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If	  mass	  and	  weak	  eigenstates	  are	  
different:	  

•  Neutrino	  is	  produced	  in	  weak	  
eigenstate	  

•  It	  travels	  a	  distance	  L	  as	  a	  mass	  
eigenstate	  

•  It	  will	  be	  detected	  in	  a	  (possibly)	  
different	  weak	  eigenstate	  

Neutrino	  Oscillations	  

P(νµ →ν x ) = sin
2(2θ )sin2

1.27Δm2L
Eν

#

$
%%

&

'
((

νµ

ν x

!

"

#
#

$

%

&
&
= cosθ sinθ

−sinθ cosθ

!

"
##

$

%
&&

ν1
ν2

!

"

#
#

$

%

&
&

,  or eµ τν ν ν
1 2 3, ,ν ν ν

µν

Bruno	  Pontecorvo	  
	  	  	  	  	  	  	  	  	  	  	  1969	  



Evidence/for/neutrino/oscilla-ons/(SuperSKamiokande/@Neutrino/’98)

SuperZKamiokande%concluded%that%the%
observed%zenith%angle%dependent%
deficit%(and%the%other%suppor,ng%data)%
gave%evidence%for%neutrino%oscilla,ons.%

�	�

Y.%Fukuda%et%al.,%PRL%81%(1998)%1562�

T.Kajita	  (Nobel	  Prize	  2015)	  

L/E	  ≈	  1000	  (KM/GeV)	  

	  Long-‐Baseline	  	  
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Neutrino	  sources	  
-‐  Natural	  sources	  (solar	  and	  atmosferic)	  
-‐  Reactor	  ν	  	  
-‐  Accelerator	  ν («Long	  Baseline»)	  

The	  Pontecorvo-‐Maki-‐Nakagawa-‐Sakata	  (PMNS)	  Matrix	  	  (before	  2011	  )	  

Normal	  
Hierarchy	  

Inverted	  
Hierarchy	  

Interference	  	  



Everything	  changed	  in	  	  2011/2012	  

T2K	  



 νe	  appearance	  by	  T2K	  	  



	  May	  2011	  

~400 physicists, 58 institutions, 11 nations, 3 continents!

Breakthrough	  prize	  2015	  (Nishikawa-‐san	  +T2K	  collaboraAon)	  
for	  their	  role	  in	  the	  discovery	  and	  study	  of	  neutrino	  oscillaAon.	  
	  
	  

Word’s	  	  bigger	  
LBL	  neutrino	  
experiment	  	  	  



The	  Tokai	  to	  Kamioka	  (T2K)	  Experiment	  	  

•  The	  T2K	  experiment	  searches	  for	  neutrino	  oscilla.ons	  in	  a	  high	  
purity	  νμ	  beam	  

•  A	  near	  detector	  located	  280	  m	  downstream	  of	  the	  target	  measures	  
the	  un-‐oscillated	  neutrino	  spectrum	  

•  The	  neutrinos	  travel	  295	  km	  to	  the	  Super-‐Kamiokande	  water	  
Cherenkov	  detector	  

295	  km	  

Super-K Detector J-PARC Accelerator

Near Detector

ν

30

•  νe	  appearance	  	  	  	  
•  νμ	  disappearance	  	  

	  

•  	  δcp	  	  	  
•  X-‐sec.on	  +	  exo.cs	  	  

	  



Off-‐Axis	  Beam	  	  
P R O D U C I N G  T H E  B E A M

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Decay Area
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Commissioning(of(the(neutrino(beam(facility(for(the(first(
superbeam experiment,(T2K

M.Shibata (KEK)(for(the(T2K(collaboration
1.(Neutrino(beam facility

Target

Primary(proton(beam(line

Horn(Neutrino(monitor(building

Near(detector(
(ND280)

Decay(volume

Beam(dump
Target(station

1

p
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acceptable(loss
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FF:250W
order(of((10S3

•Conventional(beam(
p+C5�!�5� 4�
��	������	����'#-0�3++(
3(horns
•Off(axis(beam(method
OA(angle(2.5(degrees
reduce(high(energy(comp.

Beam(monitors

2.(History(of(commissioning

10.(Delivered(proton(number

Physics(run:(2.34�10,3

���	�%�������������-&.3�10,3Horizontal:(�1mm

Vertical:(�2mm
MR(VSbump(off

MR(VSbump(on

Before(tuning

After(tuning

OTR(X=S0.5mm

OTR(y=S0.1mm

target

target

4.(Beam(orbit
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5.(Position(@(target

Linac
1815400MeV

• ���������
�%�0�5�8((this(summer)
• Proton(number(per(bunch:(8�1012 5�4�1013

•MR(cycle:(3.52(5�2.23(sec.

12.(Power(improvement(plan

3.(Horn(operation

11.(Position(drift(problem

13.(Conclusion(
• Neutrino(beam(facility(started(operation(in(Apr.(-++3
• Confirmed(beam(monitor(performance(
• Search(for( �5 e started(in(Jan.(2010
• �����������������
�����-&.3�10,3

• Achieved(43kW(stable(operation
• Planning(to(increase(beam(power(to(750kW

• Due(to(temperature(rise(of(extraction(kickers
• Investigation(with(test(bench(5�feedback(to(new(kicker

(installation:(this(summer)(

7.(Width(@(target

-++3
• Operation(started(in(Apr.
• 20(days(operation
• Confirmed(functionality

S Beam(monitor(performance
S Beam(tuning((orbit,(size,(loss)
S Beam(stability((20kW,(30(min.)
S Horn(focusing(effect

• Observed(neutrino(event(@(ND

2010
•  �5 e search(started(in(Jan.

S 32(days(data(taking
S 5(days(continuous(operation(achieved

• Beam(power:(20kW(5�43kW((stable(run)
S 100kW(operation(was(tested

• Observed(neutrino(event(@(SK

8.(Beam(stability

Transport
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Timing
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Bunch(length
�	�%�3&+��
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<(1mm(@(target

� 4mm(@(target

Horn(current:(250kA
Stability:(<1%

I(– Current(Transformer((CT)(x(5(((Intensity
C(– ElectroStatic Monitor((ESM)(x(21(((Position
P(– Segmented(Secondary(Emission(Monitor(

'����(���,3���������
Beam(Loss(Monitor((BLM)(x(50((not(shown)
Optical(Transition(Radiation(monitor((OTR)(((

profile(@(target

3.(Monitor(performance
CT

Proton#(in(Acc.
1.5x1012• Linearity:(<2%

• Shot(by(shot(stability:(<1%
• Absolute(calibration:(<2%

SSEM

Horizontal(profile(
@(injection

Uncertainty
• Center:(0.2mm
• Size:(0.2mm
Stability:(0.02mm

Emittance measurement(

ESM

SSEM

ES
M

• Calibrated(with(SSEM
better(than(0.1mm

• Stability:(0.04mm
(with(diff.(amp.)

OTR

Uncertainty
�%+&/.��$��%+&/.��$�"�%+&/2��$�"�%+&/-��
Stability
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BLM

SSEM(in
SSEM(out

Beam

SSEM(foil:(10S5 loss
5�real(loss(<(0.5W

@50kW

Due(to(back(scatter
from(beam(window

• Calibrated(with(beam(loss(of
SSEM(foils
• Consistent(with(film(badge
measurement

No(significant(beam(loss(w/o(SSEM

Mean:0.3mm,(RMS:0.4mm

Mean:0.8mm,(RMS:0.4mm

Mean:4.1mm,(RMS:0.3mm

Mean:4.2mm,(RMS:0.1mm

NU(beam(tuning,(study

Beam(monitors(satisfy(our(requirements

Beam(orbit(is(tuned(within(2mm(from(design(orbit. Beam(position(is(stably(tuned(at(target(center.

Beam(size(can(be(controlled(not(to(break(the(target.

Beam(is(stable(enough.

Horn(current(is(stable(enough.

primary beamline

3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: 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 left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].

9

horn/target assembly

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR to carbon target 

• secondary π+ focussed by three magnetic “horns” 

• primarily νµ beam from π+→ µ++ νµ 

• reverse polarity for antineutrino beam: π-→ µ-+ νµ 

• spectrum peaked at 600 MeV 2.5º “off axis” towards SK 

• expected oscillation “maximum” for L=295 km

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

Predicting the neutrino flux and energy spectrum is an
important component of analyses in accelerator neutrino
experiments [1–4]. However, it is di�cult to simulate
the flux precisely due to uncertainties in the underly-
ing physical processes, particularly hadron production
in proton-nucleus interactions. To reduce flux-related
uncertainties, neutrino oscillation experiments are some-
times conducted by comparing measurements between a
near detector site and a far detector site, allowing for
cancellation of correlated uncertainties. Therefore, it is
important to correctly predict the relationship between
the fluxes at the two detector sites, described below as
the far-to-near ratio.

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫

e

appearance [7] and the mixing angle ✓23 and mass dif-
ference �m

2
32 via the ⌫

µ

disappearance [8]. The muon
neutrino beam is produced as the decay products of pi-
ons and kaons generated by the interaction of the 30 GeV
proton beam from Japan Proton Accelerator Research
Complex (J-PARC) with a graphite target. The prop-
erties of the generated neutrinos are measured at near
detectors placed 280 m from the target and at the far
detector, Super-Kamiokande (SK) [9], which is located
295 km away. The e↵ect of oscillation is expected to be
negligible at the near detectors and significant at SK.

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤

also at J-PARC Center

†

also at Institute of Particle Physics, Canada

‡

also at JINR, Dubna, Russia

§

deceased

¶

also at BMCC/CUNY, New York, New York, U.S.A.

in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
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Φ
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0.5

1 °OA 0.0
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→ 
µν
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1

 = 1.023θ22sin
2 eV-3 10× = 2.4 32

2mΔ

FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-

8

J-PARC and Neutrino Beamline

5

- 30 GeV proton beam generated by J-PARC Main Ring (MR) directed to the graphite target
- Secondary pions collected and focused by the magnetic horns

- " beam: ij → k	j + "# (Forward horn current)
- " beam: il → k	l + "#	(Reverse horn current)

- Uses off-axis method to make the spectrum peak at 600 MeV
- Expected oscillation maximum at L=295 km



Data	  	  Taking	  

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021

2011    2012    2013    2014    2015    2016

Three major updates since Neutrino 2016:
1) Update with full data (May 27)

- "-mode:  7.48×10+K POT (additional 0.48×10+K POT )
- "-mode:  7.47×10+K POT 

2)	"̅# disappearance analysis as a test of the CPT theorem
3) Selection of additional "5 CC1ij sample

Update since Neutrino 2016 (7/4/2016) 
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(POT = Proton on target)
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T2K Run1
Jan.2010-Jun.2010

T2K Run2
Nov.2010-Mar.2011

T2K Run3
Mar.2012-Jun.2012

T2K Run4
Oct.2012-May.2013

T2K Run5
May.2014
-Jun.2014

T2K Run6
Oct.2014-June.2015

T2K Run7
Feb.2016-May.2016
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The neutrino beam: flux predictions

 Beam alignment monitoring provides input 
to estimations of beam systematics

Proton beam Graphite target Horn

K

π

π

 Fluxes are predicted from a data-driven simulation→NA61/SHINE experiment measures 
hadron production cross sections using a thin carbon and a T2K replica target

Flux error reduction  
from ~25% to ~10%

 INGRID detector provides high-statistics monitoring 
of the beam intensity, direction, profile and stability

ν daily event rate

Flux errors ν mode

Flux errors are further constrained with the ND280 analysis of νμ (νμ̅) CC events
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Near Detectors
SMRD

ND280 (off-axis) 

 Magnet: B = 0.2 T
 TPC: p measurement + particle-ID with dE/dx
 FGD: Fine-grained detectors (2 x 0.8 t) → FGD1 (C), FGD2 (C+H2O)
 SMRD: magnetized muon range detector
 P0D: pi-zero detector (Pb/brass-H2O-scintillator)
 ECal: electromagnetic calorimeter

INGRID (on-axis) 

 νμ CC rate → monitor beam profile and stability 
 Fe/Scintillator tracking calorimeter (16 Fe/Scint 
modules + 1 central one made of scintillator only)

ν ν

ν

Tracker



ND280	  

	  UA1	  Magnet@CERN	  
	  (beginning	  80’)	  

	  

ND280	  Installa.on	  

νμ	  event	  
@	  ND280	  
νμ	  event	  
@	  ND280	  

νμ	  event	  
@	  ND280	  
νμ	  event	  
@	  ND280	  

νμ	  event	  
@	  ND280	  

νμ	  event	  
@	  ND280	  
νμ	  event	  
@	  ND280	  

νµ event@ND280	  

TPC	  assembling	  	  
TPC	  design	  with	  advanced	  
detectors	  (MPGD)	  



A N A LY S I S  S T R AT E G Y

φν · σν · εFAR · Posc

εFAR

Near detectors observe the neutrinos prior 
to oscillations 

φν · σν · εNEAR

• Use near detector neutrino interactions to 
constrain flux x σ uncertainty across 

• different topologies 

• carbon and water targets (FGD1/FGD2) 

• “wrong sign” νµ-CC in  ν-mode beam

FHC RHC

νµ νe νµ νe
φ 3.6 3.7 3.7 3.8

σ 4.1 5.2 4.1 5.4

SK 4.2 3.5 3.9 4.0

PREFIT 11.9 12.6 12.7 14.3

TOTAL 5.1 6.8 5.1 7.4



prefit prefit

prefitprefit

prefitprefitprefit

prefit• 6 ν-mode  samples (FGD1,2) 5.8x1020 POT 

• νµ CC0π, CC1π, CCnπ 

• 8 ν-mode samples (FGD1,2) 2.8x1020 POT 

• νµ CC 1-track, CC N-track + νµ “wrong sign” 

• simultaneous fit of μ momentum/angle: 

• FGD1 (all plastic) and  FGD2 (water+plastic)  

• Flux parameters increase by ~15%  

• Cross sections ~consistent with input 

• P-value = 8.6% 

• Reduce uncertainties from 12-15% to 5-8%

ν-mode

postfit postfit postfit

postfitpostfit

postfit postfit
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N E A R  D E T E C T O R  S A M P L E S

ν-mode

µ+ 1-track µ+ N-track

µ- 1-track µ- N-track

CC0π CC1π CCNπ

P1.036 C. RiccioNeutrino	  Flux	  @	  Nd280	  



Super-‐Kamiokande	  
Filling/water/in/SuperSKamiokande/

Jan.*1996*

���

Neutrino	  interac.on	  
in	  Super-‐Kamiokande	  

One	  of	  the	  10.000	  photosensors	  of	  SK	  
Probability	  that	  a	  muon	  is	  iden.fied	  
as	  an	  electron	  is	  <	  1%	  

ε > 80%
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Events at Super-Kamiokande

Normal hierarchy
Beam mode Sample �CP = �⇡/2 �CP = 0 �CP = +⇡/2 �CP = ⇡ Observed
neutrino µ-like 135.8 135.5 135.7 136.0 135
neutrino e-like 28.7 24.2 19.6 24.1 32

antineutrino µ-like 64.2 64.1 64.2 64.4 66
antineutrino e-like 6.0 6.9 7.7 6.8 4

Inverted hierarchy
Beam mode Sample �CP = �⇡/2 �CP = 0 �CP = +⇡/2 �CP = ⇡ Observed
neutrino µ-like 135.1 135.3 135.0 134.8 135
neutrino e-like 25.4 21.3 17.1 21.3 32

antineutrino µ-like 63.8 64.0 63.8 63.7 66
antineutrino e-like 6.5 7.4 8.4 7.4 4

ν 
be

am
 m

od
e

ν ̅
be

am
 m

od
e

e-like sample

e-like sample

μ-like sample

μ-like sample

Larger than expected 
νe appearance

Smaller than expected 
νe̅ appearance

 Oscillation and systematic 
parameters are shared between the 
4 samples 
 Fit simultaneously the 4 samples to 
maximize the sensitivity to the 
oscillation parameters

Data prefer the value of 
δCP inducing the largest 
ν-ν ̅asymmetry: -π/2
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νμ and νμ̅ disappearance results
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68%CL
90%CL
T2K best-fit

Super-K
NOvA (2016) MINOS+IceCube

Normal Hierarchy

Constraints on the atmospheric parameters: θ23 and Δm231

0.532+0.046
�0.068 0.534+0.043

�0.007

254.5+8.1
�8.4 251.0+8.1

�8.3

NH IH

sin2θ23

|Δm232|
(×10-5 eV2/c4)

 World-leading measurement of sin2 θ23  
 Results continue to be consistent with 
maximal mixing/oscillation  
 No significant differences between ν and ν̅

 CPT theorem: 

P(νμ→νμ)=P(νμ̅→νμ̅) 

  
if P(νμ→νμ)≠P(νμ̅→νμ̅) ⇒  

CPT theorem is violated
T2K preliminary T2K preliminary



WdY and STU

T2K-Only
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T2K Result with Reactor Constraint
(ãåçX XWdY = Ä. Äâ[± Ä.ÄÄ[)

- T2K-only result consistent with the reactor measurement
- Favors the 9]^ ∼ − _

+	 region
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Results: δCP confidence regions
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Feldman-Cousins critical Δχ2 values for 90% C.L. 

90% Confidence Interval: 

 δCP = [-3.13, -0.39] assuming NH 
 δCP = [-2.09, -0.74] assuming IH

CP conservation (δCP = 0,π) excluded at 90% C.L.

T2K + Reactor θ13 (PDG 2015)

Toy MC: for NH and true δCP = -π/2 the 
probability for excluding δCP = 0 or π at 90% 
C.L. is19.6% and 17.3% respectively
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Beam	  Upgrade	   Secondary Beamline Upgrade Schedule

29 / 31

J-PARC Horn Power Supply Upgrade for
±250 ! ±320 kA• Move from 2 to 3 power supplies

• New power supplies with energy recovery system
• New striplines with low R & L
• New transformers optimized for 320 kA operation
• 10% increase in neutrino flux at far detector
• 5⇠10% reduction of wrong-sign neutrinos around peak energy

• Upgrade planned in ⇠2017

Flux Improvement @ 320 kA
27 / 31

T2K	  aim	  to	  reach	  the	  number	  of	  approved	  	  POT	  (7.8×1021)	  in	  
~2021.	  
	  Begin	  phase	  II	  in	  ~2021	  up	  to	  2026,	  before	  expected	  start	  of	  
Hyper-‐K	  (~2026)	  	  
Beam	  performance	  upgrades:	  	  
•  Approved	  main	  ring	  power	  supply	  upgrade	  &	  horn	  current	  

increase	  (250	  kA	  →	  320	  kA)	  in	  2018	  →	  750	  kW	  
•  	  Accelerator	  &	  beamline	  upgrade	  (double	  	  the	  spill	  

frequency)	  in	  2021	  →	  1.3	  MW	  	  
	  



Sys.	  Errors	  2/3	  reduc.on	  (6%	  -‐>	  4%)	  

T2K	  phase	  II	  (T2K-‐II)	  	  

Sta.s.c	  x	  3	  =	  20	  x	  1021	  p.o.t	  

	  Data	  Taking	  :	  2020-‐2025	  
T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better
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that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(a) Assuming true sin2 ✓23 = 0.43.
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931

external hierarchy inputhierarchy unknown
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P4.022 M. Friend

P3.025 B. Quilain

T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better

38

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better
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that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(a) Assuming true sin2 ✓23 = 0.43.
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(b) Assuming true sin2 ✓23 = 0.60.

23θ2sin
0.4 0.5 0.6

322
 m

∆

2.2

2.4

2.6

2.8

3
3−10×

POT by 2014 , 90% C.L

 POT, 90% C.L217.8x10

 POT w/improvement, 90% C.L2120x10

Stat. only
Systematics

T2K Preliminary

(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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(a) Assuming the MH is unknown.
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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(a) Assuming the MH is unknown.
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better
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that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(a) Assuming true sin2 ✓23 = 0.43.
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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Upgrading T2K: near detectors
•High stats of T2K-II motivate 

reduction of systematics

•T2K Task Force formed to improve 
existing ND280 detector

•Active water detector elements

•Expand phase space (high 
zenith-angle tracks)

•Lower momentum thresholds

•Third view of vertex detector

•T2K would benefit from 
intermediate distance water 
Cherenkov detector

•TITUS

•NuPRISM

26

T2K ND280 Upgrade Task Force

see talks by  
Shiozawa-san 

and Wilking 9

ND280



2) Add new detectors in the 280m pit: High pressure TPC to study low momentum 
final state particles and in particular resolve vertex 
HPTPC detector design to reduce xsec systematics 

Ø Significant discrepancies on proton multiplicity and momentum distributions 
Ø Need low momentum thresholds to reduce xsec systematics  
Ø  Important difference lie below threshold for liquid detectors 

arXiv:1002.2680 [hep-ex] 

Near	  Detectors	  (High	  Pressure	  TPC)	  

• T2K has pioneered (~1 bar) gas TPCs for accelerator 
neutrinos 
• Need a path to high pressures for sufficient statistics 
• Generic to next generation LBL experiments 

*	  	  Federico	  Sanchez	  talk	  	  



HK Intermediate WC Detector

Current Detector Proposals

7

TITUS
- Located 2.5° off-axis in same 

direction as Tochibora at 1.8 km 
- Gd-loading for neutron detection 
- Magnetized muon range detector 
- Long geometry for high 

momentum muon containments

NuPRISM
- Tall detector covers 1.0°-4.0° off-axis angles for 

studying energy dependence of neutrino 
interactions 

- Located at 1-1.2 km baseline
Process for a single detector design with 
off-axis spanning coverage and Gd-loading 
is started

50 m

10 m

Intermediate	  Detector	  (*	  WP4)	  



Far Detector Upgrade
• The reconstruction performance of Super-K is steadily improved. 
• The FitQun program to reconstruct the Cherenkov rings. The π0 
background in T2K was reduced to 1/3. 

• The upgrade of Super-K (called SK-Gd) is under development to 
improve the neutron detection capability that is used to identify 
anti-neutrino events. A 0.2% concentration of a gadolinium will be 
dissolved in a Super-K tank if all the requirements are cleared. 

• Physics Target 
• Relic Supernova Neutrinos 
• Neutrino versus Anti-neutrino Separation

20

SK-Gd test facility



Thank	  you	  !	  	  



backup	  



New	  Horizontal	  TPCs	  	  

 Marco Zito 21

Resistive Bulk Micromegas

● Several advantages (charge spread, intrinsic 
spark protection)

● Pro/con need to be evaluated

 Marco Zito 22

ILC TPC R/O electronics

Size: 1/10 of a T2K TPC FEC, for the same number of channels. Flat 
readout achieved for a pad size of 3x7 mm**2. We plan to use a pad 
size ~~100 mm*2 

ILC-TPC Collaboration

July 2016 Marco Zito 23

The Aleph TPC field cage

Insulator from a thin Mylar foil winded around many times using a higly resistive glue

	  Very	  thin	  FieldCage	  NEXT	  STEPS	  

ü  	  Design	  Report	  of	  the	  ND280	  upgrade	  by	  the	  
end	  of	  the	  year	  	  

ü  2017:	  detailed	  design	  of	  the	  detectors/sevng	  
up	  the	  project	  and	  funding	  	  

ü  2017-‐18	  Neutrino	  Plaworm	  tests	  (with	  HPTPC)	  
ü  2018-‐2020	  construc.on/installa.on	  

	  
	  



HK Intermediate WC Detector

The NuPRISM Detector

15

• The main feature of NuPRISM  
is to span off-axis angles  
from 1º to 4º 

• The neutrino energy spectra vary with  
off-axis angle (0.4-1.0 GeV peak energy) 

• To first order, dependence is from pion 

decay kinematics - well understood 

• Most of the unique physics at NuPRISM 

takes advantage of these fluxes
1˚

2.5˚

4˚

ν Beam

HK Intermediate WC Detector

NuPRISM Analysis Method

17
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Linear combinations reproduce the 
oscillated flux, and predict muon 
kinematic distributions for the oscillated 
flux

+0.4

-1.0

+0.8

HK Intermediate WC Detector

Gd Doping

11

• 0.1% Gd2(SO4)3 allows tagging of final state nucleons 

– νµ CCQE:  νµ + n → µ− + p    0 neutrons    74% → 83%  

– νµ CCQE:  νµ + p → µ+ + n  1 neutron    61% → 73%  

• Clear n signals can be modified by nuclear effects: re-scattering, 
charge exchange, and absorption in the nuclear media 

• Statistical information remains – powerful approach for H2O  

• Cross section measurements 

GENIE v2.8.0 simulations of neutrino/antineutrino interactions with C target  

ν ν

HK Intermediate WC Detector

TITUS Detector

9

11m diameter  
22m length 
40% photo-coverage (~3k 12” PMTs) 
2kt Gd-loaded Water Cerenkov

Downstream 
and side Muon 
Range 
Detectors

2km downstream 
in off-axis beam 
to HyperK

TITUS 
Tokai Intermediate Tank for the 

Unoscillated Spectrum  



Hall G ready for occupancy;  
April 22nd, 2016  [photo by M. Ikeda] 14 

30 m (L) X 8 m (W) X 8 m (H) 

South Coast Water’s  
60 m3/hr Selective  Filtration  

System for Super-K 

9 

Super-K Water system 

５０ｍ 

EGADS Hall 
(2500 m3) 

Super-Kamiokande 

Gadolinium Water  
System Hall 
(4000 m3) 

10 



Gadolinium Loading  Steady-state Operations WS Tuning studies 5 
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TPC performances
● Three large TPC for the T2K near detector
● The first large TPC using MPGD
● ~9 m**2 equipped with bulk Micromegas detectors
● Playing a key role in the study of the neutrino flux and 

interactions (charge, momentum and dE/dx PID)
● Space resolution : 0.6 mm
● Momentum res. 9% at 1 GeV
● dE/dx: 7.8 % (MIP)

Space point resolution

Momentum resolution

Space point resolution

dE/dx neg. charged part.

dE/dx pos. charged part.


