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Neutrino oscillation

• if neutrinos have mass... 
• a neutrino that is produced as a νµ 

• (e.g. π+ → µ+ νµ) 

• might some time later be observed as a νe 

• (e.g. νe n → e- p)
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Neutrino Basics
● Weakly interacting isospin partners of charged leptons

● Standard model includes three massless stable 
neutrinos, but...

Maki, Nakagawa, Sakata
(June 1962)

As early as 	fty-two years ago,
discussions of massive neutrinos
and oscillations had begun!
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The weak states are mixtures of the mass states:

In a world with 2 neutrinos, 
if the weak eigenstates (νe, νµ) 
are different from the mass eigenstates (ν1, ν2):

The probability to find a νe when you started with a νµ is:

|nµ > = �sinq|n1 > +cosq|n2 >

ν1

ν2

νe

νµ

ϴ

Neutrino oscillation
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Chapter 1

Introduction

Neutrino is an elementary particle first postulated by W. Pauli [1]. Three flavors are found so
far; ⌫e [2], ⌫µ [3], and ⌫⌧ [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 e↵orts 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⇥ 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 di↵erence of the flavor mixing between quarks and leptons, suggesting a
di↵erent 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 ⌫µ disappearance (⌫µ ! ⌫x) and the discovery of ⌫e appearance
(⌫µ ! ⌫e). 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 di↵erent from the mass
eigenstate, as analogous to the quark system [10]. For simplicity, consider the two flavor case at
first. The flavor eigenstates, ⌫↵ and ⌫� , is written by

✓
⌫↵

⌫�

◆
=

✓
cos ✓ sin ✓
sin ✓ cos ✓

◆✓
⌫1

⌫2

◆
⌘ U

✓
⌫1

⌫2

◆
(1.1)

where ⌫1 and ⌫2 are the mass eigenstates and ✓ is the mixing angle. After traveling with a
certain time period t, each component of the mass eigenstate gets a di↵erent phase:
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Detection of neutrinos by the charged current interaction projects these new states back onto
the flavor eigenstates:
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Supposing a neutrino is generated as ⌫↵ (i.e. ⌫↵(0) = 1 and ⌫�(0) = 0), its surviving probability
in the same flavor eigenstate after traveling a certain distance L is obtained as

P (⌫↵ ! ⌫↵) = |⌫↵(t)|2 = 1� sin2 2✓ · sin2
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when mi is very small compared to Ei (Ei ' p + m
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. Thus the

flavor of neutrinos oscillates as a function of L/E.

1.1.2 Three generation mixing

In the three generation framework (↵ = e, µ, ⌧), neutrino mixing is described by a 3⇥ 3 unitary
matrix, called the Pontecorvo-Maki-Nakagawa-Sakata [11, 12] (PMNS) matrix. It is defined by
a product of three rotation matrices with ✓12, ✓13, ✓23 and CP phase �.
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where ↵ = e, µ, ⌧ are flavor indices, i = 1, 2, 3 are the indices of mass eigenstates, sij(cij) stands
for sin ✓ij(cos ✓ij). The probability of the oscillation is given by the formula,
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j , L is the flight distance, and E⌫ is the neutrino energy. The ± sign in the
third term is the CP violation e↵ect, + for neutrinos and � for anti-neutrinos. Here the matter
e↵ect 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; �m
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•2 fundamental parameters

•Δm2 ↔ period

•θ12 ↔ magnitude

•2 experimental parameters

•L = distance travelled

•E = neutrino energy

•Choose L&E to target ranges of 
Δm2 and θ

•Neutrinos disappear and appear
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•2 fundamental parameters

•Δm2 ↔ period

•θ12 ↔ magnitude

•2 experimental parameters

•L = distance travelled

•E = neutrino energy

•Choose L&E to target ranges of 
Δm2 and θ

•Neutrinos disappear and appear
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•2 fundamental parameters

•Δm2 ↔ period

•θ12 ↔ magnitude

•2 experimental parameters

•L = distance travelled

•E = neutrino energy

•Choose L&E to target ranges of 
Δm2 and θ

•Neutrinos disappear and appear
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Early Hints of Oscillation

37Cl Homestake H2OKamioka

0.55±0.08

1.0
+0.20

- 0.16
+1.3

- 1.1

2.56 ±0.23

7.6 SNU

Theory
7Be

8B

Experiments

pp

CNO

Solar Neutrinos Atmospheric 
Neutrinos

Kamiokande (1992)
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Neutrinos from 

‘below’ travel 

1000s of km

Neutrinos from 

‘above’ travel 10s of 

km from 

point of origin

Super-Kamiokande (1998)

~530 days data-taking →  ~400 ν 

events

1998: Neutrino Mass!
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Oscillation Basics
● Neutrinos have mass!

Flavour eigenstates: νe, νµ, ντ   Mass eigenstates: ν1, ν2, ν3

● Produced and interact as flavour eigenstates; 

propagate as mass eigenstates:

where:
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Neutrino Mixing

1998 onwards:
Probed with atmospheric neutrinos,
long baseline accelerator neutrinos

(SK, K2K, MINOS)

2001 onwards:
Probed with solar neutrinos,

long baseline reactor neutrinos
(SK, SNO, KamLAND)

First measured recently! (2011 – 2012)
Short baseline reactor neutrinos
(Daya Bay, RENO, DoubleChooz);

Long baseline accelerator neutrinos
(T2K, MINOS, NOvA)

● For Dirac neutrinos, standard parameterization of the PMNS 
matrix Uli (for Dirac neutrinos) has:

3 mixing angles, 2 mass square differences, 1 CP phase
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Experimental Probes

sin2(2θ23) > 0.95 (90% C.L.)

|Dm2
32| = 2.43 ± 0.13 x 10-3 eV2

sin2(2θ12) = 0.857 ± 0.024

Dm2
12 = 7.59 ± 0.20 x 10-5 eV2

sin2(2θ13) = 0.098 ± 0.013

What is the octant of θ23?             What is the mass hierarchy?

What is the CP violating phase d?

● For Dirac neutrinos, standard parameterization of the 
PMNS matrix Uli (for Dirac neutrinos) has:

3 mixing angles, 2 mass square differences, 1 CP phase
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Neutrino SourcesNeutrino Sources

AtmosphericAtmospheric

SolarSolar

p

π+

μ+

ReactorReactor

AcceleratorAccelerator

ν
μ

ν
μ

ν
e

e+

Cosmic ray 
showers 
produce pions 
and muons that 
decay to 
neutrinos

Produced in 
fusion reactions 
inside sun. 

Energy 
thresholds matter 
for experiments
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Proton beam from 
accelerator collides 
with fixed target

Most muons 
absorbed 
before 
decaying

~1-10 GeV

~ 10 MeV 

Where do the neutrinos that experiments measure come from?

ν
e
 From β decay 

of isotopes in 
nuclear reactors
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[Some] Open Questions

1) What is the CP violating phase δ? 

2) What is the mass hierarchy?

→ Electron neutrino appearance can help answer both questions!
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Measuring θ13

Long baseline accelerator: Sensitive to θ13, δ, mass hierarchy

CP violating (flips sign for anti-ν) 

Solar

Matter

where:

Cij = cos(θij)

Sij = sin(θij)

∆ij = ∆mij (L/4E)

Short baseline reactor: Sensitive only to θ13



Breakthrough&of&nonQzero&θ13&search&(2011~)�

�   In&2011&June,&T2K&reported&the&first&indica=on&of&θ13≠0&&(2.5σ)
using&the&data&before&the&earthquake.&

�   In&2012,&solid&confirma=on&
by&reactor&experiments.&

This&talk&:&Updated&νe&appearance&analysis&using&the&full&T2K&data&set�
��

PRL&107,&041801&(2011)�

Δm2
32>0&

&
sin2θ23=0.5�

0&&&&&&&&&&&&&&&&&&&&0.1&&&&&&&&&&&&&&&&&&&0.2&&&&&&&&&&&&&&&&&&&0.3&
sin22θ13�

2.5σ�

1.7σ�

~2σ�

5.2σ�

4.9σ�

1σ&confidence&intervals&(before&Neutrino2012)�
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How to measure θ13

θ13 can causeνe 
disappearance in reactor 

neutrinos

θ13 can cause νµ→νe 
appearance in long baseline 

experiments
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Oscillation @Reactors

Daya Bay,

RENO

Double Chooz

Observed by 

KamLAND
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Oscillation @Accelerators

Long baseline accelerator: Sensitive to θ13, θ23, δ, mass hierarchy

νe νµ ντ
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Oscillation @Accelerators

Long baseline accelerator: Sensitive to θ13, θ23, δ, mass hierarchy

νe νµ ντ

T2K
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T2K
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T2K “Tokai-To-Kamioka”

•Start with world’s largest detector: 
Super-Kamiokande

•Build new neutrino beam

•Off-axis beam to Super-K
• L = 295 km

• E = 0.6 GeV

•Near detectors at 280m to 
constrain beam flux

•Physics Goals: 

•precise Δm232,θ23 
measurements

•search for θ13

14Friday, 17 February 12
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~500 members, 59 Institutes, 12 countries

Japan
ICRR Kamioka
ICRR RCCN

KEK
Kobe U.
Kyoto U.

Miyagi U. Edu.
Osaka City U.

U. Tokyo

Poland
A. Soltan, Warsaw

H.Niewodniczanski, Cracow
T. U. Warsaw

U. Silesia, Katowice
U. Warsaw
U. Wroklaw

Russia
INR

S. Korea
Chonnam N.U.
Dongshin U.
Seoul N.U.

USA
Boston U.

B.N.L.
Colorado S. U.

Duke U.
Louisiana S. U.
Stony Brook U.

U. C. Irvine
U. Colorado
U. Pittsburgh
U. Rochester

U. Washington

Spain
IFIC, Valencia

IFAE(Bacelona)

Switzerland
U. Bern

U. Geneva
ETH Zurich
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The T2K Collaboration
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U. B. Columbia
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France
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INFN, U. Bari
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Experimental Overview
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Overview

ν production Near detectors

On-axis: INGRID

Off-axis: ND280
Far detector

Super-Kamiokande

J-PARC 
accelerator 

complex and 
neutrino 
beamline

0 280m 295 km

2.5˚νμ νμ

● Baseline: 295 km
● Off-axis beam

400 MeV LINAC

νμ → νe appearance

νμ → νX disappearance

Study neutrino 
before oscillations
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Neutrino production

Conventional neutrino beam produced from 30 GeV protons

Almost pure νμ/νμ beam, 

with an intrinsic νe/νe 

component (<1% at peak)

Can switch from νμ beam to 

νμ beam by inverting the horn 

polarities



Imperial College  
London

Morgan O. 
WasckoUCL HEP SeminarBird’s eye photo in January of 2008

North↑

Neutrino Beam　
(to Kamioka)

  JFY2009 Beams

30 GeV Main Ring

  JFY2008 Beams

3 GeV RCS

 CY2007 Beams

Linac
181MeV

�
�����
��
�
��	��� ������

J-PARC Facility (KEK/JAEA）
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J-PARC neutrino beamline overview

×

Target

×

π+

π+

π+

µ+

µ+

νµ

νµ

Near Detector

Muon monitor

109m

Decay volume (He gas filled)

Target installed in  1st horn.

p

Pions are focused by
 3 electromagnetic Horns.

Beam dump

20Friday, 17 February 12
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Run 1
Run 2 Run 3

1.2 x 1014 protons

per pulse (world record)

Run 4

T2K Data Taking

● NEW! Full Run 1 – 4 data sets published this week!  Phys. Rev. Lett. 107:041801 (Feb 10th)

● Featured in an APS “Viewpoint” article (http://physics.aps.org/articles/v7/15)

● Total exposure at far detector is 6.57 x 102 0 P.O.T. 

● Previous νe appearance result (2012) used 3.01 x 102 0 P.O.T. → Statistics increased by factor >2! 

● Thus far, ~8% of the total data has been collected (assuming design goal)

● Instantaneous luminosity of 220 kW (1.2 x 101 4 protons per pulse) → World record!

Many thanks to the J-PARC accelerator division for their efforts and much hard work!
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Beam Stability: Rate & Direction

Beam dir. stability < 1mrad

0 mrad

Beam is quite stable in space (1 mrad tolerance) and time (within 1%)
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Off-axis beam

J-PARC
νμ beam

direction

Far detector
(SK)

2.5˚

● Narrow band neutrino beam, peaked
at oscillation maximum (0.6 GeV)

● Reduces high energy tail
● Reduces intrinsic νe contamination

of the beam at peak energy
● Interactions dominated by CCQE 

mode
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Figure 1.3: Expected number of ⌫e events as a function of the reconstructed neutrino energy
(Erec

⌫ ) for the oscillation with sin2 2✓13 = 0.1, sin2 2✓23 = 1.0 and �m
2
32

= 2.4 ⇥ 10�3 eV2
/c4.

The E
rec
⌫ is calculated by the muon momentum and the angle respect to the neutrino beam

direction assuming the interaction of ⌫e + n ! e
� + p. The solid line shows the background

estimation.

High intensity beam

T2K utilizes the J-PARC 30-GeV proton beam to produce the ⌫µ 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.

O↵-axis beam

The second feature is the o↵-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 o↵-axis method [20]. The ⌫µ beam is produced from
the charged pion decay (⇡ ! µ⌫µ). The energy of the neutrino in the pion rest frame (in
which quantities are labeled with the superscript ⇤) is

E
⇤
⌫ =

m
2
⇡ �m

2
µ

2m⇡
= 29.8 MeV (1.23)

7

Chapter 1. Introduction

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

0

BBBB@
pµ

1

CCCCA
!

2

664

�⇡ 0 0 �⇡�⇡

0 1 0 0
0 0 1 0

�⇡�⇡ 0 0 �⇡

3

775

0

BBBB@
pµ

1

CCCCA
(1.24)

(E⌫ , E⌫ sin ✓, 0, E⌫ cos ✓)
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⇤
, 0, E⇤

⌫�⇡(�⇡ + cos ✓⇤))
(1.25)

where ✓ is angle between the pion momentum and the neutrino momentum. The relation
between the angle in the pion rest (✓⇤) and that in the lab. frame (✓) is obtained from the
1st and 3rd components of Eq. 1.25:

tan ✓ =
E

⇤
⌫ sin ✓

⇤

E⇤
⌫�⇡(�⇡ + cos ✓⇤)

(1.26)

If E⌫ , E⇡ � m⇡ and then �⇡ ' 1, we can re-write Eq. 1.26 to

tan ✓ ' E
⇤
⌫ sin ✓

⇤

E⌫
(1.27)

using the 0th component of Eq. 1.25. This equation indicates that a maximum lab angle
✓max is obtained at ✓⇤ = 90�:

tan ✓max ' E
⇤
⌫
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In other words, there is a maximum neutrino energy (Emax.
⌫ ) with fixed angle ✓:

E
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The relation between E⌫ , E⇡ and ✓ is obtained from the 0th component of Eq. 1.25:
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E
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, and is shown in Fig. 1.4. As expected from Eq. 1.29, there is a maximum neutrino
energy E

max.
⌫ with non-zero ✓, 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

max.
⌫ is achieved with the

fixed angle ✓ which is called as the o↵-axis angle.

In T2K, the o↵-axis angle is set to be 2.5 degrees so that the ⌫µ beam has a narrow energy peak
at ⇠ 0.6 GeV as shown in Fig. 1.5 (top). This maximizes the e↵ect 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 ⇡ production (CC1⇡) and Neutral Current ⇡ production (NC1⇡) interaction.

As shown in Fig. 1.5 top, the neutrino beam energy varies depending on the o↵-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 �(sin2 2✓23) ⇠ 0.01 at T2K, the beam direction is required
to be measured with a precision better than 1 mrad [21].
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monochromatic energy neutrino beam with the peak around E
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⌫ is achieved with the
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In T2K, the o↵-axis angle is set to be 2.5 degrees so that the ⌫µ beam has a narrow energy peak
at ⇠ 0.6 GeV as shown in Fig. 1.5 (top). This maximizes the e↵ect 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 ⇡ production (CC1⇡) and Neutral Current ⇡ production (NC1⇡) interaction.

As shown in Fig. 1.5 top, the neutrino beam energy varies depending on the o↵-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 �(sin2 2✓23) ⇠ 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 (E⌫) and pion energy (E⇡) in the pion decay with
several o↵-axis angles.

Near detector measurement

Third feature of T2K is sophisticatedly designed near detectors. We have two near detectors
for di↵erent purposes; an on-axis near detector and an o↵-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 su�cient 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 o↵-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 su�cient 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,

⌫` + n ! `
� + p (1.31)

is selected because of following reasons.

• 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 o↵-axis angles (✓OA). (Middle) Oscillation
probability as a function of the neutrino energy. (Bottom) Neutrino interaction cross-sections.
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neutrino oscillation analysis is performed on the assumption that the neutrino beam is stable,
the confirmation of the beam stability is important. The o↵-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 su�cient 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,
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is selected because of following reasons.

• 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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• The neutrino energy can be reconstructed (Erec
⌫ ) by measuring the lepton momentum (p`)

and the angle with respect to the neutrino (✓`):

E
rec

⌫ =
(mn � V )E` + (m2

p �m
2

` )/2� (mn � V )2/2

(mn � V )� E` + p` cos ✓`
(1.32)

where mn, mp and m` are the mass of the neutron, proton and lepton, respectively. E` is
the lepton energy and V is the nuclear potential of nucleus (it is 27 MeV for oxygen).

• 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 ⌫µ 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, �SK(E⌫), strongly depends on the o↵-axis angle as
described in Section 1.2.4. Hence precise measurement of the beam direction is important for the
�SK(E⌫) estimation. In this thesis, the expected number of events at SK (N exp.

SK
) is calculated

by using the number of events measured in the near detector (Nobs

ND
):

N
exp

SK
= N

obs

ND · N
MC

SK

NMC

ND

= N
obs

ND ·
R
dE⌫�SK · �SK · ✏SK · P (E⌫ ; sin2 2✓23,�m

2
32
)R

dE⌫�ND · �ND · ✏ND

(1.33)

where �SK (�ND) is the neutrino cross-section of the target material of SK (ND), ✏SK (✏ND)
is the detection e�ciency 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, �ND and �SK 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 �SK/�ND is canceled even if �SK or �ND itself has ambiguities. Thus the event
rate measurement at the near detectors is important for the N

exp.
SK

estimation.
An analysis of the neutrino oscillation in ⌫e 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 ⌫µ 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.
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pions. Because the uncertainty is included in both the numerator and the denominator, the
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are hit on a graphite target to produce charged pions. The pions are focused by three magnetic
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13The T2K experiment
Near detectors

➢ 16 identical modules made of iron
and scintillators

➢ 'counting neutrinos' by reconstructing
muon tracks from νμ interactions

➢ Monitors neutrino beam: rate, direction
and stability

On-axis detector INGRID (Interactive Neutrino GRID)
Located 280m from the target



  

14The T2K experiment
Off-axis near detectors

➢ Several detectors inside a 
0.2 T magnetic field

➢ Good tracking capabilities
➢ 'Tracker' used to constrain 

flux and interaction 
uncertainties for oscillation 
analysis

➢ Rich cross-section 
measurement program 

Off-axis near detector ND280
Located 280m from the target

Tracker

ν
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Near Detectors
• Performance Goals

• INGRID must measure
• Beam profile and direction
• High accuracy, short time

• ND280 designed to measure:

• νµ flux: <5%

• µ energy scale: <2%

• intrinsic νe content: <10%

• νµ CC BGs <10%

• Magnetic field, fine 
segmentation, excellent 
tracking

neutrino 
beam

前置検出器
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On-axis neutrino beam monitor (INGRID)

� 14 identical modules + 2 off-cross modules
� Beam coverage ~ 10�10 m2, Iron target mass ~ 7 ton/module
� Sandwiched scintillator/iron planes + veto planes
� Plastic scintillator + WLS fiber + Multi-Pixel Photon Counter (MPPC)

� Monitor neutrino beam profile/direction/intensity
� ~700 ��interactions/day at 50 kW operation
� Off-axis angle precision goal is well better than 1 mrad.
(1 mrad corresponds to 2% change in the SK flux at the peak energy)

MPPC
1.2 m

First large scale
application of MPPC
(~56,000 MPPCs are 
used for ND280 /INGRID)

12

~10,800 ch. in INGRID

ND280 on-axis (INGRID)

ν beam intensity 
(normalized by proton beam intensity)
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   Event timing of ν events 
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→ Clear 6 bunch structure
      (581 ns bunch period)
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ND280 off-axis detector

ν
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ND280 event displays: ! candidates 

!µ%

quasi-elastic candidate 

single pion  candidate DIS candidate 

!µ 

7 . 

µ- 

!µ 

. . 

µ- 

&T 

sand muon + DIS candidate 

ND280 off-axis event gallery
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ND280 off-axis performance
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ND280 off-axis performance

Detector Channels Bad ch. Bad fraction
ECAL 

(DSECAL)
22,336 
(3,400)

35 
(11)

0.16% 
(0.32%)

SMRD 4,016 7 0.17%

P0D 10,400 7 0.07%

FGD 8,448 20 0.24 %

INGRID 10,796 18 0.17 %

TPC 124,416 160 0.13 %

Very small number of bad channels
(after ~1 year operation)

dE/dx from TPC

�~8%
(p=400~500MeV/c)

16
P0DFGD

 ν beam direction

Vertex  X-Y distribution
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Far detector: Super-Kamiokande

Inner
detector

Outer
detector

39.3 m

4
1
.4

 m

➢ 50 kt water Cherenkov detector
➢ Operational since 1996

Located 295 km from the target
Synchronized with beamline via GPS

Good separation between µ± and e±

(separate νμ and νe CC interactions)

No magnetic field: cannot separate ν and 
ν on an event by event basis
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Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo

�e
neutron proton

e
�l

��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC

• 50,000 ton water Cherenkov 
detector

• 11,146 PMTs in ID, 1,885 in OD

• ~1km underneath Ikenoyama

(neutral)
ν

(charged)
µ

Cherenkov
ring

22.5 kton fiducial 
volume

Super-Kamiokande IV
T2K Beam Run 0 Spill 822275
Run 66778 Sub 585 Event 134229437 
10-05-12:21:03:22
T2K beam dt =  1902.2 ns
Inner: 1600 hits, 3681 pe
Outer: 2 hits, 2 pe
Trigger: 0x80000007
D_wall: 614.4 cm
e-like, p = 377.6 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
decays
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0
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T2K Data

Super-Kamiokande
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Cherenkov photons emitted by a 22 GeV/c pion or kaon 
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SK Particle Identi9cation

● Reliable PID particularly crucial to νe appearance analysis

● PID well-established at KEK beam test (1kton tank) in 1990s
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Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo
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neutron proton

e
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��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC

SK Reconstruction
• Find vertex (mostly timing)

• Count rings

• Find momenta

• PID from ring topology (“fuzziness”)

Super-Kamiokande IV
T2K Beam Run 32 Spill 294378
Run 66692 Sub 67 Event 15931918 
10-04-18:13:57:00
T2K beam dt =  3054.5 ns
Inner: 1414 hits, 2494 pe
Outer: 7 hits, 6 pe
Trigger: 0x80000007
D_wall: 1060.9 cm
2 e-like rings: mass = 140.4 MeV/c^2

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
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 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
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0 500 1000 1500 2000
0
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Use atmospheric data vs. MC
to check reconstruction and 

set systematic errors

T2K Data

28Friday, 17 February 12



Imperial College  
London

Morgan O. 
WasckoUCL HEP Seminar

Signal at SK
• Charged Current Quasi-Elastic Events

• Only single lepton ring visible at SK

• Ring topology indicates νe vs. νµ
W+

�l l�

pn

• Incident neutrino energy can be 
reconstructed (best for CCQE)!

• Recoil proton usually below threshold at 
T2K beam energy.

E� =
mNEl �m2

l /2

mN � El + pl cos �l
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• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo

�e
neutron proton

e
�l

��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC
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• T2K beam trigger from beam extraction

• Commonview GPS mode used

• At SK, 2 GPS units and a Rubidium clock 
are used to measure and confirm the time 
stability.
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Earthquake on Mar. 11th

• Happened at 14:46 on Mar. 11th 

• Magnitude 9.0 on Richter scale
• Seismic intensity 6+ at Tokai
• No Tsunami reached J-PARC
• All electric power was stopped 
• Accelerator was not running

85Friday, 17 February 12
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11 March, 14:46...

Much exterior damage, but inside equipment largely undamaged.  
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Rapidly repaired!
RCS

RCS

Neutrino (dump) Neutrino (dump)

Repairs are basically complete.
Physics data taking resumed in January!
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Oscillation Analysis
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Neutrino Interactions
● In the region of interest for T2K, 

large contribution from charge 
current quasi-elastic scattering:

● Also significant CC contribution 
with pion in final state

● NCp0 is a major background 

mode from electron appearance: 
T2K beam 
peak energy

Photons from p0 can 

fake electron signal
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Reconstructing ν Energy

● Only final state lepton is reconstructed

● Neutrino energy can be determined with certain assumptions:

– Neutrino direction is known (beam direction)

– Recoil nucleon mass is known (use neutron mass)

– Target nucleon is at rest (not quite true; introduces smearing)
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νe Signal & BG (at SK)
● Oscillation signal:

● Beam νe background:

● Neutral current π0 background:

Can be removed
by identifying 
second photon ring

Beam background
has harder energy
spectrum

1.56 ± 0.20 evts (2012)

1.26 ± 0.35 evts (2012)
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Improved p0 Rejection
● New likelihood fitter used to distinguish 

electrons from p0 

● Assumes two electron-like rings produced at a 
common vertex

● Uses 12 parameters in fit:

● Vertex (X, Y, Z, T)

● Directions (θ1, φ1, θ2, φ2)

● Momenta (p1, p2)

● Conversion lengths (c1, c2)

● This 2D cut removes 70% of the p0 

background remaining after previous 
selection applied (for same signal efficiency)

● Total background is reduced by 27%

● 6.74 BG events → 4.92 BG events expected 
(in full Run 1 – 4 dataset) 

Likelihood Ratio vs π0 Mass
(T2K Monte Carlo)

p0 BG

CCQE
Signal

cut

cut
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T2K-SK νe Event Selection

e-like μ-like

single ring multi-ring
νe Selection Criteria

- # clustered veto hits < 16

- Distance to wall > 200 cm

- # of rings = 1

- PID of ring is e-like

- Visible energy > 100 MeV

- no Michel electrons

- New p0 cut

- 0 < Eν < 1250 MeV   
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A Typical νe  Candidate 
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νe  Vertex Distributions
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Near Detector Constraint
GOAL: Constrain neutrino flux & cross section parameters used for

  oscillation prediction (via MC) at T2K far detector

Parameter Runs 1-3 (2012) Runs 1-4 (2013)

M
A

QE (GeV/c2) 1.27 ± 0.19 1.22 ± 0.07

M
A

RES (GeV/c2) 1.22 ± 0.13 0.96 ± 0.06

CCQE Norm. 0.95 ± 0.09 0.96 ± 0.08

CC1π Norm. 1.37 ± 0.20 1.22 ± 0.16

Runs 1-3 
(2012)

Runs 1-3 
(2013)

Runs 1-4 
(2013)

sin22θ13=0.1 4.7% 3.5% 3.0%

sin22θ13=0.0 6.1% 5.2% 4.9%

Error on Far Detector ν
e
 Prediction

(After Near Detector Constraint)

Error on Cross Section Parameters
(After Near Detector Constraint)

● Significant reduction for 
event rate errors at the
far detector

● Uncertainties on the
cross section & flux
parameters have been
reduced
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νe Appearance Analysis
● Expected background:

– 4.92 ± 0.55 events 

● With the following assumptions: 

● sin2 (2θ1 3) = 0.1 

● sin2 (2θ 2 3) = 1 

● δCP = 0

● normal mass hierarchy

the expected signal is:

– 21.6 ± 1.8 events 

– 5.5σ sensitivity to exclude θ1 3 = 0

● Oscillation parameters were extracted 
with two parallel analyses:

● Using the 1D Eν distribution (top)

● Using the 2D p-θ distribution (bottom)
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νe Appearance Results

Normal Hierarchy

Inverted Hierarchy

Tension with θ1 3 measurement at 

reactors gives some sensitivity to d
➔ Some regions excluded at 90% CL
➔ d = -p/2 preferred for both hierarchies

● 28 νe events observed (recall 21.6 ± 1.8 expected for sin2 (2θ1 3) = 0.1) 

● Comparison to null hypothesis gives 7.3σ significance for θ1 3  ≠ 0
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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Constraint on the matter–antimatter 
symmetry-violating phase in neutrino 
oscillations

The T2K Collaboration*

The charge-conjugation and parity-reversal (CP) symmetry of fundamental particles 
is a symmetry between matter and antimatter. Violation of this CP symmetry was first 
observed in 19641, and CP violation in the weak interactions of quarks was soon 
established2. Sakharov proposed3 that CP violation is necessary to explain the 
observed imbalance of matter and antimatter abundance in the Universe. However, 
CP violation in quarks is too small to support this explanation. So far, CP violation has 
not been observed in non-quark elementary particle systems. It has been shown that 
CP violation in leptons could generate the matter–antimatter disparity through a 
process called leptogenesis4. Leptonic mixing, which appears in the standard model’s 
charged current interactions5,6, provides a potential source of CP violation through a 
complex phase δCP, which is required by some theoretical models of leptogenesis7–9. 
This CP violation can be measured in muon neutrino to electron neutrino oscillations 
and the corresponding antineutrino oscillations, which are experimentally accessible 
using accelerator-produced beams as established by the Tokai-to-Kamioka (T2K) and 
NOvA experiments10,11. Until now, the value of δCP has not been substantially 
constrained by neutrino oscillation experiments. Here we report a measurement 
using long-baseline neutrino and antineutrino oscillations observed by the T2K 
experiment that shows a large increase in the neutrino oscillation probability, 
excluding values of δCP that result in a large increase in the observed antineutrino 
oscillation probability at three standard deviations (3σ). The 3σ confidence interval 
for δCP, which is cyclic and repeats every 2π, is [−3.41, −0.03] for the so-called normal 
mass ordering and [−2.54, −0.32] for the inverted mass ordering. Our results indicate 
CP violation in leptons and our method enables sensitive searches for matter–
antimatter asymmetry in neutrino oscillations using accelerator-produced neutrino 
beams. Future measurements with larger datasets will test whether leptonic CP 
violation is larger than the CP violation in quarks.

Previous observations of neutrino oscillations have established that 
the three known neutrino flavour states, νe, νµ and ντ are mixtures of 
three mass states, ν1, ν2 and ν3

12–15. This mixing is described by a unitary 
matrix called the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) 
matrix16,17, which can be parameterized by three mixing angles θ12,  
θ13 and θ23, and complex phases. Of these phases, neutrino oscillations 
are sensitive to δCP. The probabilities that the neutrinos will oscillate 
from one flavour state to another as they travel depend on these mix-
ing parameters and the mass squared differences ( m m m∆ = −ij i j

2 2 2 ) 
between the neutrino mass states. The PMNS parameters and the  
mass squared differences are referred to as ‘oscillation parameters’.  
It is known that ν1 and ν2 lie close to each other in mass, with 

m c∆ = (7.53 ± 0.18) × 10 eV /21
2 −5 2 4 , whereas m|∆ |32

2  is approximately 30 
times larger. However, it is not known whether m3 has a larger or smaller 

mass than m1 and m2 (ref. 2). The case where the mass of m3 is larger 
(smaller) is called the normal (inverted) ordering. The CP 
symmetry-violating effect in neutrino and antineutrino oscillations 
has a magnitude that depends on the Jarlskog invariant18,19:

J θ θ θ θ δ=
1
8

cos sin(2 )sin(2 )sin(2 )sin (1)CP,l 13 12 23 13 CP

According to current measurements, this is approximately 0.033sinδCP 
(ref. 2). This value has the potential to be three orders of magnitude 
larger than the measured quark-sector CP violation (JCP,q = 3 × 10−5) (ref. 2).  
Prior to this work, no experiment has excluded any values of δCP (tak-
ing into account both mass orderings) at the 99.73% (3σ) confidence 
level. T2K is a long-baseline neutrino experiment that uses beams of 
muon neutrinos and antineutrinos, with energy spectra peaked at 
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SNO – A “smart” solar neutrino 
experiment. 
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!  Solar neutrino problem: the electron neutrino flux coming from 
the sun is “lower” than the flux expected from the solar model 
!  the solar model is wrong; 
!  the neutrinos oscillate during the travel. 

!  The idea of SNO is: we built a detector able to measure neutrinos 
from the sun, BUT not only electron neutrinos, also muon and tau 
neutrinos. This can be done detecting 3 different reactions: 
!  ν + d ! p + p + e-  (CC – only νe) 

!  ν + d ! p + n + ν (NC – all three flavours)
!  ν + e- ! ν + e-  (ES – all three flavours BUT different rates) 

!  A deuterium target (Heavy water tank) helps if I can detect 
electrons or neutrons from the very rare reactions 

!  Going deeply underground helps to reduce the background 



SNO – few numbers 
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!  Neutrinos from the sun are few MeV neutrinos, cross-
sections are ≈ 10-42 cm2 (very small) 

!  Neutrinos from the sun fluxes are of the order of ≈ 106 
cm-2s-1.  

!  How many neutrino interactions can I get, given an amount 
of deuterium nuclei ? 

!  If I want at least O(103) events in one year O(107 s) we need: 

!  How can I get a sample of 1032 deuterium nuclei ? A tank of 
1000 tonns of heavy water contains 

€ 

˙ N =σνϕNd ≈10−36 Nd (s−1)

€ 

Nd ≈10
32

€ 

Nd = 2 M
MD2O

≈
2 ×106Kg
20 ×mN

= 6 ×1031



SNO - detector 

16/01/19 Methods in Experimental Particle Physics 20 

!  Logic: tank of 1000 tonns of heavy water and PMT to see 
Cerenkov light 
!  from electrons in case of ES and CC reactions 
!  from 6.25 MeV γ from capture of neutrons from detuterium in 

case of NC reactions (after thermalization of the neutron) 
! The three reactions can be disentangled in terms of three 

measurements: 
!  Energy (of electrons and of gamma through Compton or pair production) 
!  Radius (in terms of (R/RAV)3, uniformity of the scattering position) 
!  cosθsun (depends on the correlation btw electron directions and primary 

neutrinos) 



SNO – detector sketch 
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Main features: 
2070m below ground in INCO's Creighton mineDeep  

 Sudbury mine  (Ontario, Canada) 
Heavy water tank 1000 tonns 
Light water envelope 7000 tonns 
Sphere of 10000 PMTs around the envelope (inward 

 and backward) 
High water purity with controlled quantity of NaCl in  

 Heavy Water tank (to enhance NC detection) 
Each PMT measures charge and Time 

 " Cerenkov ring " direction and energy 



SNO event 
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SNO – variables used 
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Energy 
NB solar neutrinos energies 

Eν<15 MeV 

Radius 

Direction 

ν + d ! p + p + e-  (CC – only νe) 

ν  + e- ! ν + e-  (ES – all three flavours BUT different rates) 
ν + d ! p + n + ν (NC – all three flavours)



SNO - results 
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SNO – result interpretation 
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