, CC enriched sample is defined to give a constraint on the uncertainty of that event
rate in the other samples. Then each sample is divided into single-ring or multi-ring sample;
there are twelve samples in total.

Table 7.5: Definition of the control samples.

Notation ‘ Explanation selection criteria
Number of decay electrons = 1
Distance from the muon stopped point
v, CCQE to decay electron < 80 cm
CCQE1 enriched sample 1 Eyis < 0.13GeV
Number of decay electrons = 1
Distance from the muon stopped point
v, CCQE to decay electron < 80 cm
CCQE2 enriched sample 2 Eyis = 0.13 ~ 0.7GeV
Number of decay electrons = 1
Distance from the muon stopped point
v, CCQE to decay electron < 80 cm
CCQE3 enriched sample 3 Evis > 0.7GeV

Number of decay electrons > 1
vy, CC non-QE Distance from the muon stopped point

CCnQE enriched sample to nearest decay electron < 160 cm
Number of decay electrons = 0
NC NC enriched sample not v, sample
Brightest ring is e-Iike
v, CC Eyis > 100MeV
nue enriched sample 70 assuming mass < 105 MeV

The data set is the SK-IV atmospheric neutrino data till March 2011 (live time = 762.2
days). The MC simulation is equivalent to 500 years statistics.

Table 7.6 shows the breakdown of the number of events of each control sample. The number
of events are almost consistent between the data and the MC prediction. A large discrepancy
of the CCnQE 1R sample is considered to be caused from the uncertainty of the atmospheric
neutrino flux and the neutrino cross-section.
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Table 7.6: Summary of number of events of v, CCQE enriched sample (CCQEL,2,3), v, CC
non-QE enriched sample (CCnQE), NC enriched sample (NC), and v, CC enriched sample (nue).
Samples are separated to single-ring sample (1R) and multi-ring sample (mR).

(data-MC)
Sample Data || MC total | v, CCQE v, CCnon-QE ~ NC v, CC /data|%]
CCQE1 1R 173 169.5 142.9 19.6 5.3 1.7 20+7.6
CCQE1 mR 14 15.7 4.6 5.5 4.6 1.0 || —12.1 £ 26.7
CCQE2 1R 400 378.2 312.8 59.7 4.9 0.8 5.5+5.0
CCQE2 mR 60 59.3 12.1 30.6 12.1 4.4 1.2+12.9
CCQE3 1R 250 258.4 183.3 74.9 0.2 0.02 —-3.44+6.3
CCQE3 mR 53 62.2 4.2 54.8 2.1 1.2 | =174 +£13.7
CCnQE 1R 115 80.4 4.4 73.9 1.5 0.5 30.1£9.3
CCnQE mR 120 114.8 2.2 95.8 13.2 3.6 4.34+9.1
NC 1R 751 781.6 227.8 72.1 154.8 326.9 —4.14+3.7
NC mR 836 827.9 21.1 81.9 420.6 304.3 1.0£3.5
nue 1R 1621 1440.0 5.3 50 40.1 1389.5 11.2+2.5
nue mR 194 176.2 4.3 27.4 36.6 107.9 92472

I1. Error estimation by comparing between the data and the MC prediction

To evaluate the RC error by comparing the data and the MC prediction while taking into account
the uncertainty of the atmospheric neutrino flux and the neutrino cross-section, we define a 2
as

6 NDﬁ%a
¢ =3 [2{ VR 00 - N} + 22 (o)
i=1 i,lR(.f? OL) 79
6 Data 6 o ( ’ )
+Z[ { N (00 = NEsR ) + 2Nl (e 5 } +3 (%
sz(f7 k=1 Ok

where the index i denotes the control samples (v, CCQEL, 2, 3, v, CCnQE, NC, and nue),
%@fl%a ( ]\g’i’ﬁg) is the number of single—rir.lg (mu'lti-ring) (‘ew?nts of Sample 7 in the .data, 'and
1R (NZ mR) is the expected number of single ring (multi-ring) events in the MC simulation.
The MC pred1ctions are changed according to the systematic error parameters, f and a. f
represents the RC efficiency for the each interaction mode: f = ( feccoer, feccqEe2, fecqEs,
feconQE, fNc, faue). The nominal value of the RC efficiency is shown in Tab. 7.7. o is the
parameter for the physics uncertainties: the uncertainty of the atmospheric neutrino flux and
the neutrino cross-section. The uncertainties considered in the atmospheric neutrino oscillation

analysis are shown in Tab. 7.8 and Fig. 7.15 [73].

Table 7.7: RC efficiency predicted by the MC simulation.

Description Prediction
RC efficiency for v, CCQE Eyj < 0.13 0.969
RC efficiency for v, CCQE Eyjs = 0.4 ~ 0.7GeV 0.963
RC efficiency for v, CCQE Ey;s > 0.7GeV 0.978
RC efficiency for v, CCnonQE 0.435
RC efficiency for NC 0.269
RC efficiency for v, CC 0.928
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Table 7.8: Nuisance parameters for the physics uncertainties.

Notation Description Assigned error(o)
Atmospheric neutrino flux
o1 normalization (E, < 1GeV) +25%
Atmospheric neutrino flux
o9 normalization (E, > 1GeV) +15%
energy-dependent
o3 CCQE cross section energy dependent error | (£7% at 500 MeV)
o4 CCnQE/CCQE cross section ratio error +20%
logs NC/CCQE cross section ratio error +20%
o6 ve /v, flux ratio error +5%
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Figure 7.15: CCQE cross section shape error.
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The x? is minimized by changing the nuisance parameters (f and a) with MINUIT algo-
rithm [75]. Table 7.9 shows the breakdown of the number of events at the x? minimum point.
The data and the MC prediction are consistent within the statistical error. The y? minimum
point is obtained within +1o0 of the physics uncertainties (Tab. 7.10) and basic distribution
such as reconstructed momentum is also in a good agreement between the data and the MC
simulation.

Table 7.9: Breakdown of the number of 1 ring events and multi-ring events at the x? minimum
point.

(data-MC)
enrich sample || Data || MC total | v, CCQE v, CCnQE NC v, CC /data%]
CCQE1 1R 173 187.2 156.8 23.8 4.7 1.9 -8.24+7.6%
CCQEl mR 14 15.2 3.4 6.6 4.0 1.1 || -8.54+26.7%
CCQE2 1R 400 410.9 337.1 68.5 4.3 1.0 || -2.7£5.0%
CCQE2 mR 60 61.6 11.3 35.0 10.5 4.8 || -2.7£12.9%
CCQE3 1R 250 266.5 184.8 81.5 0.2 0.02 -6.6+6.3%
CCQE3 mR 53 56.6 0.0 53.6 1.8 1.2 || -6.2+13.7%
CCnQE 1R 115 104.8 4.3 98.6 1.3 0.6 8.8+9.3%
CCnQE mR 120 109.1 2.0 92.0 11.3 3.8 9.0+£9.1%
NC 1R 751 756.0 233.8 80.1 96.1  346.0 -0.7+3.7%
NC mR 836 841.5 21.9 90.2 4155 3139 -0.7+£3.5%
nue 1R 1621 1588.5 9.5 5.7 355 1541.8 2.0+2.5%
nue mR 194 190.2 4.5 30.6 323 1228 2.0+£7.2%

Table 7.10: Nuisance parameter at best fit point.

Notation | Assigned error(c) | Best fit value
a +25% +2.4%
a3 +15% -7.4%
energy-dependent
as (£7% at 500 MeV) +0.50
oy +20% +18.5%
as +20% -9.0%
Q6 +5% +5.6%

The size of the RC error is estimated by the difference between nominal values of f and the
values at the x? minimum point. This difference is denoted as opest—def.. To take into account
the physics uncertainties o, the interval of the parameter f where Ax? < 1 are estimated by
changing a. This interval is denoted as og¢. Finally the RC error is assigned as 4 /012) est—def. T U?it.
The result for each sample is shown in Tab. 7.11. For CCQE samples, the energy dependent
error is estimated with correlation as described in sub-section III.

II1. Estimation of the energy dependent error for v, CCQE

For the estimation of the energy dependent error of v, CCQE, the bin-by-bin correlation is
introduced by a covariance matrix. For opest_def., the bin-by-bin correlation is assumed as full
correlation because this error denotes the difference between the data and the MC simulation of
each sample and all the samples are fitted at the same time. Therefore, the covariance matrix

87



Chapter 7. Far Detector Analysis

Table 7.11: Estimated error
2 2
Obest—def. Ofit \/O-bestfdef. + 0

CCQE1 | +05% | +2.9% -

CCQE2 | +1.0% | +2.3% -

CCQE3 | +97% | +4.4% -
CCnonQE | +18.0% | +8.4% 19.9%
NC A1.6% | £24.4% 48.2%

Viest—def. 1S expressed by

Evis <0.13GeV 0.13 ~0.7GeV > 0.7GeV

Af2 AfiAfs AfiAfs
Vbestfdef. = Af22 Angfg
Af (73)

Afi = 0pppyy_ g, of CCQEL sample (+0.5%),
Afy = 0pyps_ g of CCQE2 sample (+1.0%),
Afs =04, qp 0f CCQE3 sample (+9.7%)
For og¢, the bin-by-bin correlation is assumed as no correlation because the error size is consistent

within the statistical error of the data. Therefore, the covariance matrix Vg is expressed as
Eq.7.4

Evis <0.13GeV 0.13 ~0.7GeV > 0.7GeV

o? 0 0
Vit = o3 0 (7.4)
o3

g1 = 2.9%,0’2 = 23%, 03 = 44%
The covariance for the total RC error, V, is sum of the covariance matrices;
V= %est—def. + Vfit (75)

By using the MC simulation, the conversion matrix of RC efficiency for Eyq. to RC efficiency
for Eyis is estimated. With the conversion matrix A;;, efficiency for i-th Eyis bin (¢;) can be
expressed by that for j-th Erec bin (€):

3
J— A /
€ = 2]6]‘
J

MC MC
Niiir+Nijmr

i = =3, M M
Zk(Ni,k,ClR + Nz‘,k-,?nR)

(7.6)

where N% € denotes the number of events in which the visible energy equals to that of i-th Fyig
bin and the reconstructed neutrino energy equals to that of j-th E,.. bin. The conversion matrix
A;; estimated by the MC simulation is shown in Eq.7.7

Evis < 0.13GeV  E,;s = 0.13 ~ 0.7GeV  E,is > 0.7GeV

Eree < 0.4GeV 0.56 0.44 0.00
A= Erc =04~ 1.1GeV 0.02 0.86 0.12 (7.7)
Eree > 1.1GeV 0.00 0.14 0.86
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The systematic term of log-likelihood for the oscillation analysis can be describe as follows.

—2Log(Lsys.) = “(Af)V(Af) + (other error term)

7.8
="(Af)'AVA(AF') + (other error term) (7.8)
Here Af = Y(Af1, Afe, Af3) means the difference of RC efficiency from the nominal value. From
this equation, the covariance matrix for F,.. can be described as AV A. Finally, we obtained
the covariance matrix for reconstructed energy dependent v, CCQE RC error as in Eq. 7.1.

IV. Summary of the RC error estimation

Table 7.4 shows the estimated errors. In the selected v, events in SK, the fraction of the CC
non-QE interaction is about 15%; the error on the number of events due to the RC CC non-QE

error is 3%. The fraction of the NC interaction is about 2%; the error on the number of events
due to the RC NC error is 1%.

7.3.2 Flasher cut

As described in Section 7.2, the flasher events are rejected by using the spatial pattern and the
timing distribution of the PMT hits. For the atmospheric neutrino events, the average value
of flasher cut parameter (Fig. 7.5) for the MC simulation is smaller by 0.10 than that for the
observed data, which is considered as a systematic difference of the flasher cut. If the likelihood
distribution for the T2K neutrino MC simulation is shifted by 0.10, the FCFV selection efficiency
changes by 1%. Therefore, the systematic error of the flasher cut is assigned to be 1%.

7.3.3 Fiducial volume

The vertex in the z (r) direction is checked with the cosmic-ray muons entering from the top
(side). Figure 7.16 left (right) shows the reconstructed z (r) distribution of the cosmic-rays
entering from the top (side). There is a good agreement between the data and the MC simulation.
The systematic error is estimated by the difference of the peak between data and the MC
simulation. The difference of the peak is within 5 cm in both z and r distribution. When the
boundary of the FV is changed by 5 cm in z and r direction, the deviation of the FV is 1%.
Therefore, the systematic error is estimated to be 1.0%.

Boundary of the ID wall Boundary of the ID wall
2500 f”\ L
£2000 - a 000 - e
8 A - -
21500 oot £000 SIS
i) N % < *
51000 ‘ N ¥ o L .
> [ A Y hooo - .
W 500 | - -+
L L - | ’%K-M i L | - !
650 1700 1750 1800 1850 1900 9550 1600 1650 1700 1750 1800
Reconstructed Z position (cm) Reconstructed R position(cm)

Figure 7.16: Reconstructed z distribution of cosmic-rays entering from the top (left) and recon-
structed r distribution of the cosmic-ray entering from the side (right).
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7.3.4 Decay electron cut

The decay electron tagging efficiency is compared between data and the MC simulation with
cosmic-ray stopped muons. In the MC simulation, the expected pu*/u~ ratio (=1.37) and the
probability of = capture on the %0 nucleus are accounted for. Figure 7.17 shows the tagging
efficiency as a function of the decay time. The overall tagging efficiencies are 88.4 4= 0.2% in the
data and 89.1 + 0.2% in the MC simulation, respectively. This ~1% difference is taken as the
systematic error.
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Figure 7.17: Decay electron distributions for cosmic-ray stopping muons. Top left and top right
show the decay time distributions for data and MC, respectively. Black lines in each plot are
the expected decay time curves and the blue histograms time distributions of tagged electrons.
The bottom two figures show the tagging efficiencies as a function of the decay time.

7.3.5 Particle ID

The PID performance was checked with cosmic-ray muons which were selected by requiring the
existence of a decay-electron. Figure 7.18 shows the probability of muon identification as a
function of the reconstructed momentum. The differences of the PID probability between the
data and the MC simulation are within 0.3% across the entire momentum range.

Atmospheric neutrino data is used for a cross check. For this study, following three criterion
are applied to single ring events; there is a decay-electron; the distance between the reconstructed
muon stopped point and decay-electron is less than 60 cm: the opening angle (6) between the
muon direction reconstructed by the Cherenkov ring and that reconstructed by the muon vertex
and the decay-electron vertex is required to be cos 6 > 0.9. Figure 7.19 shows the PID likelihood
distribution of this sample. The PID likelihood distribution of the data is well reproduced by the
MC simulation. The fraction of mis-identified events is 0.54 +0.39% and 0.20% in the data and
the MC, respectively. The mis-ID fraction is consistent between data and the MC simulation
within 0.3%.

Based on this study, the 0.3% is assigned as the systematic error.

7.3.6 OD cut

In the FC event reduction, the number of hit PMTs in the largest OD cluster, Np;tqc, is used to
reject cosmic-ray background events and so on. In order to estimate the systematic error of this
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Figure 7.18: (Top) muon identification probability of cosmic-ray muons as a functino of muon
momentum. Black is the probability of the data and red is the probability of the MC simulation.

(bottom) the ratio of the difference between the data and the MC simulation divided by the MC
simulation.
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Figure 7.19: PID likelihood distribution of the v, enriched sample of atmospheric neutrino data.

91



Chapter 7. Far Detector Analysis

selection, the SK-IV * Partially-Contained (PC) atmospheric neutrino event sample was used.
Figure 7.20 shows the Np;iq. distribution of the data and the MC simulation. The peak position
differs by 5.9% between data and the MC simulation. The 5.9% difference induces a shift of
+0.89 hits at v, selection threshold, Npjtqe = 15. This +0.89 shift induces a +0.06% change in
the number of T2K FC events. This systematic error is negligible.
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Figure 7.20: Np;tqc distribution of the SK-IV PC atmospheric event sample. Black histogram
shows the data and red shows the MC simulation.

7.3.7 Energy scale

The energy scale error is estimated with uncertainty of the absolute energy scale and stability of
the energy scale. The absolute energy scale is compared between data and the MC simulation
ranging from 10 MeV to 10 GeV. The stability is checked by using cosmic-ray over the entire
period of the T2K RUN-I and RUN-II.

Absolute scale

The reconstructed momentum is compared between the data and the MC simulation in some
samples in which the event energy is well known; for example, the energy spectrum of the decay-
electron associated with cosmic-ray muon is used. The comparison is performed in following
four samples ranging from 10 MeV to 10 GeV.

1. Decay-electron associated with stopping cosmic-ray muon (mean of 37 MeV)
This sample is selected by searching for the delayed activities after a stopping muon.
The reconstructed momentum distribution is compared between the data and the MC
simulation. The shape of the distribution is consistent between them and the mean of
~ 37 MeV /c is consistent within -1.6%.

2. Neutral pion mass (peak of 135 MeV)
This sample is selected using atmospheric neutrino data by requiring two showering Cherenkov

*Super-Kamiokande has been running since 1996. Over this time there have been four running periods: SK-I,
SK-II, SK-IIT and SK-IV. The latest period, SK-IV, is still continuing with upgraded PMT readout electronics.
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rings and no decay-electron. The reconstructed invariant mass of 7° is compared between
the data and the MC simulation. The shape of the reconstructed invariant mass distri-
bution is consistent between them and the peak of ~ 135 MeV/c? is consistent within
+1.7%.

3. Stopping cosmic-ray muon (sub-GeV)
This sample is selected by requiring OD activities, one decay-electron and the total charge
is less than 1500 photo-electrons corresponding to the muon of ~ 400 MeV/c. The mo-
mentum is reconstructed from the Cherenkov opening angle (pg) and from the observed
photo-electrons (p). A difference between py and p is checked over 200 MeV to 450 MeV.
The differences are consistent within —0.6 ~ 2.19% between the data and the MC simula-
tion.

4. Stopping cosmic-ray muon (multi-GeV)
This sample is selected by requiring that the reconstructed track length is greater than
7 m and that there is one decay-electron. The momentum is reconstructed from the muon
range (Prange) and from the observed photo-electrons (p). A difference between (prange)
and p is checked over 1 GeV to 10 GeV. The difference is consistent within —1.4 ~ 0.3%
between the data and the MC simulation.

In summary, these four samples cover the energy of 10 MeV~ 10 GeV and the data and the
MC simulation are consistent within 2.19% as shown in Fig. 7.21. The 2.19% is assigned as the
systematic uncertainty of the absolute energy scale.

Stability

The stability of energy scale is measured by cosmic-ray stopping muons and associated decay
electrons as shown in Fig. 7.22. It is stable within 0.4% statistical error and it is assigned as
systematic uncertainty of the stability of the energy scale.

Summary of the systematic uncertainty on the energy scale

We estimate the systematic error on the energy scale as quadratic sum of the uncertainty of the
absolute scale (2.19%) and the uncertainty of the stability (0.4%); the error is estimated to be

V2192 + 0.42 ~ 2.3%.

7.3.8 Momentum cut

The energy scale error of 2.3% induces a shift of 4.6 MeV/c at the selection threshold (200
MeV/c). Accordingly, it induces a less than 0.1% change in the number of selected events and
systematic error is negligible.
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Figure 7.21: Difference of the energy scale between the data and the MC simulation with several
samples.
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Neutrino Oscillation Analysis

This chapter describes the neutrino oscillation analysis in v, disappearance with the T2K RUN-I
and RUN-II data.

8.1 Expectation in Super-Kamiokande

The neutrino oscillation analysis in v, disappearance is performed by comparing expectations
and observations at Super-Kamiokande (SK) for both the number of events and the neutrino
energy spectrum. The number of events and energy spectrum are estimated separately. For
the estimation of the number of events, we consider both the spectrum shape and flux. For
the estimation of the energy spectrum, we consider only the spectrum shape normalized to
same number. This section shows how to calculate the the expectations with the systematic
uncertainties.

8.1.1 Expected number of events

The expected number of events in SK (Ngﬂp') is obtained by using the number of events in the
near detector (Ng). In this analysis we use the number of events in ND280 as described in
Section 6.5. Ng%p‘ is calculated as

NHE Msk  POTsk
NEP(sin? 2095, Am2,) = NS5 - | =SK | (sin2 2003, Am2,) - —on . —— 5K 8.1
SK (Sin” 2023, Ams,) ND N&%J (sin® 2623, Amg3s) Mxp  POTxp (8.1)
Mgk : fiducial mass of SK, which is 22.5 kton
Mnp : fiducial mass of ND280, which is 1.58 kton
POTgk : number of protons on target for SK, which is 1.43 x 10%°
POTxp : number of protons on target for ND280, which is 2.88 x 10
The [N /NYS ](sin? 2023, Am3,) is expressed as
NMC 9 NYE (sin? 2003, Am3,)
[Nf\\{[DC (sin” 26093, Am3,) = NYC (8.2)
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NYE (sin? 2053, Am3,) (8.3)
— [ B, @a(B,) - PUBisin 2, Any) - 3 o () - (o)

1
N (8.4)

:/dE - Onp(E ZUND ) - ek (Ey)

Ok (Pnp) @ expected energy spectrum in SK (ND)

P : oscillation probability in v, disappearance as described in Eq. 1.9
oli(onp)  : neutrino cross-section of the target material of SK (ND)

for each interaction mode (1)
eh(exp)  : efficiency in SK (ND) for each interaction mode (I)

The v, CCQE, v, CClz production, v, CC coherent 7 production, v, CC other interactions,
NC and v, CC interactions are considered as the possible interaction modes.

In the ®gk estimation, the beam direction is important because we use the off-axis method.
Because the measured deviation from the designed beam direction is well within our requirement
(1 mrad), ®gk is estimated with the beam MC simulation in which the the beam direction is set
to the designed direction. The measured deviation of the beam direction is taken into account
as one of the systematic errors in the beam MC prediction. The &gk prediction is shown in
Fig. 4.1.

Figure 8.1 shows NG~ as a function of sin? 2053 and Am3,. The NG is 103.7 in the case
of null oscillation and is 28.3 in the case of sin® 2693 =1.0 and Am§2 =2.4x 1073 eV?/ ct.

%103 expected Inulmbler of events

0 0.2 0.4 06 08 1
sin“(26)

Figure 8.1: Expected number of events in SK for various values of Am§2 and sin® 263.
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8.1.2 Uncertainties of the number of events

The uncertainties come from the beam MC prediction, the neutrino interaction cross-section,
the SK efficiency and the ND280 measurement.

Beam MC prediction

The uncertainty of the beam MC prediction on [Né\%c / NII\\I/IS | is estimated by propagating the
uncertainties of the NA61 measurement and uncertainties of actual experimental condition such
as the beam direction.

The uncertainty on [N3K'/NMS ] is implemented as

NMC o NMC
—i}fc (sin2 2023,Am§2) — fSK/ND —?\i{c (sin2 2923,Am§2) (8.5)
NND NND

where féI’K /ND represents the systematic parameter defined as the relative value to the prediction.
The error size is summarized in Fig 8.2 and in the first row of Tab. A.4.

Table 8.2 shows the break down of the [NJE/NMS ] uncertainty sources. Most dominant
uncertainty comes from the ”"Kaon multiplicity” (it is 4.29%). The error size of the beam
direction uncertainty (it is 0.52%) is negligible for the oscillation analysis thanks to the precise
measurement with INGRID.
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Figure 8.2: Estimated fractional error size of [NJL/NYMS ] as a function of Am3, and sin? 26053.

Neutrino interaction cross-section

The uncertainty of the cross-sections is estimated by comparison with recent measurements from
the SciBooNE [76], MiniBooNE [77, 78], and K2K [79,80] experiments, comparisons with the
GENIE [81] and NuWro [82] neutrino interaction generators and recent theoretical work [83]. The
error of the cross-section for interaction other than CCQE is estimated as the error on the ratio
of that cross-section to the CCQE cross-section. For CCQE interaction, the systematic error of
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Table 8.1: Summary of the systematic parameters and its errors. If a parameter is correlated

with another, the square root of the diagonal element is written as the error.

Sk /ND sin? 20,3 and Am3, dependent (+£4.8% at sin? 203 = 1.0, Am3, = 2.4 x 10-3eV?2/c?)
apel  (By = 0.0~0.1 GeV)  +16.7% [| f&cqr energy-dependent (£7% at 500 MeV)
dapez  (By = 01~02 GeV)  415.0% | f&o1, +30% (E, < 2GeV) ~ £25% (E, > 2GeV)

fSapes  (Bu = 02~03 GeV)  +11.6% || fEcomhers +30% (B < 2GeV) ~ 20 %(E, > 2GeV)

[hapes By =03~0.4GeV)  £9.7% || fc +36%
dhapes  (Bv = 04~0.5 GeV)  +84% | f7 " +6%
fﬁape(ﬁ (E, = 0.5~0.6 GeV) +7.6% || fFST energy-dependent (+10% at 500 MeV)

[haper By =0.6~0.7GeV)  +6.5% || f55 o +1.7%

fhapes By = 0.7~08 GeV)  +10.5% | fik e +3.5%

fhapes By =0.8~10 GeV)  +14.0% || f55 o +9.3%

[oapero By = 1.0~1.2 GeV)  +14.0% || foCqr +1.8%

faapern  (Bu = 12~15 GeV)  +14.5% | fercor +20.0%

[haperz  (Bw = 15~2.0 GeV)  £14.9% | fyo +111.0%

F2 ey (By = 2.0~25 GeV)  +13.8% || oK, +£100%

fhapers By =25~3.0 GeV)  +12.1% || 25, e +2.3%

fapets  (Bv =3.0~35 GeV)  +9.3% || [P 529

fSapers (B =3.5~4.0 GeV)  +8.9%

faaper7 By = 4.0~5.0 GeV)  +11.3%

fdapets (B =5.0~7.0 GeV)  +16.5%

fRapers By = 7.0~10.0 GeV)  +23.3%

Table 8.2: Breakdown of fg’K /ND uncertainty

Source

| Error size [%] |

Beam direction
pion multiplicity

Kaon multiplicity
Proton beam

Target alignment
Horn alignment

Tertiary pion scaling

Production cross-section
Secondary nucleon multiplicity

Horn absolute current

0.52
1.88
0.37
4.29
0.50
0.55
0.43
0.08
0.05
0.39

Total

4.82
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the absolute cross-section is not considered since the absolute normalization is determined by
the number of events in the near detector. However, the systematic error due to the different
nuclear targets in the near detector and far detector is considered as the CCQE energy dependent
error. Because this CCQE energy dependent error is the relative uncertainty between interaction
targets, the error is considered only for the SK expectation.

The estimated uncertainty is implemented as

obk(B)) — f7 - obk(E)) (8.6)

olip(B)) — {ai‘D(E”) ['=coQE (8.7)

7 Ul{ID(Ey) I = others

where f{ represents the systematic parameter for each interaction. The error size of each
interaction is summarized in Tab. A.4 and Fig A.18.

ocl/o
o
[6]]
T
|

E.(GeV)

Figure 8.3: Energy dependent error on CCQE cross-section error. The error size at 0.5 GeV is
+7% and that above 3 GeV is zero.

SK efficiency

The uncertainties of the SK efficiency related to the detector uncertainty are described in Section
7.3. In addition to the detector uncertainty, the uncertainty related to the final state interaction
(FSI) is estimated by using the external pion scattering data [84].

The estimated uncertainty is implemented as

f%KCQE ) fsShI;pel T €SK EI/ I= Vi CCQE’ E;ec <0.4GeV

(Ev)

f%%QE ' fsShI;peQ resk(By) I =, COQE, EJ° =04~ 1.1GeV
(Ev)
(Ev)

SK . £SK . — rec 1.1
ESK(EV) N stI « fCCQE fshape3 €SK EV I VM CCQE, El/ > 1. GGV (88)
f%% other -esk(E,) I =, CC other interactions
e -esk(By) I =, NC
oK cesk(Ey) I =1, CC
where fF'ST represents the systematic parameter of FSI, fsshlépe represents the energy dependent
error on CCQE interaction mode (it comes from ring-counting systematic error), ISK represents
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the normalization error for each interaction mode. The error size of the SK detector uncertainties
is summarized in Tab. 7.3. The error size of the uncertainty of FSI is shown in Fig. 8.4. Table A .4
shows the summary of the error size.

1 0
e}
B 057 .
| | |
0 5000 10000
EF(MeV)

Figure 8.4: Energy dependent error on the SK efficiency from the final state interaction uncer-
tainty.

ND measurement

The uncertainty of the number of events at ND280 is described in Section 6.4. This uncertainty
is implemented as
N§B — [P NRB (8.9)

where fNP represents the systematic parameter defined as the relative value to the measured
number of events. The error size is (+6.2%, -5.9%).

Error size on N§

The systematic error on Ngﬁp " is broken down to each systematic error source in Tab. 8.3.
The error cancellation of the beam prediction uncertainty is already described in Section 6.5.
Furthermore, the cancellation of the cross-section uncertainty is also achieved; the error of CClw
production cross-section on [N3C/NYMS |, for example, is less than (+2.2%, -1.9%) whereas the
error on NYC itself is ~ 4%.

8.1.3 Expected energy spectrum shape

For the comparison of the energy spectrum, the reconstructed neutrino energy spectrum shape
distribution p(E%¢;sin? 2093, Am32,) is calculated as

p(E; sin? 26053, Am2,)

1 .
— Z /dEV . q)SK(EZ/) . P(El,; Sln2 2(923, Am%2)>< (810)

Y osk(Ey) - ek (By) - MY(B, — Ej)
1
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Table 8.3: Summary of the systematic error on Ng?p )

change of Nes)ga change of Nég}g)
Source of systematic errors | (sin?260 = 1.0, Am? = 2.4) (Null Osc.)
fSi/np T4.8% -4.8% 16.9% -6.9%
fé +2.5% -2.5% +4.1% -4.1%
CCQE
feoin +0.4% -0.5% +2.2% -1.9%
fgCothers +41% —36% +53% -47%
IRe +0.9% -0.9% +0.8% -0.8%
Fotv, +0.0% -0.0% +0.0% -0.0%
fEST +6.7% -6.7% +3.2% -3.2%
fon +3.2% -3.2% +3.1% -3.1%
shape
18 +1.0% -1.0% +1.4% -1.4%
CCQE
FE +6.5% -6.5% +3.3% -3.3%
CCothers
NG +7.2% -7.2% +2.0% -2.0%
o, +0.0% -0.0% 4£0.0% -0.0%
P 16.2% -5.9% 16.2% -5.9%
[ Total +15.4% -15.1% | +13.2% -12.7% |

where M(E, — E°) is the detector response function representing the probability to observe

the event with true energy of E, as EI*° for each interaction mode ([I).

factor,

A= /dE - p(FB;sin? 2093, Am3,)

so that [ dE - p is always normalized to one.
Figure 8.5 shows the estimated p(E;sin® 2053, Am3,) with several (sin? 2023, Am32,) sets.

0.15

0.15

A is a normalization
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Figure 8.5: Expected shape of the reconstructed neutrino energy with several (sin? 263, Am§2)
sets. (left) the expected shape by fixing sin?26p3 = 1.0 while changing Am3,. (right) the
expected shape by fixing Am32, = 2.4 x 1073eV?/c* while changing sin® 20;.

8.1.4 Uncertainties of the energy spectrum shape

The uncertainty comes from Pgg, aéK, eéK and M (E, — EI*°). The uncertainty of O'éK and eéK
is already described in Section 8.1.2.
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Uncertainty on ®gik

The uncertainty on gk is estimated by propagating uncertainties of the NA61 measurement
and uncertainties of actual experimental condition such as the beam direction. The estimated
uncertainty is implemented as

(I)SK(EV) — ff})lape i’ (I)SK(EV) (812>
where S(Iflap o ; Tepresents the systematic parameter defined as the relative value to the prediction
at the i-th energy bin. The binning used is shown in Tab. 8.4. The error size is summarized in

Tab. A.4 and Fig 8.6.

Table 8.4: Binning of energy used for the energy shape error of the neutrino beam prediction.
Energy [GeV] 0~08 08~12 12~15 15~40 40~50 50~7.0 7.0~10.0
Bin width [GeV] 0.1 0.3 0.3 0.5 1.0 2.0 3.0
Bin number 1~38 9~ 10 11 12 ~ 16 17 18 19

Uncertainty on M(E, — EI*°)
The uncertainty of the SK energy scale is described in Section 7.3. The estimated error is
implemented by scaling E.°° by systematic parameter f glfs cale:

M(E, — E™®) — M(E, — E*° . (1+ f2X....) (8.13)

—scale

Total error size

Figure 8.7 shows p(F;sin? 2093, Am2,, f) in the case of (sin? 20, Am?) = (1.0, 2.4 x 1073 eV?).
The systematic parameter f is randomly generated according to its error many times, and the
mean and the standard deviation of each bin of p(E) are plotted in this figure. Figure 8.8 shows
the contribution of each systematic error source to p(E). The error is dominated by the SK error
in the low energy region and by the flux shape error in the high energy region. The SK error is
dominated by the NC interaction event error because the NC interaction event is misidentified
to low energy neutrino as shown in Fig. 7.13 so that the reconstructed energy shape is distorted.

8.2 Analysis method

The goals of the analysis are getting the best fit value and the confidence region of (sin? 263,
Am3,). For the search of the best fit value, we employ the maximum likelihood method. The
likelihood function is defined as the product of the likelihood for the number of events (Lyorm),
one for the shape of the reconstructed neutrino energy spectrum (Lghape) and one for the sys-
tematic uncertainty (Lgyst):

‘C(Sin2 29237 Am§2, .f) = Enorm(SiDQ 20237 Am%% f) X Eshape(Sin2 2‘92?” Am%Q, .f) X Lsyst(f) (8'14)

The best fit value is obtained by maximizing the likelihood function. For the confidence region,
the method of Feldman and Cousin [71] is used with the same likelihood function; points close
to the physical region occasionally have best fits in the unphysical region though the best fit is
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Figure 8.6: Error matrix (top) and fractional error (bottom) for the expected energy spectrum
from the beam MC simulation. The fractional error (bottom) is defined as the square root of
the diagonal element.
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Figure 8.7: Reconstructed neutrino energy shape in the case of (sin®20, Am?) = (1.0, 2.4 x
10~3eV?). Each bar shows the standard deviation of each bin, if each systematic parameter is
varied within its error.
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Figure 8.8: Contribution of each systematic error to p. Filled boxes are systematic errors from
a specified error source, and open boxes are the total errors. The vertical axis shows the relative
error to p(E).

searched for within physics region. To estimate this effect on the confidence region construction,
the toy MC data sets are generated.
The normalization term, Lyom can be written by Poisson probability to observe Né)ﬂs when
. . exp. .
the expectation is N .
exp(=Ngil) - (Ng&)"sx
NG!

Loorm = (8.15)
where Ng&* is calculated as described in Section 8.1.1~8.1.2 and N® equals 31 as shown in
Tab. 7.2. We adopted the unbinned maximum likelihood for the neutrino energy spectrum:

obs
NSK

Lonape = | [ p(Ei; sin® 2023, Am3,, f) (8.16)

i=1

where p is calculated as described in Section 8.1.3~8.1.4 and the reconstructed neutrino energy
of each event (Ej;, i = 1 ~ 31) are shown in Fig. 7.13.

. . p_t (gD @ FSI pSK K SK ND
The systematic parameters f = ( shape fSK/ND7 fe, fes s Fahapes K, g—scal@ fP) are as-
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sumed to follow the correlated Gaussian distribution:

[ (AfébK ND)2
ﬁs}’st =exp tAfshape( hape) 1Afshape - 2q>7/2
(USK/ND)

I Af fFSI
X exp 72 O'II 7( O-FSI)) ]

| (8.17)
(A2 (AfRE )’
X exp _ tAfshape( hape) lAfshap‘3 - XI: Q(UéK)2 N 2(U%K scatlle)2
r A fND)2
X exp _(Q(O.ND))Q]

where Af is the difference of the parameters from their nominal value (Af = f — 1), quflape i
the error matrix for the spectrum shape as shown in Fig. 8.6, o is the error size of each source
as summarized in Tab. A.4 and Mﬁgpe is the error matrix for the energy dependent error of the
ring counting as shown in Eq. 7.1. When £ is maximized, the f is also fitted to marginalize the
effect of the systematic errors.

In the actual calculation, the integral over the neutrino energy is performed as sum over the
energy bins. The definition of the energy bins is summarized in Tab. 8.5. The maximization of
L(sin? 2023, Am3,, f) by changing (sin® 2623, Am3,, ) is performed as the minimization of 2
defined by

X2 (sin? 2093, Am3,, f) = —2log L(sin” 2093, Am3,, f) (8.18)
with the MINUIT program [75].

Table 8.5: Binning of energy used for the analysis.
Energy [GeV] 0~3.00 3.00~350 3.50~4.00 4.00~5.00 5.00~7.00 7.00~ 10.00
Bin width [GeV] 0.05 0.10 0.50 1.00 2.00 3.00
Bin number 1~ 60 61 ~ 65 66 67 68 69

8.3 Analysis result

8.3.1 Best fit value of the oscillation parameters

The obtained best fit value of (sin®2623, Am3,) is (0.99, 2.6 x 1073eV?/c*). This result is
consistent with the current understandings as described in Section 1.1.3.

Number of events and energy spectrum

The number of events at the best fit point is 29.3 whereas the observed number is 31. The number
of events is consistent between the observation and the expectation within the statistical error.
Figure 8.9 shows the reconstructed neutrino energy of the observation and the expectation. There
is a good agreement between the observation and the expectation with the best fit oscillation
parameters.

Systematic error parameters at the best fit point

The systematic error parameters f at the best fit point are summarized in Fig. 8.10. This shows
that the best fit is obtained with f within +10 of the error size. This means that the data
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Figure 8.9: E,¢. distribution of data (black) and expectation without oscillation (blue dashed)
and with oscillation at the best fit point (red line). CCQE components is shown in the red
hatched region.
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agree well with the expectation with the best fit oscillation parameters and nominal systematic
parameters.
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Figure 8.10: Pull of systematic parameters at the best fit point.

Goodness-of-fit

The minimum of x? is 261.4. To evaluate the goodness-of-fit, the expected y? distribution
is calculated with toy MC data sets with (sin®26, Am?)=(0.99, 2.6 x 1073). In the toy MC
simulation, number of events and reconstructed neutrino energy of each event are generated
taking into account the statistical error and systematic error. For each data set, x? is minimized
by changing f while fixing the oscillation parameters to the input values :(0.99, 2.6 x 1073).
Figure 8.11 shows the minimum y? distribution. The p-value is calculated as the fraction of the
number of MC data sets in which the minimum x? is larger than that of the real data to total
MC data sets (10000). As a result, the p-value is calculated to be 37%. It is concluded that the
x? of the real data is reasonable.

8.3.2 Null oscillation probability

The x? in case of the null oscillation (sin? 2623 = 0) is obtained to be 317.3. The x? difference
(Ax?) between the null oscillation and the best fit is 55.9, and the probability that Ax? > 55.9
is calculated to be 7.3 x 10~ assuming that Ay? obeys the x? distribution of two degrees of
freedom. Hence the null oscillation is strongly disfavored and we firmly confirm the neutrino
oscillation in v, disappearance.

8.3.3 Confidence region

To construct the allowed region of the oscillation parameters, the Feldman & Cousins method [71]
is employed. In this method, the critical Ay? is calculated based on toy MC experiments for each
set of neutrino oscillation parameters with a given confidence level. Comparing the estimated
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Figure 8.11: Minimum y? distribution with toy MC experiments. The vertical red line indicates
the value of the data.

critical Ay? and Ax? of the real data, the confidence regions are obtained. The actual procedure
is as follows:

(1) A toy MC data set is generated for given (sin®20, Am?). The statistical fluctuation and
systematic uncertainties are included in the toy MC simulation.

(2) The x? is minimized by changing f and (sin? 26, Am?), which is denoted as x2, .

(3) The x? is minimized by changing f while fixing the oscillation parameters to the given
values, which is denoted as X2, ..

(4) Calculate sz = X%rue- X12nin'

(5) Step (1)~(4) are repeated 10000 times. From the Ax? distribution, the critical Ay?
(Ax2.,) for given confidence level (CL) is calculated; the Ax2,; for a CL is the value
where a percent of the toy data sets satisfy Ax? < AxZ;,.

(6) Construct the allowed parameter region by comparing Ax? of data and Ax?2;, for each
neutrino oscillation parameters.

Figure 8.12 and 8.13 show Axgﬁt surface for o =68 and 90%, respectively. Comparing Ax?
obtained by the real data shown in Fig. 8.14, the allowed region of the neutrino oscillation
parameters is obtained, as shown in Fig. 8.15. The 90% confidence interval is obtained to be

2.1 x 1072 < Am3,[eV?/c?] < 3.1 x 1072 at sin? 2093 = 1.0

8.19
0.86 < sin? 263 at Am3, = 2.6 x 1073[eV2/c? (8.19)

This result is consistent with the current understandings as described in Section 1.1.3.
Figure 8.16 shows the contour with and without systematic error. The contour is slightly
worse when the systematic error is taken into account.
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Figure 8.12: Ax?2., values required for 68% CL.
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Figure 8.13: Ax?2., values required for 90% CL.
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Figure 8.15: Allowed region for the neutrino oscillation parameters.
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Figure 8.16: Contour for 68% (red) and 90% (blue) confidence level. Solid line shows the
contours with taking into account both statistical and systematic error and dashed line shows
the contours with taking into account only statistical error.

8.4 Analysis with the number of events only and with the spec-
trum shape only

In Section 8.3, the analysis results with the likelihood of Lynorm  Lshape - Lsyst are shown. Here
the analysis results with Lnorm - Lsyst and Lghape - Lsyst are examined.

8.4.1 Best fit value of the oscillation parameters

Figure 8.17 shows the best fit value of oscillation parameters. In the case of analysis with
Lrorm - Lsyst, the best fit value of oscillation parameters can not be determined as a point but
a line of Ng}ép' = Né’lbf. The best fit values are consistent between the analyses. Because the
analysis with shape has much power than the analysis with number of events around sin? 26,3
= 1.0 as described in Section 8.4.3, the best fit value with shape only is closer to that with
normalization and shape than that with normalization only.

8.4.2 Null oscillation probability

The expected number of events in SK is calculated to be 103.7 with null oscillation whereas the
observed number of events is 31. The total error on the number of events including statistical
error is (4+16.6, -16.2), and the deviation from 103.7 events to 31 events is 4.50. It means that
the probability of null oscillation is 3.4 x 1076.

The null oscillation probability is also examined by using the spectrum shape only. The x?
in case of the null oscillation (sin? 2623 = 0) is obtained to be 277.2 and the x? in the best fit
point is obtained to be 255.9. The ? difference between null oscillation and best fit is 21.3, and
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Figure 8.17: Best fit value of the oscillation parameters.

the probability that Ay? > 21.3 is calculated to be 2.4 x 10~° assuming that Ax? obeys the x?
distribution of two degrees of freedom.
In all the cases, the null oscillation is strongly disfavored.

8.4.3 Ayx? distribution

Figure 8.18 shows the Ax? distribution for x* = —2log(Lnorm * Lsyst) and x? = —2log(Lspape -
Lsyst). For the power to reject the null oscillation, the analysis with only normalization is more
sensitive than the analysis with only shape. Around the full mixing (sin? 2623 ~ 1), the analysis
with only shape has more sensitivity than the analysis with only normalization.

8.5 Comparison with other experiments

Figure 8.19 shows the 90% confidence level contour with that of the MINOS long baseline
neutrino oscillation experiment and the SK atmospheric neutrino measurement. Even with
current statistics (Nops, = 31 and it is 2% of the T2K goal), we achieve the almost same precision
measurement as MINOS (N,p,s, = 4003) [17].

8.6 Summary and outlook

We described the oscillation analysis in v, disappearance. The analysis is performed with the
method of extended unbinned maximum likelihood. The likelihood is constructed from both the
number of events and the neutrino energy spectrum. The best fit point is obtained at sin? 2653 =
1.0 and Am3, = 2.4 x 1073eV?/c* and represents the data well. On the other hand, observation
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Figure 8.18: Ayx? distributions as a function of oscillation parameters. The left plot is the
distribution of the analysis with the spectrum shape only (x* = —2log[Lshape - Lsyst]) and the

right plot is the distribution of the analysis with the number of events only (x? = —2log[Luorm -
Lsyst])-
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Figure 8.19: 90% confidence level contours for oscillation parameters; results are compared with
those from MINOS [17] and Super-Kamiokande [18,19]
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does not agree with the null oscillation hypothesis. The hypothesis is excluded with 7.3 x 10711,
Our 90% confidence region is obtained to be 2.1 x 1073 < Am3;[eV?/c*] < 3.1x 1073 at sin? 2643
= 1.0, and 0.86 <sin? 2653 at Am32, = 2.6 x 10~3eV?2/c. This region is consistent with these of
the other experiments.

The data used in this analysis is just 2% statistics of the T2K goal (8.0 x 10?! protons on
target). With this data set, the statistical error is dominant. Figure 8.20 shows the expected
allowed region with a full statistics. Here the values of the oscillation parameters are set to
(sin? 20, Am?) = (1.0, 2.3 x 1073eV?/c*) and only statistical error is considered. The analysis
method is same as chapter 8: a maximum likelihood method is used and the likelihood is defined
by the number of events and reconstructed neutrino energy shape. We really have a potential
sensitivity of &(sin? 2623) ~ 0.01.

Figure 8.21 shows the possible sensitivity with current systematic error. To achieve the
sensitivity of §(sin®26a3) ~ 0.01, the improvement of the systematic uncertainty is necessary.
As shown in Tab. 8.3, dominant error on the expected number of events is the uncertainty
of the SK efficiency and the uncertainty of FSI. As shown in Fig. 8.8, dominant error on the
energy spectrum shape is the uncertainty of the SK efficiency and the uncertainty of the beam
prediction.
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Figure 8.20: T2K sensitivity for sin? 2653 and Am3, with full statistics (8.0 x 10?! protons on
target). The toy data are generated with sin? 2693 = 1.0 and Am3, = 2.3 x 1073eV?/c%.
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Figure 8.21: T2K sensitivity for sin?2653 and Am3, with full statistics. The toy data are
generated with sin® 2053 = 1.0 and Am3, = 2.3 x 1073eV?2/c*. The solid line shows the result

with statistical error only and the dashed line shows the result with the statistical error and
current systematic error.
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Conclusions

T2K is a long baseline neutrino oscillation experiment. In the T2K experiment, the v, beam
is produced at J-PARC and is detected with SK which is 295 km away from J-PARC. T2K
aims to measure (sin? 263, Am%Q) via v, disappearance (v, — v;) and search for finite ;3
via v, appearance (v, — v.). The neutrino oscillation analysis is performed by comparing
observations with the expectations at Super-Kamiokande for both the neutrino energy spectrum
and the number of muon neutrino events. One of the T2K features is the off-axis beam method.
Thanks to this method, the signal to background ratio is increased. In the off-axis method, the
neutrino beam direction is important for the precise estimation of the energy spectrum. The
number of neutrino events in the near detector is also important for the precise estimation of
the number of v,, events.

This thesis first described the measurement of the neutrino beam direction and the number
of neutrino events by using the T2K on-axis near detector, INGRID. Then this thesis focused
on the analysis of neutrino oscillation in v, disappearance. The data used for this analysis were
collected between January 2010 and March 2011, corresponding to 1.4 x 10%° protons on target.

INGRID took more than 99% of all the good beam spills and observed ~2,180,000 neutrino
event candidates. The day by day event rate normalized by protons on target is stable within
the statistical error (it is 1.7% typically.). The month by month beam direction is well within
+1 mrad requirement. From these measurements, we concluded that the neutrino energy spec-
trum and the flux in SK are stable. The horizontal and vertical beam directions are measured to
be —0.014 £ 0.025(stat.)£0.33(syst.) mrad and —0.107 4 0.025(stat.)+0.37(syst.) mrad from the
designed direction, respectively. It ensures that the beam direction uncertainty on the sin? 26,3
measurement does not effect on achieving the precision of §(sin?26,3) ~ 0.01.

Thirty-one neutrino events were observed in SK, while the expectation without oscillation
is 103.722:2. To find the best fit value of sin® 26,3 and Am3,, we employ of the method of
maximum likelihood. The likelihood is defined by both the neutrino energy spectrum and the
number of events together with the systematic uncertainties. The best fit value is obtained to
be

(sin? 26023, Am3,) = (0.99,2.6 x 107 3eV?/c?).

The probability of the null oscillation is 7 x 10~!!; the null oscillation hypothesis is strongly
disfavored and we confirm neutrino oscillation. The 90% confidence region is estimated by the
method based on Feldman and Cousins. It is estimated to be

2.1 x 1073 < Am3,[eV?/c?] < 3.1 x 1072 at sin® 263 = 1.0
0.86 < sin? 263 at Am3, = 2.6 x 1073[eV?2/c?]
This result is consistent with other experimental results. We measured the oscillation parameters

by using off-axis neutrino beam for the first time in the world. Finally we showed we have a
potential sensitivity of §(sin?26a3) ~ 0.01.
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Chapter 9. Conclusions

In conclusion, we have measured the neutrino oscillation in v, disappearance with the first
T2K physics data and showed the T2K potential sensitivity for sin®26,3. Some theoretical
models predict the PMNS matrix as tri-bimaximal form in which 6s3 is 45 degrees and 613 is
0 degree. Now we know 613 is non-zero [85,86] and looks to be relatively large (global best fit is
obtained to be 13 ~ 9 degrees) [87]; it is strange that only €53 remains exactly the symmetry of
”full mixing” after a certain symmetry breaking. I proved that T2K can investigate this mystery
with the best sensitivity in the world.
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Appendix A

Ve appearance measurement

We observed the indication of v, appearance [85] for the first time in the world. This appendix
describes it.

A.1 Overview

Figure A.1 shows the block diagram of the analysis flow. The analysis strategy is already de-
scribed in Section 1.2.5; the analysis is performed by comparing the expectation and observation
in Super-Kamiokande for the number of v, events. To estimate the expectation precisely, it is
important to measure the beam direction and the number of events in the near detector.

To perform the v, appearance analysis, we measure following quantities:

(1) neutrino beam direction
(2) number of events in the near detector
(3) number of events at SK

Measurement (1) and (2) are already described in Chapter 6. Measurement (3) is described
in Section A.2. The v, appearance analysis is performed in Section A.3 and the conclusion is
described in Section A.4
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Figure A.1: Block diagram of the v, appearance analysis.

The analysis is based on the data set described in Section 5.2: all the RUN-I and RUN-II
data sets corresponding to 1.44 x 20?° protons on target (POT).
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A.2 Far detector analysis

A.2.1 Data set

After the good beam spill selections, the SK quality cut is applied as described in Section 7.1;
the total POT after the SK quality cut is 1.43 x 10%°.

A.2.2 Event selection
Overview

The event selection procedure for the v, event is same as that for the v, event up to the single
ring selection; the event is extracted with hit PMTs and then FCFV single ring event is selected.
After that the following selections are applied to select the v, event.

e-like ring

Figure A.2 shows the distribution of the PID likelihood for the observed Cherenkov ring. The
e-like ring events are selected.
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Figure A.2: PID likelihood distribution for the T2K beam data.

Visible energy > 100 MeV

To reject low energy events such as NC backgrounds and Michel electrons produced by invisible
muons, the visible energy (E\;s) is required to be larger than 100 MeV as shown in Fig.A.3 Given
the beam energy spectrum, it is very unlikely for a CCQE event to occur in this energy range.
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Figure A.3: Visible energy distribution for the T2K beam data.

Number of decay electrons = 0

A decay electron indicates that this event has invisible or un-identified muons or charged pions,
indicating v, events or CC non-QE events. Thus the number of decay electrons is required to
be zero as shown in Fig.A 4.

7¥ invariant mass < 105 MeV /c?

To suppress misidentified 7%, a algorithm called POLfit (Pattern Of Light FIT) is performed. In
this algorithm, the reconstruction of second ring is forced with various positions and energies.
Iteratively, an optimal position and energy for a second ring is determined and an invariant mass
(Miny) is computed from the first ring and the optimal second ring. Details of POLfit can be
found in [88]. Events with M,, > 105 MeV/c? are rejected as shown in Fig.A.5.

Er¢ <1250 MeV
The reconstructed neutrino energy E7°° is reconstructed by Eq. 1.32. To suppress the intrinsic
beam v, background events, events with E7°¢ < 1250 MeV are selected as shown in Fig.A.6.

Event selection summary

Table A.1 shows the number of selected events at each selection step. The number of selected
events is six.

Figure A.7~A.12 are event display of the final v, candidate events. Each display includes
a reconstructed image of the second gamma found by the POLfit algorithm. From these event
displays, all six events look to be clean v, events.
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Figure A.4: Number of decay electron distribution for the T2K beam data.
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Figure A.5: Invariant mass distribution for the T2K beam data.
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Figure A.6: Reconstructed neutrino energy distribution for the T2K beam data.

Table A.1: Number of events after each selection.

Selection Data BG expectation v, — v, (sin®26;3 = 0.1)
FCFV 88 73.6 6.0
single ring 41 38.3 5.2
e-like 8 6.6 5.2
Eyis > 100MeV/c 7 5.7 5.1
# of decay electrons = 0 6 4.4 4.6
M, < 105MeV /c? 6 1.9 4.2
E’*¢ <1250 MeV 6 1.3 4.1
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Super-Kamiokande IV

uuuuuu
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Figure A.7: An event display of a v, candidate event (# 1).
the reconstructed vertex position; the left-right pair shows its height and the top-bottom pairs
shows its horizontal position. The light-blue circle represents the fitted Cherenkov ring. The
yellow circle represents the second gamma ring reconstructed by the POLfit. A pink diamond is
placed on the wall in the beam direction starting from the reconstructed vertex. Reconstruction
informations are Dy, =614.4 cm, ring-counting likelihood = -5.7, PID likelihood = -1.2, Fys
= 381.8 MeV, M;,, by POLfit = 29.9 MeV/c? and E'*® = 485.9 MeV.

Four white crosses represent
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Figure A.8: An event display of a v, candidate event (# 2). See the caption of Fig.A.8. Recon-
struction informations are Dy, =284.2 cm, ring-counting likelihood = -5.2, PID likelihood =
-1.2, Eyis = 583.1 MeV, M,,, by POLfit = 100.4 MeV/c? and E'*° = 842.5 MeV.
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Super-Kamiokande IV

------
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Figure A.9: An event display of a v, candidate event (# 3). See the caption of Fig.A.8. Recon-
struction informations are Dy, =338.5 c¢m, ring-counting likelihood = -6.0, PID likelihood =
1.6, Eyis = 512.0 MeV, My, by POLfit = 5.1 MeV/c2 and E'*¢ = 722.9 MeV.
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Figure A.10: An event display of a v, candidate event (# 4). See the caption of Fig.A.8. Re-
construction informations are Dy, =244.2 cm, ring-counting likelihood = -100, PID likelihood
=-2.3, Eyis = 1049.0 MeV, M;,, by POLfit = 0.04 MeV/c? and E'*¢ = 1120.9 MeV.
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Figure A.11: An event display of a v, candidate event (# 5). See the caption of Fig.A.8.
Reconstruction informations are Dy, =239.4 cm, ring-counting likelihood = -3.9, PID likelihood
=-3.1, Eyis = 263.6 MeV, Mj,, by POLfit = 68.9 NIeV/C2 and E}°° = 580.3 MeV.
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Figure A.12: An event display of a v, candidate event (# 6). See the caption of Fig.A.8.
Reconstruction informations are Dy, =378.4 cm, ring-counting likelihood = -6.1, PID likelihood
= -2.6, Fyis = 363.3 MeV, Mi,, by POLfit = 3.4 MeV/c? and E’¢ = 419.8 MeV.
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Figure A.13 shows the directional distribution of the six v, candidate events and the MC
expectation. The agreement between the data and the MC expectation is reasonable.

Figure A.14 shows the reconstructed vertex distribution of the selected events. It seems to
be clustered towards the upstream side of the SK tank with respect to the T2K beam and near
to the wall. The vertex distribution is compared between the data and the MC simulation with
several definitions of the position as shown in Fig. A.15. The probability to observe the vertex
distribution of data is estimated by KS-test and the result is shown in Tab. A.2. The estimated
probability is low, but not unreasonable. The possible unexpected background events are also
examined. The estimated number of background events from the beam that leaves the dead
space between ID and OD, OD, or rock and has pass all of the selection criteria is calculated
to be 8.1 x 1073, This is much smaller than the number of expected background events (1.5).
In addition, the vertex distribution of the atmospheric neutrino sample has a good agreement
between real data and the MC simulation. In summary, we concluded that the observed vertex
distribution of the candidate events is consistent with statistical fluctuation.

| —¢— Data

. I Osc.v,CC
3r 0 v+y,CC

- B v, CC

- Il NC

| (MC w/ sin®26,,=0.1)

Number of events

-1 -0.5 0 0.5 1

cos ebeam

Figure A.13: Directional distribution of the e-like ring for the six v, candidate events. cosfpeam
is cosine of the opening angle between the ring direction and the beam direction.

A.3 Neutrino oscillation analysis

The analysis for neutrino oscillation with three-flavor oscillation scenario is performed. In this
analysis, the oscillation probability including matte effects is calculated numerically by using
the Prob3++ software [89].

For the analysis the following oscillation parameters are allowed to vary: dcp, Am3,, 613
and mass hierarchy (normal or inverted). The other oscillation parameters are assumed to be
fixed. If some oscillation parameter is not specified, following ”default” value is assumed:

e sin?260;5 = 0.8704

127



Chapter A. v, appearance measurement

2000 2000
1000 | 1000 | §
g | £ * |
S S .
> N | *
2% 0 B PYY 0 [ :
Q e | |
o} o) s
> > |
-1000 -1000
.« o
______________________qh_____l
2000 b 2000 —
-2000 -1000 0 1000 2000 0 1000 ) 200(2) 3000
Vertex X (cm) Vertex R® (cm°) x10°

Figure A.14: Vertex distribution in x-y dimensions (left) and z-r? dimensions (right) for the
events which satisfy all the selection criteria except the FV cut. The black circle indicates the
boundary of ID, while the blue dashed circle represents the FV region. The black dots are for
the events inside the F'V, while the open cross is for that outside the FV. The pink arrow shows

the beam direction.
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Figure A.15: Definition of parameters for checking of the vertex distribution. This is the top-side
view of the SK tank.
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Table A.2: Probability to observe the each distribution of the real data estimated with the MC
simulation by using the method of KS-test.

Distribution 7 FC Events 6 FCFV Events
Towall|[toBeam 5.1% 1.1%
Fromwall||toBeam 1.4% 0.14%
Towall 7.2% 1.9%
Fromwall 22.8% 5.8%
Dwall 22.6% 3.7%
& 98.5% 11.0%

sin? 26053 = 1.0
Am3; = 7.6 x 107%eV?/c?

Am3, = 2.4 x 1073eV?/c?

Earth matter density around beam = 3.2 g/cm3

Beam length = 295 km

A.3.1 Expected number of events

Expected number of events in SK (Ngip') is obtained by using the number of events in the near
detector (NR5);

NMC Mgk POTgsk
NEP(sin? 2013, Am3,, 6cp) = N5 - | =SK. | (sin? 2013, Am2y, 6cp) - : Al
SK (Sln 13, m327 CP) ND Nll\\I/IDC (Sln 13, m327 CP) MND POTND ( )
Mgk : fiducial mass of SK, which is 22.5 kton
Mnp : fiducial mass of ND280, which is 1.58 kton
POTgk : number of protons on target for SK, which is 1.43 x 10%°
POTxp : number of protons on target for ND280, which is 2.88 x 109
The [N%C/Nf\\fg |(sin? 2613, Am3,, 5cp) is expressed as
NME| NME (sin? 2013, Am32,, dcp)
[N?\}[(C] (S1H2 29137 Am§27 5CP) = =h NMC o (A2)
ND ND
NEE (sin® 2613, Am3y, 6cp) (A.3)
= / dB, - @sk(Ey) - P(Ey;sin® 2013, Am3y, op) - Y obyc(B,) - el (Ey)
I
NYS (A.4)

= /dEV - Onp(Ey) - ZUI{ID(EV) - ekp (Ey)
I

129



Chapter A. v, appearance measurement

Pk (Pnp) @ expected energy spectrum in SK (ND)

P : oscillation probability in v, disappearance as described in Eq. 1.10
oli(onp)  : neutrino cross-section of the target material of SK (ND)

for each interaction mode (1)
eh(exp)  : efficiency in SK (ND) for each interaction mode (I)

The CCQE, CClr production, CC coherent 7 production, CC other interactions, NC 17° pro-
duction, NC coherent 7 production and NC other interactions are considered as the possible
interaction modes. The ®gk is estimated with the same method as the v, disappearance analy-
sis case and is shown in Fig. 4.1.

In a similar way, the number of background events (v,, 7, and intrinsic beam v, events) are
calculated. Then NgP" is calculated as sum of the signal (v. events) and background events.

Figure A.16 shows Ng¢~ as a function of (Am3,, sin® 2613) and (Scp, sin®2613). The Ngg~
is 1.49 in the case of sin”20;5 =0 and is 5.49 in the case of sin®260;5 =0.1. The contributions
from the signal events and background events are shown in Tab. A.3.
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................................

107 0 0.2 0.4 0.6 0.8
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1 1
sin?(20,,) sin’(26,,)

Figure A.16: Expected number of events as a function of Am2, and sin? 2613 (left), and §cp and
sin? 2613 (right). Contour lines show where the number of events equals 16.

Table A.3: Contributions from each neutrino flavor and interaction mode in the case of sin® 263
=0 and sin? 26,3 =0.1. Here Am3; = 2.4 x 103eV2/c* and §cp = 0.
sin2613 = 0 sin®20;3 = 0.1

Beam total (background) 1.40 1.34
beam v, + v, CC 0.03 0.03
beam v, CC 0.76 0.70
all NC 0.61 0.61

Signal v, — v, 0.09 4.11

Total 1.49 5.45

A.3.2 Uncertainties of the number of events

The uncertainties come from the beam MC prediction, the neutrino interaction cross-section,
the SK efficiency and the ND280 measurement.
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Beam MC prediction

The uncertainty of the beam MC prediction on [NJ/NMS ] is estimated by propagating the
uncertainties of the NA61 measurement and uncertainties of actual experimental condition such
as the beam direction.

The error size is shown in Fig A.17. The error size is +8.5% in the both case of sin® 20,3 =0
and sin® 2613 =0.1.

Total Beam Error
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Figure A.17: Estimated fractional error size of [N3K~/NMS ] as a function of dcp and sin? 260;3.

Neutrino interaction cross-section

The uncertainty of the cross-sections is estimated by comparison with recent measurements from
the SciBooNE [76], MiniBooNE [77,78], and K2K [79,80] experiments, comparisons with the
GENIE [81] and NuWro [82] neutrino interaction generators and recent theoretical work [83]. The
error of the cross-section for interaction other than CCQE is estimated as the error on the ratio
of that cross-section to the CCQE cross-section. For CCQE interaction, the systematic error of
the absolute cross-section is not considered since the absolute normalization is determined by
the number of events in the near detector. However, the systematic error due to the different
nuclear targets in the near detector and far detector is considered as the CCQE energy dependent
error. Because this CCQE energy dependent error is the relative uncertainty between interaction
targets, the error is considered only for the SK expectation.
The error size of each interaction is summarized in Tab. A.4 and Fig. A.18.

SK efficiency

The systematic errors related to the SK detector uncertainty are estimated with cosmic-ray
muons, electrons from muon decays, and atmospheric neutrino events. The estimated error size
is shown in Tab. A.5. In addition to the detector uncertainty, the uncertainty related to the final
state interaction (FSI) is estimated by using the external pion scattering data [84] and shown
in Fig. A.19.
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Figure A.18: Energy dependent error on CCQE cross-section error. The error size at 0.5 GeV
is £7% and that above 3 GeV is zero.

Table A.4: Systematic errors for neutrino cross sections.

CC QE energy-dependent (£7% at 500 MeV)
aC 1n £30% (E, < 2GeV) ~ £25% (E, > 2GaV)
CC coherent 7 100%
CC other +30% (E, < 2GeV) ~ +£25% (E, > 2GeV)
NC 179 +30% (B, < 1GeV) ~ £20% (E, > 1GeV)
NC coherent 30%
NC other 30%
0v. /0w, 6%

Table A.5: Summary of the systematic error on the number of events.

Source Signal Background
vy, (43.6%)

Total + 7, (4.3%) ve (52.1%)
POLfit mass cut 5.1 8.7 15.2 9.6
Ring-counting 3.9 8.4 15.2 8.4
PID (e) 3.8 8.1 14.5 8.3
PID (u) N/A 1.0 2.0 N/A
70 efficiency N/A 5.9 12.8 N/A
Reduction 1.0
FV 1.0
Energy scale 0.3 0.5 < 0.1 1.0
Decay-electron 0.1 0.3 0.4 0.2
Total | 76 15.8
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Figure A.19: Systematic error due to final state interaction for v, signal (left) and background
(right).

ND measurement
The uncertainty of the number of events at ND280 is described in Section 6.4. The systematic
error is T32 (detector) £3.7 (phys.) = T35% and the statistical error is 2.7%.

A.3.3 Analysis method

The goals of the analysis are getting the confidence region of oscillation parameters, especially
sin? 2013. We employ the method based on Feldman and Cousins [71]. The actual procedure is
as follows:

(1) 10000 toy MC data sets is generated for given oscillation parameters and the probability
density function (PDF) for NG (£ N;ﬁp) is obtained. The systematic uncertainties are
included in toy MC simulation.

(2) The PDF for N (L Nggs) is calculated as
[e.e]
/ : ! !/
EN&%S(N) :/0 dN" - Poisson(N, N') - Lyex» (N') (A.5)

where Poisson(N, N') is the Poisson probability of observing N events given an expected
mean of N’.

(3) Repeats (1)~(2) at several oscillation parameter and get £ Ngbs

Figure A.20 shows example of £ NP and £ Ngbs-

A.3.4 Analysis result
Probability of sin®260;5 = 0
Figure A.21 shows the ENEES at sin’ 2613 = 0, Am3, =2.4 x 1073eV?/ct and dcp = 0. The

exclusion level of sin® 2613 = 0 is equal to the integral from zero to five (observed number is six).
The integral gives 99.34% and it corresponds to a one-sided 2.50 CL. The zero 613 is excluded
with 99.34%.
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Figure A.20: Lyew (left) and £ Ngbs (right). The red histogram shows PDF at sin®26;3 = 0,

Am3, =2.4 x 1073eV?2/c* and §cp = 0 and the blue histogram shows PDF at sin® 2613 = 0.1,
Am3, =2.4 x 1073eV?/c* and dcp = 0.
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Figure A.21: £N§Ib(s at sin? 2613 = 0, Am3, =2.4 x 1073eV?/c* and écp = 0. The region from 0
to 5 observed events is integrated (hatched region) to get 99.34%.
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Confidence region

Figure A.22 shows the 90% CL allowed region as a function of oscillation parameters. The
confidence interval at Am%3 = 2.4 x 10-3eV?/c* and 6cp = 0 is 0.03 < sin? 26013 < 0.28 for a
normal hierarchy and 0.04 < sin?26;3 < 0.34 for a inverted hierarchy. This is consistent with
the upper limit set by the MINOS [90] and CHOOZ [15] experiment before now. Figure A.23
shows the allowed regions, with and without systematic errors. Though the upper limit contours
slightly get worse by the systematic error, statistical errors are greater than systematic errors
with the current POT.

A.4 Conclusion

We observed six candidates of v, events in Super-Kamiokande with the T2K RUN-I and RUN-II
data set (1.43 x 10?2 POT). The oscillation analysis is performed by comparing the obser-
vation and expectation of the three-flavor neutrino oscillation for the number of v, events.
The probability of the sin?26;3 = 0 hypothesis is 7 x 1072; the zero 6,3 is disfavored with
2.50 CL. The confidence interval is 0.03(0.04) < sin?26;3 < 0.28(0.34) for sin®26y3 = 1.0,
|Am3,| = 2.4 x 1073eV2/c?, 6cp = 0 and for normal (inverted) neutrino mass hierarchy. This
result is consistent with past experiments.

Thus we catch the indication of the non-zero 613. Next step is to firmly establish the non-zero
013 with more data.
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Figure A.22: Allowed region at 90% CL. The are between two red (blue) lines shows the
allowed region and the black line shows the best fit parameters. Figures show contours in
(Am2,,sin” 20;3) region for normal (top left) and inverted (top right) hierarchy, and contours in
(6cp, sin? 2613) region for normal (bottom left) and inverted (bottom right) hierarchy.
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