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Super-K Atmospheric Neutrinos



Today’s Topics
• CP violation in neutrino oscillation 
• Neutrino oscillation parameters 

• 3 neutrinos or more? 
• Mass hierarchy 
• sin2θ23 

• T2K and Super-K results 
• In future, T2K-II → Hyper-Kamiokande
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Introduction
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Atmospheric 
Accelerator

Accelerator
Reactor
Atmospheric

Solar
Reactor

• In the framework of 3 neutrinos, the unknowns are 
• mass ordering 
• CP violation parameter: δCP

Neutrino Oscillation

xc Solar, Reactor

Atmospheric, Accelerator



Current values of the oscillation parameters
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NuFIT 3.0 (2016)

Normal Ordering (best fit) Inverted Ordering (��2 = 0.83) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.306+0.012
�0.012 0.271 ! 0.345 0.306+0.012

�0.012 0.271 ! 0.345 0.271 ! 0.345

✓12/
� 33.56+0.77

�0.75 31.38 ! 35.99 33.56+0.77
�0.75 31.38 ! 35.99 31.38 ! 35.99

sin2 ✓23 0.441+0.027
�0.021 0.385 ! 0.635 0.587+0.020

�0.024 0.393 ! 0.640 0.385 ! 0.638

✓23/
� 41.6+1.5

�1.2 38.4 ! 52.8 50.0+1.1
�1.4 38.8 ! 53.1 38.4 ! 53.0

sin2 ✓13 0.02166+0.00075
�0.00075 0.01934 ! 0.02392 0.02179+0.00076

�0.00076 0.01953 ! 0.02408 0.01934 ! 0.02397

✓13/
� 8.46+0.15

�0.15 7.99 ! 8.90 8.49+0.15
�0.15 8.03 ! 8.93 7.99 ! 8.91

�CP/
� 261+51

�59 0 ! 360 277+40
�46 145 ! 391 0 ! 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.03 ! 8.09 7.50+0.19

�0.17 7.03 ! 8.09 7.03 ! 8.09

�m2
3`

10�3 eV2 +2.524+0.039
�0.040 +2.407 ! +2.643 �2.514+0.038

�0.041 �2.635 ! �2.399


+2.407 ! +2.643
�2.629 ! �2.405

�



Status of δCP
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Three neutrinos and Beyond
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Assuming unitarity (3 neutrinos)



Through neutrino oscillations, we want to know

• CP violation 

• PMNS matrix or beyond. Any source of new CP 
violation? 

• the relation with leptogenesis and a quest of the 
matter - antimatter asymmetry in our universe. 

• A pattern of the PNMS matrix and the mass of 
neutrinos 

• A relation with a GUT model
11



T2K results
• The new T2K results will be announced at the KEK 
Colloquium at 10:00 JST on Friday, August 4th. 
• Title:  

• T2K neutrino oscillation results with data up to 2017 Summer 

• Abstract:  
• In 2016, T2K reported the results of neutrino oscillation measurements based on the 

data accumulated with 7.5x10^20 protons-on-target from the J-PARC Main Ring (MR) 
for each of the neutrino beam run and the antineutrino beam run.  One of the highlights 
then was an indication of CP violation with 90% C.L.   Since then, the J-PARC MR beam 
power was increased up to 470kW and T2K accumulated another 7.2x10^20 protons-on-
target with neutrino beam in a half-year run.  In addition, approximately a 30% increase in 
statistics was achieved by improvements to the event selection at Super-Kamiokande, 
the T2K far detector. In this colloquium, we will present the results of the neutrino 
oscillation measurements with all of the data collected up to now and with the new event 
selection.

12
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Formula of Oscillation Probability with CP violation

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect
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• No magic for the 2nd maximum. 
• Energy dependence is important.



　A door to Neutrino CP violation is opened
• νμ→νe oscillation w/ Δmatm

2 discovered by the T2K experiment 
• Indication in 2011 [PRL 107, 041801 (2011)] 
• Observation in 2013 [PRL 112, 061802 (2014)]

15

T2K
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T2K
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2011 2013

2011 2013
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F R A M E W O R K
• Four modes of observation observed at T2K 

• νµ→νe , νµ→νe appearance 

• νµ↛νµ , νµ↛νµ  disappearance 

• use all information to constrain oscillation parameters

switches sign  
for νµ→νe

constrain by νµ disp.

P (⌫µ ! ⌫µ) ⇠ 1� (cos

4
2✓13sin

2
2✓23 + sin

2
2✓13 sin

2 ✓23)sin
2
�m2

31
L

4E

M. Freund,  Phys.Rev. D64 (2001) 053003 � ⌘ �m2
31L

4E
x ⌘ 2

p
2GFNeE

�m

2
31

↵ =

����
�m2

21

�m2
31

���� ⇠
1

30

P (⌫
µ

! ⌫
e

) ⇡ sin2 2✓13 ⇥ sin2 ✓23 ⇥ sin2[(1�x)�31]
(1�x)2

�↵ sin �
CP

⇥ sin 2✓12 sin 2✓13 sin 2✓23 ⇥ sin�31
sin[x�31]

x

sin[(1�x)�31]
1�x

+(CP even) +O(↵2)

constrain by reactor

• Large θ23: enhances both νµ→νe and νµ→νe 

• δCP =-π/2: enhance νµ→νe, suppress νµ→νe 

• Δm2
31>0 (normal hierarchy): enhance νµ→νe, suppress νµ→νe

3

  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 9

Uncertainties on the number of events (with ND280)Uncertainties on the number of events (with ND280)

μ+/-  rings CC-0π

MC: 137.8
data: 135

Systematic error source

Variation of the spectra with category of systematic uncertainties 

Nominal value of nuisance parameters

1st row is selection in ν - mode



Oscillation Analysis in T2K
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Neutrino flux prediction 
w/CERN NA61 result

ND280 νμ measurements

Neutrino Cross Section
Uncertainties

SK Detector/Selection
Uncertainties

Flux
+Cross Section Fit 

Neutrino Cross Section
Uncertainties

Osc. Fit: 
sin22θ13 , sin2θ23, Δm322, 

δCP
Result

ν oscillation parameters fixed:
• Δm122=7.6×10-5 eV2 
• sin2θ12=0.32

Nsignal=Φ×σ×Ntarget(×ε)

Φ

Ntarget(×ε)
σ

σ



T2K neutrino beam
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T2K	Neutrino	Produc0on	Beamline					

3	

Muon	Monitor	
measures	the	muon	profile	

aXer	beam	dump		

Proton	Beam	Monitors	
measure	the	proton	beam	

intensity,	direc0on		

+250	kA	(-250	kA	)	for		ν	(an0-ν)	enhanced	mode							 90	cm	long	and	2.6	cm	diameter		

Ø  30	GeV	protons	extracted	from	J-PARC	MR		
Ø  secondary	π,	K	focused	by	3	magne0c	horns		

Ø  reverse	polarity	for	an0-neutrino	beam		

Horn		 Graphite	target		

Beam	direc0on	is	stable	to	within	1	mrd	à	2%	shiX	of	the	Ev	peak	at	far	detector	SK				

INGRID				
monitors	the	stability	

of	ν	flux	and	direc0on	



Predicted Neutrino Flux
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ν

ν

SK
ND 
280



Super-Kamiokande
• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial 

volume) located at 1km underground 
Good performance (momentum and position resolution, PID, 
charged particle counting) for sub-GeV neutrinos. 
[Typical] 61% efficiency for T2K signal νe with 95% NC-1π0 rejection 

Inner tank (32 kton) :11,129 20inch PMT 
Outer tank:1,885  8inch PMT 

• Dead-time-less DAQ 
• GPS timing information is recorded  
     real-time at every accelerator spill 

T2K recorded events: All interactions 
    within a ±500µsec window centered  
    on the the neutrino arrival time.

20

39.3m

41
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● Data
−  MC     



Neutrino Detection at SK Far Detector

"#	CCQE"5	CCQE "ℓ	NC1iK

7

Signal ("#)Signal ("5) Background
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Leïla Haegel /University of Geneva NuFact 2016 : T2K near detector constraints 9

Flux correlations before ND280 %t : zoom Flux correlations before ND280 %t : zoom 
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T2K DATA COLLECTION HISTORY

Published Results

This data added for 
today’s results

➤ Accumulated 14.7x1020 protons-on-target (POT) in neutrino mode and  7.6x1020 POT in 
antineutrino mode - full data set presented here 
➤ 29% of the approved T2K POT 
➤ 7.5x1020 neutrino mode, 7.5x1020 antineutrino mode for published results 

➤ Phys. Rev. Lett. 118 (2017) no.15, 151801  - PRL Editor’s Suggestion 
➤ Accelerator has achieved stable operation with 470 kW beam power 

➤ Thanks to high power operation, double neutrino data in 1 year! 17



Today’s results
• Based on

24
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FINAL Electron (anti-)neutrino events
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FIG. 18. The reconstructed energy spectra of the observed ⌫

e

(left) and ⌫

e

(right) CC candidate event samples assuming CCQE
interaction kinematics. The data are shown as points with statistical error bars and the shaded, stacked histograms are the
MC predictions. The expectation is based on the parameters of Tab. XIII.

TABLE XIV. Event reduction for the ⌫

e

CC selection at the far detector. The numbers of expected MC events divided into
five categories are shown after each selection criterion is applied. The MC expectation is based upon three-neutrino oscillations
with the parameters as shown in Tab. XIII.

⌫

µ

+ ⌫

µ

⌫

e

+ ⌫

e

⌫ + ⌫̄ ⌫

µ

! ⌫

e

⌫

µ

! ⌫

e

⌫-beam mode MC total CC CC NC CC CC Data
interactions in FV 744.89 364.32 18.55 326.16 0.39 35.47 -
FCFV 431.85 279.88 18.09 98.72 0.38 34.78 438
single ringa 223.49 153.40 11.15 28.68 0.32 29.95 220
electron-likeb 66.94 6.46 11.06 19.53 0.31 29.57 70
Evis > 100MeVc 61.78 4.59 11.01 16.81 0.31 29.06 66
NMichel�e = 0d 50.60 0.97 8.97 14.24 0.31 26.11 51
E

rec
⌫

< 1250MeVe 40.71 0.25 4.26 10.85 0.22 25.14 46
not ⇡0-likef 28.55 0.09 3.68 1.35 0.18 23.25 32

⌫̄-beam mode
interactions in FV 312.38 164.04 9.00 132.75 4.30 2.29 -
FCFV 180.48 123.24 8.75 42.05 4.20 2.24 170
single ring 96.06 73.21 5.51 11.87 3.74 1.73 94
electron-like 21.55 2.31 5.48 8.36 3.70 1.71 16
Evis > 100MeV 20.05 1.83 5.46 7.39 3.68 1.69 14
NMichel�e = 0 16.40 0.33 4.71 6.24 3.66 1.46 12
E

rec

⌫

< 1250MeV 11.40 0.08 1.89 4.83 3.42 1.19 9
not ⇡0-like 6.28 0.02 1.58 0.60 3.04 1.05 4

a
There is only one reconstructed Cherenkov ring

b
The ring is e-like

c
The visible energy, Evis, is greater than 100 MeV

d
There is no reconstructed Michel electron

e
The reconstructed energy, Erec

⌫

, is less than 1.25 GeV

f
The event is not consistent with a ⇡0

hypothesis

where m�++ is the mass of the �++ (1232.0 MeV/c2).1173

Fig. 23 shows the di↵erence in the true and reconstructed1174

neutrino energy for the final CC1⇡+ candidate selection1175

along with that for the single-ring selection for compari-1176

•Neutrino: 
•Data:  32 
•MC:    28.55

•Anti-neutrino: 
•Data:  4 
•MC:    6.28



FINAL muon (anti-)neutrino events
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24

TABLE XV. Event reduction for the ⌫

µ

CC selection at the far detector. The numbers of expected MC events divided into
four categories are shown after each selection criterion is applied. The MC expectation is based upon three-neutrino oscillations
with the parameters as shown in Tab. XIII.

⌫

µ

⌫

µ

⌫

µ

+ ⌫

µ

⌫

e

+ ⌫

e

⌫ + ⌫̄

⌫-beam mode MC total CCQE CCQE CC nonQE CC NC Data
interactions in FV 744.89 100.17 6.45 257.70 54.41 326.16 -
FCFV 431.85 78.75 4.85 196.28 53.25 98.72 438
single ringg 223.49 73.49 4.70 75.21 41.41 28.68 220
muon-likeh 156.56 72.22 4.65 70.06 0.47 9.16 150
p

µ

> 200MeV/ci 156.24 72.03 4.65 70.00 0.47 9.08 150
NMichel�e  1j 137.76 71.28 4.63 52.61 0.46 8.78 135

⌫̄-beam mode
interactions in FV 312.38 20.04 30.77 113.23 15.59 132.75 -
FCFV 180.48 15.04 24.95 83.26 15.19 42.05 170
single ring 96.06 13.52 24.28 35.41 10.98 11.87 94
muon-like 74.52 13.40 23.96 33.56 0.09 3.52 78
p

µ

> 200MeV/c 74.42 13.39 23.92 33.54 0.09 3.48 78
NMichel�e  1 68.26 13.18 23.85 27.79 0.09 3.35 66

g
There is only one reconstructed Cherenkov ring

h
The ring is µ-like

i
The reconstructed momentum, p

µ

, is greater than 200 MeV/c
j
There are less than two reconstructed Michel electrons
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FIG. 20. The reconstructed energy spectra of the observed ⌫

µ

(left) and ⌫

µ

(right) CC candidate event samples assuming
CCQE interaction kinematics. The data are shown as points with statistical error bars and the shaded, stacked histograms are
the MC predictions, and the rightmost bin includes overflow. The expectation is based on the parameters of Tab. XIII.

to assess the uncertainties. Cosmic-ray muon samples1192

are used to estimate uncertainties related to the FC,1193

fiducial-volume and decay-electron requirements, for the1194

selections of both ⌫

(–)

e

and ⌫

(–)

µ

CC candidates. The error1195

from the initial FC event selection is negligible. The un-1196

certainty in the fiducial volume is estimated to be 1%1197

using the vertex distribution of cosmic ray muons which1198

have been independently determined to have stopped in-1199

side the ID. The uncertainty due to the Michel electron1200

tagging e�ciency is estimated by comparing cosmic-ray1201

stopped muon data with MC. The rate of falsely identi-1202

fied Michel electrons is estimated from MC and a 100%1203

uncertainty on that rate is assumed.1204

Other studies of systematic uncertainty in SK model-1205

ing divide simulated events into categories according to1206

their final state (FS) topologies, with the criteria shown1207

•Neutrino: 
•Data:  135 
•MC:    137.76

•Anti-neutrino: 
•Data:  66 
•MC:    68.26



  

Leïla Haegel /University of Geneva NuFact 2016 : T2K near detector constraints 15

Interaction model: post-<t constraintsInteraction model: post-<t constraints

Events selected in FGD2, ν mode, CC-other (postfit)

Events selected in FGD2, ν mode, CC-0π (postfit)

Events selected in FGD2, ν mode, CC-1π (postfit)

μ momentum [MeV/c]μ momentum [MeV/c]

T2K preliminary T2K preliminary

T2K preliminaryT2K preliminary

Cross-section parameters

μ momentum [MeV/c]

C
C

Q
E

 t
u
n
in

g
 /

 N
E

U
T

 n
o
m

in
a
l 
p

a
ra

m
e
te

r 
v
a
lu

e

NEUT v5.3.2

NEUT v5.3.2NEUT v5.3.2

Near Detector measurements → constraints
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CC1μ0π

CC1μ1π CC1μ-other



Electron Neutrino Predictions
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Muon Neutrino Predictions
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Systematic uncertainties
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Systematic uncertainties
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FIG. 28. {Erec

⌫

,✓
lep

} templates for the ⌫

e

CCQE-like (top),
⌫

e

CC1⇡+ (middle) in ⌫-mode and ⌫̄

e

CCQE-like (bottom)
in ⌫-mode candidate samples. Both signal and background
events are included in the expected distributions based on
the oscillation parameters of Tab. XIII. The superimposed
grey dots correspond to the data.

is mainly due to the larger backgrounds a↵ecting it, and1641

to larger uncertainties on the pion FSI and SI as shown1642

in Tab. XIX, where the SK systematic uncertainties are1643

separated into the SK detector and the FSI+SI+PN con-1644

tributions.1645

The SK energy scale uncertainty is applied indepen-1646

dently from other parameters. The energy scale uncer-1647

tainty is applied as a normalization of E

rec

⌫

for each1648

event, which may vary the total event rate by shifting1649

the events into the cut regions of the visible energy and1650

reconstructed neutrino energy selection criteria. The SK1651

energy scale uncertainty is estimated to be 2.4%.1652

The e↵ect of the systematic uncertainties on the pre-1653

dicted event rates of the ⌫- and ⌫-mode samples are sum-1654

marized in Tab. XIX and Tab. XX respectively. The 1�1655

uncertainties are obtained by throwing large sets of toy1656

experiments, varying only the selected systematic param-1657

eters for each experiment, and calculating the relative1658

uncertainties from the distributions of the event rates.1659

TABLE XIX. E↵ect of 1� variation of the systematic uncer-
tainties on the predicted event rates of the ⌫-mode samples.

Source of uncertainty ⌫

e

CCQE-like ⌫

µ

⌫

e

CC1⇡+

�N/N �N/N �N/N

Flux 3.7% 3.6% 3.6%
(w/ ND280 constraint)
Cross section 5.1% 4.0% 4.9%
(w/ ND280 constraint)
Flux+cross-section
(w/o ND280 constraint) 11.3% 10.8% 16.4%
(w/ ND280 constraint) 4.2% 2.9% 5.0%
FSI+SI+PN at SK 2.5% 1.5% 10.5%
SK detector 2.4% 3.9% 9.3%
All
(w/o ND280 constraint) 12.7% 12.0% 21.9%
(w/ ND280 constraint) 5.5% 5.1% 14.8%

TABLE XX. E↵ect of 1� variation of the systematic uncer-
tainties on the predicted event rates of the ⌫- mode samples.

Source of uncertainty ⌫

e

CCQE-like ⌫

µ

�N/N �N/N

Flux 3.8% 3.8%
(w/ ND280 constraint)
Cross section 5.5% 4.2%
(w/ ND280 constraint)
Flux+cross-section
(w/o ND280 constraint) 12.9% 11.3%
(w/ ND280 constraint) 4.7% 3.5%
FSI+SI+PN at SK 3.0% 2.1%
SK detector 2.5% 3.4%
All
(w/o ND280 constraint) 14.5% 12.5%
(w/ ND280 constraint) 6.5% 5.3%

IX. BIASES ON OSCILLATION PARAMETERS1660

FROM NEUTRINO INTERACTION MODELLING1661

The neutrino interaction uncertainties are one of the1662

main contributors to the systematic uncertainty on all1663

oscillation measurements and there is a global e↵ort un-1664

derway to improve the understanding of neutrino cross1665

sections. This has lead to the creation of a number of1666

interaction models which can, at least partially, describe1667
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FIG. 28. {Erec

⌫

,✓
lep

} templates for the ⌫

e

CCQE-like (top),
⌫

e

CC1⇡+ (middle) in ⌫-mode and ⌫̄

e

CCQE-like (bottom)
in ⌫-mode candidate samples. Both signal and background
events are included in the expected distributions based on
the oscillation parameters of Tab. XIII. The superimposed
grey dots correspond to the data.

is mainly due to the larger backgrounds a↵ecting it, and1641

to larger uncertainties on the pion FSI and SI as shown1642

in Tab. XIX, where the SK systematic uncertainties are1643

separated into the SK detector and the FSI+SI+PN con-1644

tributions.1645

The SK energy scale uncertainty is applied indepen-1646

dently from other parameters. The energy scale uncer-1647

tainty is applied as a normalization of E

rec

⌫

for each1648

event, which may vary the total event rate by shifting1649

the events into the cut regions of the visible energy and1650

reconstructed neutrino energy selection criteria. The SK1651

energy scale uncertainty is estimated to be 2.4%.1652

The e↵ect of the systematic uncertainties on the pre-1653

dicted event rates of the ⌫- and ⌫-mode samples are sum-1654

marized in Tab. XIX and Tab. XX respectively. The 1�1655

uncertainties are obtained by throwing large sets of toy1656

experiments, varying only the selected systematic param-1657

eters for each experiment, and calculating the relative1658

uncertainties from the distributions of the event rates.1659

TABLE XIX. E↵ect of 1� variation of the systematic uncer-
tainties on the predicted event rates of the ⌫-mode samples.

Source of uncertainty ⌫

e

CCQE-like ⌫

µ

⌫

e

CC1⇡+

�N/N �N/N �N/N

Flux 3.7% 3.6% 3.6%
(w/ ND280 constraint)
Cross section 5.1% 4.0% 4.9%
(w/ ND280 constraint)
Flux+cross-section
(w/o ND280 constraint) 11.3% 10.8% 16.4%
(w/ ND280 constraint) 4.2% 2.9% 5.0%
FSI+SI+PN at SK 2.5% 1.5% 10.5%
SK detector 2.4% 3.9% 9.3%
All
(w/o ND280 constraint) 12.7% 12.0% 21.9%
(w/ ND280 constraint) 5.5% 5.1% 14.8%

TABLE XX. E↵ect of 1� variation of the systematic uncer-
tainties on the predicted event rates of the ⌫- mode samples.

Source of uncertainty ⌫

e

CCQE-like ⌫

µ

�N/N �N/N

Flux 3.8% 3.8%
(w/ ND280 constraint)
Cross section 5.5% 4.2%
(w/ ND280 constraint)
Flux+cross-section
(w/o ND280 constraint) 12.9% 11.3%
(w/ ND280 constraint) 4.7% 3.5%
FSI+SI+PN at SK 3.0% 2.1%
SK detector 2.5% 3.4%
All
(w/o ND280 constraint) 14.5% 12.5%
(w/ ND280 constraint) 6.5% 5.3%

IX. BIASES ON OSCILLATION PARAMETERS1660

FROM NEUTRINO INTERACTION MODELLING1661

The neutrino interaction uncertainties are one of the1662

main contributors to the systematic uncertainty on all1663

oscillation measurements and there is a global e↵ort un-1664

derway to improve the understanding of neutrino cross1665

sections. This has lead to the creation of a number of1666

interaction models which can, at least partially, describe1667
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FIG. 49. Comparison of the best-fit oscillated MC energy spectra, unoscillated spectra and T2K data for the five samples used
in the fit: µ-like sample in ⌫-mode and ⌫-mode (top left and right), single ring e-like appearance sample in ⌫-mode and ⌫-mode
(middle left and right), CC1⇡+ e-like appearance sample in ⌫-mode (bottom). The larger unoscillated spectra in the CC1⇡+

e-like sample compared to the single ring sample is due to the relatively large background of ⌫
µ

in the CC1⇡+ sample, which
does not disappear in the no-oscillation case. The ratio of the best fit to unoscillated spectra are also shown.
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Oscillation FIT w/ CCνe-1π+
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FIG. 49. Comparison of the best-fit oscillated MC energy spectra, unoscillated spectra and T2K data for the five samples used
in the fit: µ-like sample in ⌫-mode and ⌫-mode (top left and right), single ring e-like appearance sample in ⌫-mode and ⌫-mode
(middle left and right), CC1⇡+ e-like appearance sample in ⌫-mode (bottom). The larger unoscillated spectra in the CC1⇡+

e-like sample compared to the single ring sample is due to the relatively large background of ⌫
µ

in the CC1⇡+ sample, which
does not disappear in the no-oscillation case. The ratio of the best fit to unoscillated spectra are also shown.



wx/wx	Disappearance Analysis
- CPT test by comparing "# → "# and "# → "# modes
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WXY and opYX
X Comparison

- No hint of CPT violation
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Full Joint Fit Analysis
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OA Fit results with T2K only data

• FIT neutrino and anti-neutrino data separately.
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FIG. 38. Contours in the sin2
✓13–�CP

plane using T2K-only data, obtained by analysing either the ⌫- or ⌫-mode appearance
datasets are compared for both orderings. Both ⌫- and ⌫̄-mode disappearance datasets were used in all fits. The yellow band
corresponds to the reactor value on sin2

✓13 from the PDG 2015 [72].
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FIG. 39. Allowed region at 90% confidence level for oscilla-
tion parameters sin2

✓23 and �m

2
32 using T2K data with the

reactor constraint (sin2(2✓13) = 0.085 ± 0.005). The normal
mass ordering is assumed and the T2K results are compared
with NO⌫A [82], MINOS [83], Super-K [84], and IceCube [85].

described in Sec. VIII, is that they do not show whether1985

the obtained result is consistent or not with the physics1986

model. A statistical fluctuation could favor an extreme1987

case because the model is not allowed to move outside the1988

physical boundaries. It therefore becomes useful to com-1989

pare the expected number of ⌫
e

events (in both CCQE-1990

like and CC1⇡+ e-like samples) and ⌫̄

e

candidate events1991

for di↵erent values of �
CP

, sin2 ✓23, and mass ordering1992

with those observed in the T2K dataset. Fig. 43 shows1993

that the T2K data have approximately a 1� statistical1994

fluctuation beyond the �

CP

= �⇡/2 physical boundary.1995

In order to quantify whether the T2K dataset is consis-1996

tent with the PMNS framework in terms of significance,1997

an additional toy MC study was performed. An ensemble1998

of 10,000 simulated datasets was obtained in the same1999

way as described in Sec. VIII for the Feldman-Cousins2000

method, with �

CP

= �⇡/2 and normal mass ordering.2001

The values of �2� lnL that contain 68.3% and 95.5%2002

of the MC toys were computed and compared to the2003

distribution obtained with the fit of the T2K dataset.2004

As shown in Fig. 44, the T2K data �2� lnL distribu-2005

tion shows a less extreme fluctuation than at least 5%2006

of the toys MC for all the values of �
CP

and mass or-2007

dering, i.e. if the experiment is repeated many times2008

and the true value is �
CP

= �⇡/2 with normal ordering,2009

more than 5% of the experiments are expected to show2010

a more extreme statistical fluctuation than the current2011

T2K dataset over the whole range of �
CP

and mass or-2012

dering. From Fig. 44, the fraction of experiments that2013

would exclude �

CP

= 0,⇡ at 90% or 2� confidence level2014

can be estimated. Assuming a true value of �CP of -⇡/22015

and normal ordering, 24.3% (21.3%) of toy MC experi-2016

ments exclude �CP = 0 (⇡) at 90% CL. The same can be2017

repeated for di↵erent values of �
CP

and mass ordering as2018

shown in Tab. XXVI.2019

B. Bayesian analysis2020

1. Results without reactor constraints2021

This section describes the results obtained by the2022

Bayesian analysis when using only T2K data to estimate2023

the parameters sin2 ✓23, �m

2
32, sin2 ✓13 and �

CP

with2024

the MCMC method described in Sec. VIII B. In contrast2025

with the frequentist analysis presented in Sec. XIA, the2026

Markov chain walks in a parameter space where the sign2027

of �m

2
32 can flip, and results are presented for both mass2028

orderings. The best-fit point and ±1� credible interval2029

for each parameter, obtained with the KDE method, are2030

summarized in Tab. XXVII. The best fit point is the2031

mode of the four-dimensional histogram where the axes2032

Normal MH Inverted MH
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FIG. 35. One-dimensional ��

2 surfaces for oscillation parameters �

CP

and sin2
✓13 using T2K-only data. The yellow band

on the right plot corresponds to the reactor value on sin2
✓13 from the PDG 2015 [72].
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FIG. 36. Two-dimensional constant ��

2 contours for oscil-
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✓13 from

the PDG 2015 [72].

pared to the best-fit results obtained with the T2K-only1962

data fit in Sec. XIA 1, the inclusion of the CC1⇡+ e-like1963

sample in the data fit with the reactor constraint results1964

in a shift of best-fit value for the �

CP

phase towards the1965

maximally violating phase of �⇡/2.1966

TABLE XXV. Best-fit results and the 1� confidence interval
of the T2K data fit with the reactor constraint with normal
and inverted hypotheses.

Parameter
Normal ordering Inverted ordering

Best-fit ±1� Best-fit ±1�
�

CP

-1.728 [-2.538;-0.877] -1.445 [-2.170;-0.768]
sin2

✓23 0.550 [0.465;0.601] 0.5525 [0.470;0.601]
�m

2
32 2.54 [2.460;2.621] 2.51 [2.429;2.588]
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FIG. 37. A comparison of one-dimensional constant ��

2

contours for normal ordering for �

CP

using T2K-only data
for the four- and five-sample fits.

Since there is a physical boundary at �
CP

= ±⇡

2 , cal-1967

culating the coverage near the boundary using a Gaus-1968

sian approximation may not produce accurate results. To1969

solve this problem, the coverage of the 1D ��

2 distribu-1970

tion as a function of �
CP

is computed using the Feldman-1971

Cousins approach, described in Sec. VIII. In order to1972

perform the study, 10,000 toy MC experiments were gen-1973

erated for di↵erent values of �

CP

and the mass order-1974

ing. The 1D ��

2 surface obtained with the Feldman-1975

Cousins approach is used to evaluate the allowed 90%1976

confidence intervals for �

CP

in both ordering cases, as1977

shown in Fig. 42. In this analysis, CP-conserving values1978

of �CP = 0, ⇡ are excluded at 90% and 2� confidence1979

levels respectively. Values of �CP in the intervals [-2.95,-1980

0.44] ([-1.79, -1.10]) are allowed at 90% confidence for1981

normal (inverted) ordering.1982

A well known feature of confidence intervals con-1983

structed using the likelihood ratio as the test statistic, as1984

OA Fit results with T2K only data

38

40

 (rad)CPδ
3− 2− 1− 0 1 2 3

ln
(L

)
∆

-2

0

1

2

3

4

5

6

7

8

9

10

σ1

90% CL

Normal
Inverted

Global minimum

13θ2sin
0 0.02 0.04 0.06 0.08 0.1

ln
(L

)
∆

-2

0

5

10

15

20

25

30

σ1
90% CL

σ3

σ4

Normal
Inverted

FIG. 35. One-dimensional ��

2 surfaces for oscillation parameters �

CP

and sin2
✓13 using T2K-only data. The yellow band

on the right plot corresponds to the reactor value on sin2
✓13 from the PDG 2015 [72].

13θ2sin
0 0.02 0.04 0.06 0.08 0.1

 (r
ad

)
CPδ

3−

2−

1−

0

1

2

3
Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit
PDG 2015

Fixed Mass Ordering

FIG. 36. Two-dimensional constant ��

2 contours for oscil-
lation parameters �

CP

and sin2
✓13 using T2K data only. The

yellow band corresponds to the reactor value on sin2
✓13 from

the PDG 2015 [72].

pared to the best-fit results obtained with the T2K-only1962

data fit in Sec. XIA 1, the inclusion of the CC1⇡+ e-like1963

sample in the data fit with the reactor constraint results1964

in a shift of best-fit value for the �

CP

phase towards the1965

maximally violating phase of �⇡/2.1966
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and inverted hypotheses.
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FIG. 37. A comparison of one-dimensional constant ��

2

contours for normal ordering for �

CP

using T2K-only data
for the four- and five-sample fits.

Since there is a physical boundary at �
CP

= ±⇡

2 , cal-1967

culating the coverage near the boundary using a Gaus-1968

sian approximation may not produce accurate results. To1969

solve this problem, the coverage of the 1D ��

2 distribu-1970

tion as a function of �
CP

is computed using the Feldman-1971

Cousins approach, described in Sec. VIII. In order to1972

perform the study, 10,000 toy MC experiments were gen-1973

erated for di↵erent values of �

CP

and the mass order-1974

ing. The 1D ��

2 surface obtained with the Feldman-1975

Cousins approach is used to evaluate the allowed 90%1976

confidence intervals for �

CP

in both ordering cases, as1977

shown in Fig. 42. In this analysis, CP-conserving values1978

of �CP = 0, ⇡ are excluded at 90% and 2� confidence1979

levels respectively. Values of �CP in the intervals [-2.95,-1980

0.44] ([-1.79, -1.10]) are allowed at 90% confidence for1981

normal (inverted) ordering.1982

A well known feature of confidence intervals con-1983

structed using the likelihood ratio as the test statistic, as1984
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TABLE XXIII. Expected and observed (data) p-values for the
� = 0 and � = 1 hypotheses, for both rate-only and rate-plus-
shape analyses. The expected p-values are estimated for the
simulated dataset defined in Tab. XIII.

Rate-only Rate-plus-shape
Expected sensitivity

� = 0 0.047 0.047
� = 1 0.52 0.41
Data
� = 0 0.41 0.46
� = 1 0.21 0.07

XI. JOINT NEUTRINO AND ANTINEUTRINO1880

OSCILLATION ANALYSIS RESULTS1881

In this section, joint three-flavor oscillation analyses1882

performed with both the frequentist and the Bayesian1883

approaches are presented. The five SK samples intro-1884

duced in Sec. VI are used, which allows the simultaneous1885

study of the ⌫

e

and ⌫

e

appearance channels and the ⌫

µ

1886

and ⌫

µ

disappearance channels. The oscillation parame-1887

ters |�m

2
32|, sin2✓23, sin2✓13, �CP, and the mass ordering1888

are determined with and without using the measurement1889

of sin2✓13 from reactor experiments as a constraint.1890

A. Frequentist analysis1891

Although two frequentist analyses were introduced in1892

Sec. VIIIA, the results are similar, so detailed results1893

are only presented for the analysis which uses {Erec

⌫

,1894

✓

lep

} templates in this section. Comparisons between1895

both frequentist, and the Bayesian analysis are shown in1896

Sec. XIC.1897

1. Results without reactor constraints1898

This section describes the results obtained by the fre-1899

quentist analysis when only T2K data are used to es-1900

timate the oscillation parameters. The main parame-1901

ters of interest in this case are �CP and sin2 ✓13 that can1902

be directly compared to the reactor measurements. The1903

point estimates for these oscillation parameters and the1904

constant ��

2 = 1 intervals are given for normal and1905

inverted ordering in Tab. XXIV. The ��

2 surfaces are1906

shown in Fig. 35. These intervals have been produced via1907

marginalization of all nuisance and oscillation parameters1908

which are not of interest, as described in Sec. VIIIA.1909

Two-dimensional contours of constant ��

2 for the pa-1910

rameters �
CP

and sin2 ✓13, along with a comparison with1911

the constraint on sin2 ✓13 from reactor experiments, are1912

shown in Fig. 36. The point estimate and constant ��

2
1913

confidence intervals of sin2 ✓13 from T2K data only are1914

slightly larger than what is found by the reactor experi-1915

ments. However, the T2K-only measurement of sin2 ✓131916

TABLE XXIV. Point estimates and 1� confidence intervals
under the constant ��

2 approximation from an analysis con-
sidering T2K oscillation data only.

Parameter
Normal ordering Inverted ordering

Best-fit ±1� Best-fit ±1�
�

CP

-1.791 [-2.789; -0.764] -1.382 [-2.296;-0.524]
sin2

✓13 0.0271 [0.0209; 0.0342] 0.0299 [0.0232; 0.0380]

is still consistent with the reactor measurement at the1917

68% confidence level.1918

As mentioned above, in this analysis a fifth sample1919

selecting ⌫

e

candidates at SK with one delayed Michel1920

electron in the final state has been added for the first1921

time. A comparison of the ��

2 surface for �CP only1922

including the four single-ring samples used in previous1923

analyses and the results obtained with the inclusion of1924

the fifth sample is shown in Fig. 37. As expected, a1925

small improvement is observed when the new sample is1926

included.1927

Fig. 38 shows a comparison of the constraints in the1928

�

CP

–sin2 ✓13 plane when appearance channels taken in ⌫-1929

mode and in ⌫-mode are considered independently. Both1930

⌫- and ⌫-mode disappearance channels are used in both1931

fits. The ⌫- and ⌫-mode datasets alone prefer di↵erent1932

values of sin2 ✓13, which is driven by the absolute ap-1933

pearance rate. It is clear that the ⌫-mode appearance1934

sample does not have the power to exclude a zero value1935

of sin2 ✓13 by itself. In either case, the reactor measure-1936

ment of sin2 ✓13 sits near the upper and lower 68% con-1937

fidence contours for the ⌫-mode and ⌫-mode samples re-1938

spectively.1939

2. Results with reactor constraints1940

Here, the oscillation parameters obtained by the T2K1941

data fit where sin2 ✓13 is marginalized using the reactor1942

constraint given in Tab. XVIII. The best fit values of the1943

T2K data with the reactor constraint are summarized in1944

Tab. XXV.1945

Fig. 39 shows the 90% constant ��

2 surface in the1946

sin2 ✓23–�m

2
32 plane, assuming normal mass ordering.1947

The interval is compared with other experiments, show-1948

ing good agreement with IceCube and SK and some ten-1949

sion with MINOS and NO⌫A.1950

The NO⌫A collaboration published ⌫

µ

-disappearance1951

results disfavoring maximal mixing for sin2✓23 at1952

2.6� [82]. The T2K data in the ⌫
µ

- and ⌫

µ

-disappearance1953

channels, together with the T2K best fit and the expected1954

spectrum produced using the NO⌫A best fit value for1955

sin2✓23 (higher octant) and �m

2
32, are shown in Fig. 40.1956

Fig. 41 shows the 2D sin2 ✓13–�CP

confidence level con-1957

tours for the data fit including the reactor constraint.1958

The comparisons with the four-sample joint fit are also1959

shown to demonstrate the e↵ect of the inclusion of the1960

CC1⇡+ e-like sample in the appearance analysis. Com-1961
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fit is closer to the maximum violating value of �⇡/2 due2060

to the correlations with sin2 ✓13 shown in Fig. 45.20612062

The MCMC algorithm uses a flat prior on �

CP

, but2063

its dependence on this choice of prior has been tested2064

by computing the credible intervals with a flat prior on2065

sin �
CP

. The two sets of intervals are in reasonable agree-2066

ment as shown in Fig. 46.2067

The Bayes factor for the mass ordering and the ✓232068

octant can be computed with the method described in2069

Sec. XIB 1. Using the values from Tab. XXX, they2070

are found to be B(NH/IH) = 3.71 and B(sin2 ✓23 >2071

0.5/ sin2 ✓23 < 0.5) = 2.39 respectively. Also in this case,2072

these cannot be considered decisive.2073
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FIG. 44. One-dimensional marginal ��

2 surfaces for oscil-
lation parameters �

CP

and sin2
✓13 using T2K data with the

reactor constraint. The contour is produced by marginalizing
the likelihood with respect to all parameters other than the
parameter of interest. The critical ��

2 values obtained with
the Feldman-Cousins method are used to evaluate the 90%
confidence level with the proper coverage.

C. Comparison among the oscillation analyses2074

Since the priors of the oscillation parameters are flat,2075

the prior probability for normal and inverted orderings2076

are the same, and the nuisance parameters are Gaussian,2077

the frequentist and Bayesian fits can be directly com-2078

pared.2079

The posterior probability densities sampled by the2080

Bayesian analyses are converted into ��

2 distributions2081

and the intervals are recalculated to extract confidence2082

intervals that are compared with the frequentist analyses.2083

Fig. 47 shows the constant ��

2 68% and 90% intervals2084

for all three oscillation analyses in the sin2 ✓13–�CP

plane,2085

assuming normal ordering and only using T2K data. Dif-2086

ferences exist among the three methods as the 2D tem-2087

plates fitted in the appearance samples are di↵erent and2088

the Bayesian analyses does a combined fit of near and2089

far detector samples but no major di↵erences are found2090

between the contours.2091
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FIG. 45. The two-dimensional histograms represent the marginal posterior probability in the two-parameter space as a blue
gradient. The white solid (dashed) line is the 90% (1�) credible interval. The one-dimensional histograms represent the
posterior probability density (post. proba.) of the oscillation parameter in the x-axis of the column marginalized over all other
parameters. The blue areas are respectively the 1� (dark), 90% (medium), and 95% (light) credible interval.

Fig. 48 shows the constant ��

2 68% and 90% inter-2092

vals in the sin2 ✓23–�m

2
32 plane for both frequentist and2093

Bayesian fits. Both distributions and intervals agree be-2094

tween fitters, validating the extrapolation of the con-2095

straints on the nuisance parameters obtained in the near2096

detector fit to SK.2097

D. Best fit spectra2098

An estimate of the oscillation parameters �m

2
32,2099

sin2 ✓13 and �

CP

have been obtained with both frequen-2100

tist and Bayesian analyses. The agreement between the2101

fit results and the data has been evaluated by compar-2102

ing the expected spectra after the oscillation fit with the2103

data points as shown in Fig. 49. The best-fit spectra2104

are obtained by sampling 2000 steps from the MCMC2105

including the reactor constraint and fitting a Gaussian2106

distribution to calculate the most probable value for the2107

predicted number of events in each energy bin.2108

In order to extract the ratio of oscillated to unoscillated2109

spectra, the expected spectra are also tuned to the no2110

oscillation case. A coarser binning than the one used in2111

the fit has been used for readability.2112

OA Fit results w/ the 
reactor constraint
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TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �
CP

= �⇡/2 — inverted ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

TABLE XXVII. Best-fit results and the 1� credible interval
of the T2K data fit without the reactor constraint with the
MCMC analyses including both mass orderings.

Parameter Best-fit ±1�
�

CP

-1.815 [-2.275; -0.628]
sin2

✓13 0.0254 [0.0210; 0.0350]
sin2

✓23 0.513 [0.460 ; 0.550]

�m

2
32 2.539⇥ 10�3

eV

2
/c

4 [�2.628;�2.544]⇥ 10�3
eV

2
/c

4

[2.436; 2.652]⇥ 10�3
eV

2
/c

4

XII. CONCLUSIONS2113

All data collected by the T2K experiment between2114

2010 and 2016 have been analyzed to estimate the os-2115

cillation parameters |�m

2
32|, sin2✓23, sin2✓13, �CP and2116

the mass ordering. These parameters are estimated by2117

doing a joint fit of the ⌫
µ

and ⌫

µ

disappearance channels2118

and ⌫

e

and ⌫

e

appearance channels by using five samples2119

selected at the far detector, thus, including the new addi-2120

tional CC1⇡+ sample. A comprehensive set of studies of2121

simulated data has been performed to estimate the im-2122

pact that uncertainties arising from a poor understanding2123

of neutrino interactions may have on the estimate of the2124

TABLE XXVIII. Posterior probabilities for the mass order-
ings and sin2

✓23 when fitting T2K data only with an MCMC
method.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.137 0.168 0.305
Normal ordering 0.294 0.401 0.695
Column total 0.431 0.569 1

TABLE XXIX. Best-fit results and the 1� credible interval of
the T2K data fit with the reactor constraint with the MCMC
analyses including both mass orderings.

Parameter Best-fit ±1�
�

CP

-1.789 [-2.450; -0.880]
sin2

✓13 0.0219 [0.0208; 0.0233]
sin2

✓23 0.534 [0.490 ; 0.580]

�m

2
32 2.539⇥ 10�3 eV2

/c4
[-3.000; -2.952] ⇥10�3

eV

2
/c

4

[2.424; 2.664]⇥10�3
eV

2
/c

4

FIG. 46. �CP marginal posterior probability as obtained with
the MCMC method. The credible intervals for ±1�, ±90%
and ±95% are shown when using a flat prior in �

CP

(usual
fit), and when converting to a flat prior in sin �CP.

oscillation parameters. All of these studies show that the2125

impact of these uncertainties is small compared to the to-2126

tal uncertainties on the measurement of all the oscillation2127

parameters.2128

The general approach followed in this paper, which2129

combines separate analyses of beamline, neutrino inter-2130

actions, near and far detector selections through sets of2131

systematic parameters and their covariances will be ex-2132

tended with additional data which will be collected by2133

T2K in the coming years in both ⌫- and ⌫-modes, and2134

improved near and far detector samples. This is expected2135

to greatly enhance the sensitivity of the T2K experiment2136

to the measurement of the CP-violation phase �CP as2137

well as more precise measurements of the atmospheric2138

TABLE XXX. Posterior probabilities for the mass orderings
and sin2

✓23 when fitting T2K data only with an MCMC
method.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.060 0.152 0.212
Normal ordering 0.235 0.553 0.788
Column total 0.295 0.705 1
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TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �
CP

= �⇡/2 — inverted ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
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doing a joint fit of the ⌫
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simulated data has been performed to estimate the im-2122

pact that uncertainties arising from a poor understanding2123
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TABLE XXVIII. Posterior probabilities for the mass order-
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method.
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TABLE XXIX. Best-fit results and the 1� credible interval of
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FIG. 46. �CP marginal posterior probability as obtained with
the MCMC method. The credible intervals for ±1�, ±90%
and ±95% are shown when using a flat prior in �

CP

(usual
fit), and when converting to a flat prior in sin �CP.

oscillation parameters. All of these studies show that the2125

impact of these uncertainties is small compared to the to-2126

tal uncertainties on the measurement of all the oscillation2127

parameters.2128

The general approach followed in this paper, which2129

combines separate analyses of beamline, neutrino inter-2130

actions, near and far detector selections through sets of2131

systematic parameters and their covariances will be ex-2132

tended with additional data which will be collected by2133

T2K in the coming years in both ⌫- and ⌫-modes, and2134

improved near and far detector samples. This is expected2135

to greatly enhance the sensitivity of the T2K experiment2136

to the measurement of the CP-violation phase �CP as2137

well as more precise measurements of the atmospheric2138

TABLE XXX. Posterior probabilities for the mass orderings
and sin2

✓23 when fitting T2K data only with an MCMC
method.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.060 0.152 0.212
Normal ordering 0.235 0.553 0.788
Column total 0.295 0.705 1
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TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
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CP

= �⇡/2 — inverted ordering
�

CP
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⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

TABLE XXVII. Best-fit results and the 1� credible interval
of the T2K data fit without the reactor constraint with the
MCMC analyses including both mass orderings.
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XII. CONCLUSIONS2113
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and ⌫
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and ⌫

e

appearance channels by using five samples2119

selected at the far detector, thus, including the new addi-2120

tional CC1⇡+ sample. A comprehensive set of studies of2121

simulated data has been performed to estimate the im-2122

pact that uncertainties arising from a poor understanding2123
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FIG. 46. �CP marginal posterior probability as obtained with
the MCMC method. The credible intervals for ±1�, ±90%
and ±95% are shown when using a flat prior in �

CP

(usual
fit), and when converting to a flat prior in sin �CP.

oscillation parameters. All of these studies show that the2125

impact of these uncertainties is small compared to the to-2126

tal uncertainties on the measurement of all the oscillation2127

parameters.2128

The general approach followed in this paper, which2129

combines separate analyses of beamline, neutrino inter-2130

actions, near and far detector selections through sets of2131

systematic parameters and their covariances will be ex-2132

tended with additional data which will be collected by2133

T2K in the coming years in both ⌫- and ⌫-modes, and2134

improved near and far detector samples. This is expected2135

to greatly enhance the sensitivity of the T2K experiment2136

to the measurement of the CP-violation phase �CP as2137

well as more precise measurements of the atmospheric2138

TABLE XXX. Posterior probabilities for the mass orderings
and sin2

✓23 when fitting T2K data only with an MCMC
method.
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✓23 < 0.5 sin2
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FIG. 46. �CP marginal posterior probability as obtained with
the MCMC method. The credible intervals for ±1�, ±90%
and ±95% are shown when using a flat prior in �
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fit), and when converting to a flat prior in sin �CP.
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impact of these uncertainties is small compared to the to-2126

tal uncertainties on the measurement of all the oscillation2127
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tended with additional data which will be collected by2133

T2K in the coming years in both ⌫- and ⌫-modes, and2134

improved near and far detector samples. This is expected2135

to greatly enhance the sensitivity of the T2K experiment2136

to the measurement of the CP-violation phase �CP as2137

well as more precise measurements of the atmospheric2138
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Solar term�

Interference term (δCP)�
 θ13 resonance term�

Complementarity with atmospheric neutrinos

NuclPhysB680,479(2004)

r    : µ/e flux ratio (~2 at low energy)!
!

P2 = |Aeµ|2 : 2ν transition probability νe  νµτ in matter!

R2 = Re(A*
eeAeµ)!

I2  = Im(A*
eeAeµ)!

Aee : survival amplitude of the 2ν system!

Aeµ : transition amplitude of the 2ν system!

NuclPhysB669,255(2003)

νe appearance (and νμ distortion) is 
expected due to MSW effect in the 
Earth’s matter
- happens in ν in the case of normal 
mass hierarchy
- in anti-ν in inverted mass hierarchy

Large θ13 value gives us a good 
chance to discriminate mass 
hierarchy.
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2012.8.22 Roger Wendell  
4 

Pure oscillation probabilities  

�  In the presences of the now large T13 resonant enhancement of the 
P(QPoQe���oscillation probability occurs via matter interactions 

�Resonance occurs only for (anti-)neutrinos under the Normal (Inverted) 
Hierarchy�
�Effects are roughly halved going to the IH 

P(QPoQP�)   P(QPoQe)   

~10,000 km 

~100 km 

“Multi-GeV” “Sub-GeV” 



• Through matter effect (MSW), we study 
• Mass hierarchy  ⇨ Asymmetry between neutrinos and antineutrinos. 
• Octant of θ23  ⇨ Magnitude of resonance effect 

  Appearance (and νμ→νμ disappearance) interplay 
• δCP (and θ13)  ⇨ Interference effects in ~GeV energy region
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m2

32

> 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m2

32

< 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
13

is a few

sin2θ23 = 0.4 vs 0.6

m
as

s 
hi

er
ar
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y:
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H

 v
s 

IH

δCP = 40° vs 220°



Mass Hierarchy Sensitivity of Hyper-K

• Sensitivity depends on θ23, δ and mass 
hierarch (a little). 

• 3σ mass hierarchy determination for 
sin2θ23>0.42 (0.43) in the case of 
normal (inverted) hierarchy.
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2012.8.22 Roger Wendell  9 

Expected Effects : electron-like samples 

Equivalent MC �Effect of the T23 octant can be larger than that from  Gcp 
on electron appearance   

�Effect of the latter is smaller than the expected statistical 
uncertainty in each bin 

2012.8.22 Roger Wendell  15 

Hierarchy Sensitivity :  Normal Hierarchy  

� Intensity of the matter effect  and hence electron appearance scales with the size 
of T13   

� By the time Hyper-K is running, the value of T13 should be very well known 
� However this sensitivity is a function of both the T23  octant and true value of Gcp  

   

sin��T23 = 0.6 

 0.5 

 0.4 

Gcp = 40 deg. 

Fix T13 

3V  

2012.8.22 Roger Wendell  16 

NH, unknown IH, Unknown T13 is fixed : sin22T13 = 0.10 

Hierarchy sensitivity, 10 years of Atmospheric neutrino data  

� Thickness of the band corresponds to range of Gcp  
�Weakest sensitivity overall in the tail of the first octant 

3V  3V  

Multi-GeV e-like events

normal hierarchy case

normal hierarchy case

10 years

normal hierarchy case

10 years



Super-K atm ν analysis
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July 18th, 2017 7 

Neutrino true-energy for each subsample 
FC 

FC 

July 18th, 2017 7 

Neutrino true-energy for each subsample 
FC 

FC 
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Atm. ν flux



Atm.-n event rate 

July 18th, 2017 S.Mine(UCI) @ Neutrinos, QUY NHON 2017 14 

~8.3 events per day 

~1.5 events per day 

~0.73 events per day 

Atm. ν event rate @ Super-K
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July 18th, 2017 S.Mine(UCI) @ Neutrinos, QUY NHON 2017 15 

SK Pｒｅｌｉｍｉｎａｒｙ 

Data 
MC(NH) 

Zenith angle and momentum distributions  SK I-IV 

((19 analysis samples for 3-n oscillation analysis) 

Atm. ν event sample @ Super-K



Oscillation Analysis w/ νe and νe samples
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Standard$3$flavor$analysis�
•  Take$into$account$all$the$sub5leading$effects$(Δm2

21$&$maker)$

•  Presence$of$maker:$maker$effect$on$θ13$"$resolving$mass$hierarchy$

•  Presence$of$Δm2
21:$νµ$#$νe$"$resolving$octant$θ23$

•  Presence$of$interference$"$CP$viola=ng$phase$

Energy (GeV)�

More$e$for$
θ23<π/2�

C
os

in
e 

Ze
ni

th
 a

ng
le
�

More e for π<δCP<2π�

flux ratio�����oscillation params:
ΝΗ#
Δm2

32=2.1E-3
Δm2

21= 7.7E-5
sin2θ23= 0.50
sin2θ12= 0.30
sin2θ13= 0.04
δcp=0o

Ne/N0
e

7$

νe"sample"
$$$Mul=5GeV$e5like$ne$
$$$Mul=5Ring$e5like$ne�

νe"sample"
$$$Mul=5GeV$e5like$ne$
$$$Mul=5Ring$e5like$ne�

Mul=5Ring$other�
 statistical separation based on 
•  # of decay e 
•  # of rings 
•  transverse mom. 

ν$through$the$Earth$
Resonance$conversion$
MH/octant$sensi=ve�



SK only Results
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SK$only$parameter$determina=on�

•  SK$only$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH=$54.3$(53.1$expected)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$54.3$or$less$is$

0.031$(sin2θ23=0.6)$and$0.007$(sin2θ23=0.4).$Under$NH$hypothesis,$the$
probability$is$0.45$(sin2θ23=0.6).$

preliminary$

Fit$(517$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK$(IH)$ 576.08� 0.0219$(fix)� 4.189� 0.575� 2.5x1053�

SK$(NH)� 571.74� 0.0219$(fix)� 4.189� 0.587� 2.5x1053�

11$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

Inverted 
Normal 

eV2�



Samples with large contributions
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SK Results with T2K inputs
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•  SK+T2K$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH$=$55.2$$
$$$$$$$$$$$$$$$$$$$$$$$$$$$(53.8$exp.$for$SK$best,$53.1$for$combined$best)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$55.2$or$less$is$

0.024$(sin2θ23=0.6)$and$0.001$(sin2θ23=0.4).$NH:$0.43$(sin2θ23=0.6)$

SK+T2K$νµ,$νe$parameter$determina=on�

Fit$(585$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK+T2K$(IH)$ 644.82� 0.0219$(fix)� 4.538� 0.55� 2.5x1053�

SK+T2K$(NH)� 639.61� 0.0219$(fix)� 4.887� 0.55� 2.4x1053�

preliminary$
Not a joint analysis, fit external data using publicly available T2K info.�

13$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

eV2�



Future
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Seamless program to νCPV 

From T2K to T2K-II and 
Hyper-Kamiokande

58



CP Violation Sensitivity in T2K-II
T2K-II  w/ improved stat. (10E21 POT for nu and 10E21 POT for anti-nu)

59

Figure 3: 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.

(a) Assuming true sin2 ✓23 = 0.50. (b) Assuming true sin2 ✓23 = 0.60.

Figure 4: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The current POT 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.

7

Table 1: Number of events expected to be observed at the far detector for 10⇥1021 POT ⌫-
+ 10⇥1021 POT ⌫̄-mode with a 50% statistical improvement. Assumed relevant oscillation
parameters are: sin2 2✓13 = 0.085, sin2 ✓23 = 0.5, �m2

32 = 2.5 ⇥ 10�3 eV2, and normal
mass hierarchy (MH).

Signal Signal Beam CC Beam CC
True �CP Total ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e ⌫e + ⌫̄e ⌫µ + ⌫̄µ NC

⌫-mode 0 454.6 346.3 3.8 72.2 1.8 30.5
⌫e sample �⇡/2 545.6 438.5 2.7 72.2 1.8 30.5

⌫̄-mode 0 129.2 16.1 71.0 28.4 0.4 13.3
⌫̄e sample �⇡/2 111.8 19.2 50.5 28.4 0.4 13.3

Beam CC Beam CC Beam CC ⌫µ ! ⌫e+
Total ⌫µ ⌫̄µ ⌫e + ⌫̄e ⌫̄µ ! ⌫̄e NC

⌫-mode ⌫µ sample 2612.2 2290.5 150.0 1.6 7.0 163.1

⌫̄-mode ⌫̄µ sample 1217.5 482.1 672.5 0.6 1.0 61.3

experiments(sin2(2✓13) = 0.085 ± 0.005) [21]. However, this uncertainty is correlated be-
tween ⌫ and ⌫̄ beam mode samples and its impact on the observation of a CP asymmetry
in T2K data is small.

As will be described in Sec. 4, the current systematic errors, if they are not improved,
will significantly reduce the sensitivity to CP violation with the T2K-II statistics. Any
improvement on the systematics would enhance physics potential. Here, we describe pro-
jected improvements.

Neutrino Flux The neutrino flux prediction [15] uncertainty is currently dominated by
uncertainties on the hadron interaction modelling in the target and surrounding materials
in the neutrino beamline and by the proton beam orbit measurement. These errors can
be represented as an absolute flux uncertainty relevant for neutrino cross section mea-
surements, and an extrapolation uncertainty which impacts oscillation measurements. At
the peak energy (⇠ 600 MeV), these are currently ⇠ 9% and ⇠ 0.3% , respectively. Fur-
ther improvement is expected with the incorporation of the T2K replica target data from
NA61/SHINE, improvements in the beam direction measurement, and improved usage of
the near detector measurements, to achieve ⇠ 6% uncertainty on the absolute flux.

Near Detector measurement Currently, detector-related systematic uncertainties of
⇠ 2% have been achieved in ⌫µ/⌫̄µ charged-current samples selected in ND280. Some
uncertainties, such as those related to reconstruction e�ciencies and backgrounds, may
be reduced by further e↵ort and development. By far the largest uncertainty, however,
arises from pion secondary interaction uncertainties, which may be reduced by external
measurements or by studying pion interactions within ND280 itself. With additional
data, we expect to reduce this uncertainty and achieve ⇠ 1% overall systematic error in
the ND280 samples.

Neutrino Interaction T2K has engaged in continuous development and improvement
of neutrino-nucleus interaction modelling [16, 17], including e↵ects arising from nucleon
correlations[18, 19] and final state interaction of hadrons within the target nucleus. These

4

T2K-II• 3σ sensitivity to CP violation for 
favorable parameters based on 
• 20×1021 Protons on Target with the 
upgrade of J-PARC to 1.3MW (~10 
year long run) before year 2026. 

• J-PARC PAC gives Stage 1 approval. 
We are preparing the Technical Design 
Report.

today
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Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

in this document, including further improvements to the MR beam power, neutrino beam
line upgrades, and analysis developments to improve statistical and systematic uncertain-
ties. We then discuss the physics potential resulting from these combined developments.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015February2016, 360390 kW
beam with 1.682.0⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully pro-
vided to the neutrino beamline. Discussions with the J-PARC Accelerator Group have
resulted in a plan to achieve the design intensity of 750 kW by reducing the repetition
cycle to 1.3 seconds. This requires an upgrade to the power supplies for the MR main
magnets, RF cavities, and some injection and extraction devices by January 2019. Stud-
ies to increase the ppp are also in progress, with 2.73 ⇥ 1014 ppp equivalent beam with
acceptable beam loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[12] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds arewere presented
at international workshops[13, 14]. A possible data accumulation scenario is shown in
Fig. 1, where 5 months of neutrino beam operation each year and realistic running time
e�ciency are assumed. We expect to accumulate 20⇥1021 POT by JFY2026 with 5 months
operation each year and by JFY2025 with 6 months operation each year as requested by
T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far

2

      nu-mode POT: 7.12×1020 (48.6%)
      nubar-mode POT: 7.53×1020 (51.4%)

18 May 2016
POT total: 1.465×1021

http://www.t2k.org/docs/plotsx/frequentlyupdated/Beam/2016-05-18/t2k_total_pot_18may2016

Today

T2K-II to Hyper-K

T2K
T2K-II Hyper-K

• J-PARC MR has achieved 420 kW operation 
• MR Power Supply Upgrade is scheduled 
on 2018. 

• J-PARC demonstrated 3.41E13 ppb 
operation [1 MW equivalent] 

• After the upgrade, the aim is 1.3MW or 
higher.

400kW
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J-PARC Secondary Beamline Upgrades
However, need upgrades to improve cooling capacity, radiation
containment, and irradiated cooling water disposal for 1+ MW
Component Limiting Factor Current Upgraded

Acceptable Value Acceptable Value

Target
Thermal Shock 3.3⇥ 1014 ppp 3.3⇥ 1014 ppp
Cooling Capacity 0.75 MW >1.5 MW

Horn

Conductor Cooling 2 MW 2 MW
Stripline Cooling 0.54 MW >1.25 MW
Hydrogen Production 1 MW >1 MW
Operation 2.48 s & 250 kA 1 s & 320 kA

He Vessel
Thermal Stress 4 MW 4 MW
Cooling Capacity 0.75 MW >1.5 MW

Decay Thermal Stress 4 MW 4 MW
Volume Cooling Capacity 0.75 MW >1.5 MW

Beam Thermal Stress 3 MW 3 MW
Dump Cooling Capacity 0.75 MW >1.5 MW

Radiation
Radioactive Air Disposal 1 MW >1 MW
Radioactive Water 0.5 MW 0.75!1.3 or 2 MW

25 / 31



Improvement of Neutrino Flux with Upgrade

62

19

The installation of the new horns with water-cooled striplines, and the upgrades of the542

helium circulation systems for the target and the beam window need to be completed543

by 2021. The upgrade of the water disposal system requires a long construction period544

without beam operation and is desired to be done during the MR long shut down in 2018545

to minimize the beam-o↵ period.546

FIG. 12: Time table for beam line upgrade.

E. Improved Super-K Sample Selection547

The current T2K selection for oscillated ⌫
e

events in SK is shown in Table II. Following548

basic requirements of containment and fiducialization (“fully contained fiducial volume”549

or FCFV), ⌫
e

charged current quasi-elastic (CCQE) scattering events, where no pions550

are expected (“CC0⇡”), are selected by identifying events with a single e-like Cherenkov551

ring. Considering the ⌫
e

CC interactions inclusively as the targeted sample (rather than552

the subset of CC0⇡ interactions), the main sources of ine�ciency in this selection are553

requiring a single ring (13.3%), zero Michel electrons (10.9%), E
⌫

< 1250 MeV (4.1%),554

and that the event is not consisent with a ⇡0 hypothesis (8.0%). In future analyses, many555

of the signal ⌫
e

events can be recovered by expanding the signal definition beyond the556

CC0⇡ channel to include pion production channels, and additional signal events can be557

added by extending the current fiducial volume definition. Some of these developments558

will be enabled by fully utilizing a new reconstruction algorithm with better vertex and559

kinematic resolution, and enhanced multi-ring reconstruction capabilities. So far, the use560

of this algorithm has been limited to improving the rejection of ⇡0 backgrounds in the SK561

•320kA horn current, Radio-active water disposal, 
cooling, cooling, and cooling  
• +10% more neutrino flux expected



Near Detector Upgrade

• T2K steadily improves the systematic uncertainty. 
• ~18% (2011) → ~9% (2014) → ~6% (2016)     [→ ~3% (2020)] 

• Understanding of Neutrino Interactions is essential for future 
experiments (T2K-II and Hyper-K)

63
9

ND280Goal of the ND280 upgrade simulation
• People are welcome to joint the ND280 upgrade task force
• The final goal is the simulation of different possible configurations of ND280

• Implemented a GEANT4 framework with very simple configuration
• Start with a certain configuration, for example: 

- 2 side TPCs + target 

- Produce selection efficiencies 
- Constrain systematic parameters with BANFF 
- Propagate to Super-K and estimate new sensitivities with VALOR

2

ND280 (NOW) ND280 (Upgrade)

This is just an image, and the details are 
under discussions in the T2K collaboration.



T2K-II Physics Sensitivity
•For which true δCP values can we find CP violation assuming true sin

2
θ23=0.43, 

0.50, 0.60? 

• The fractional region for which sinδCP=0 can be excluded at the 99% (3σ) 
C.L. is 49% (36%) of possible true values of δCP assuming the MH is known.

64

assuming MH unknown assuming MH known
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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 assuming947

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode948

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.949
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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.
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(Note) Although T2K alone can't measure MH, we can help with the MH 
measurement by, ie, combining T2K + NOVA 



T2K-II Physics Sensitivity
• As a function of POT in the case of sin2θ23=0.5, 
δCP=-π/2 and normal MH
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T2K-II Physics Sensitivity
• Precisions of sin2θ23 and Δm322
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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 T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in

e↵ective statistics is assumed.

The plots indicate that for ✓23 values at the edge of the current 90% CL regions, T2K-II985

data can resolve the ✓23 octant degeneracy. Specifically, Fig. 26 shows that the octant986

degeneracy can be solved by more than 3� if the ✓23 is in the high octant, sin2 ✓23=0.6.987

For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant degeneracy is988

also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of POT. If sin2 ✓23989

is maximal, the expected 1� precision of sin2 ✓23 determined by the proposed T2K-II is990

1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7� respectively. The991

uncertainty of ✓23 in the case of maximum mixing is much higher than the other cases992

since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.993
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.
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FIG. 26: ��2 vs. sin2 ✓23 assuming 2016 T2K systematic errors for a.) sin2 ✓23 = 0.43,

b.) sin2 ✓23 = 0.60, and c.) sin2 ✓23 = 0.50. The full T2K-II exposure of 20 ⇥ 1021 POT

with a 50% e↵ective statistical improvement is compared to the approved T2K exposure

and the 6.9 ⇥ 1020 POT ⌫- and 4.0 ⇥ 1020 POT ⌫̄-mode accumulated by the end of 2015.

The bottom right plot (d.) shows the expected uncertainty on sin2 ✓23 as a function of

POT with di↵erent values of true sin2 ✓23 assuming a 50% improvement in the e↵ective

statistics.

Fig. 27 shows the ��2 plotted as function of �m2
32 for three di↵erent values of sin2 ✓23994

and also the uncertainty of �m2
32 as a function of POT. There is not much di↵erence in995

sensitivity between these three assumptions. For T2K-II, a precision of ⇠ 1% on �m2
32996

can be achieved.997
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.
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FIG. 27: ��2 plotted as function of �m2
32 with the predicted 2016 systematic error.

The full T2K-II exposure of 20 ⇥ 1021 POT with a 50% e↵ectively statistic improvement

is compared to the approved T2K exposure and the POT exposure accumulated by 2014

corresponds to 6.9⇥1020 POT ⌫- and 4.0⇥1020 POT ⌫̄-mode. The bottom right plots show

uncertainty on �m2
32 plotted as function of POT with di↵erent values of true sin2 ✓23. In

this plot, a 50% improvement in the e↵ective statistics is applied for every POT exposure.

C. Neutrino Interaction Studies998

The additional run time of T2K-II will provide improved measurements of neutrino and999

antineutrino scattering, which probe nuclear structure through the axial vector current.1000

In the T2K flux the largest contribution is due to Charged-Current Quasi-Elastic (CCQE)1001

interactions (50-60%) and single pion production, mainly from � resonance, (about 25%),1002

with the rest being due to multi-pion production and Deep Inelastic Scattering. Actually,1003

in modern experiments, like T2K, where the neutrinos interact with relatively heavy nu-1004

δ(sin2θ23) δ(Δm322)

•More physics for Neutrino Interactions and 
non-standard models
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Kamiokande family
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Introduction
Kamiokande (1983-1996)

3000 ton

Neutrinos from
SN1987a.

Atmospheric neutrino
deficit.

Solar neutrinos.

Super-Kamiokande (1996- )
50,000 ton

Atmospheric neutrino
oscillation.

Solar neutrino oscillation
with SNO.

Far detector for KEK-PS
(K2K) and J-PARC beam
(T2K): electron neutrino
appearance.

World leading limit on
proton lifetime > 1034

years.

Hyper-Kamiokande (⇠2026- )
2⇥260,000 ton

Physics programme:

Neutrino oscillations: Mass
Hierarchy, Leptonic CP
violation, ✓23 Octant,...

Nucleon decay: p!e+⇡0,
p!K+⌫̄,...

Neutrino astrophysics:
Solar neutrinos, Supernova
neutrinos, WIMP searches

T. Feusels (UBC, TRIUMF) Hyper-K 04/11/2016 2 / 30



Hyper-Kamiokande (New Design) 
http://www.hyperk.org

• Cost saving and quick start with one tank first 
• Improving the performance 

• A new PMT has x2 better Photon sensitivity 
• A new design was reviewed by the international 
advisory committee, and endorsed.

69

The Hyper-Kamiokande Detector

Two Super-K like cylindrical tanks
with staging.

2nd tank assumed to be ready 6
years later.

Tank dimensions:

I 60m (high) ⇥ 74m
(diameter)

I Total Volume: 260 kton.
I Fiducial Volume: 190 kton

(⇠ 10⇥ Super-K).
I 40% PMT coverage.
I 40,000 50cm ID PMTs,

6,700 20cm OD PMTs.

Candidate site: ⇠8 km south of Super-K (2.5 degree o↵-axis beam, L = 295km).

Investigating option for 2nd tank in Korea.

More details on tank and calibration: see talk H. Tanaka (Nov 3).

Hyper-K electronics: see talk M. Ziembicki (Nov. 3)

T. Feusels (UBC, TRIUMF) Hyper-K 04/11/2016 4 / 30

1

KEK Preprint 2016-21

ICRR-Report-701-2016-1

Design Report

(Februry 7, 2016)

One tank

http://www.hyperk.org


Broad science program with Hyper-K
• Neutrino oscillation physics

• Comprehensive study with  
beam and atmospheric neutrinos

• Search for nucleon decay 

• Possible discovery with ~×10 
better sensitivity than Super-K

• Neutrino astrophysics

• Precision measurements of solar ν
• High statistics measurements of  

SN burst ν
• Detection and study of  

relic SN neutrinos

• Geophysics (neutrinography of 
interior of the Earth)

• Maybe more (unexpected)
370

M.Yokoyama (UTokyo)

Proton decay searches
• Only way to directly probe Grand Unified Theory

• Two major modes predicted by many models
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• Only way to directly prove GUT

※Searches for other modes are also important

• Two major modes predicted by many models

Motivation of Nucleon Decay Searches

• We need to pursue both decay modes for discovery, 
given the variety of predictions
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• Need broad searches including other possible modes



M.Yokoyama (UTokyo)

Hyper-K construction timeline

• Assuming funding from 2018

• The 1st detector construction in 2018~2025

• Cavern excavation: ~5 years

• Tank (liner, photosensors) construction: ~3 years

• Water filling: 0.5 years
15

The Hyper-Kamiokande Timeline 

The Hyper-Kamiokande Experiment 6/July/2016 14 

FY 
2015 

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 

Photosensor development 

Suvey, detailed design 

Access tunnels 

Cavity excavation Tank construction 

Photosensor production 

Sensor 
installation 

Water 
filling 

Operation 

Beam up to 1.3MW 

• 2018 - 2025 HK construction. 
• 2026 onwards CPV study, Atmospherics Q, Solar Q, Supernova 

Q, Proton decay searches,  … 
• The 2nd identical tank starts operation 6yrs after the first one. 
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96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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各ポジションでのカウントをグラフ化（標準球のカウントを同じにした場合） 

このデータのカウント値は入射光子数が一定になる様補正してあるが、QEとCEの固体差が含まれている。
R12860とR3600では、同一光子数を入射したと仮定した場合のカウント値に歴然と差があることが分かる。 
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• Single Photon Efficiency:  x2 
• Time Resolution: x2 
• Charge Resolution: x2 
• Better Physics Sensitivity with the improved 
detector performance 

Hyper-K New Technology

Super-K PMT

Hyper-K PMT

S
in

gl
e 

P
ho

to
n 

E
ffi

ci
en

cy

Injection Angle (degree)

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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Expected events

for δ=0
Signal

(νμ→νe CC)
Wrong sign 
appearance

νμ/νμ 
CC

beam νe/νe 
contamination NC

ν beam 2,300 21 10 362 188
ν beam 1,656 289 6 444 274

ν beam ν beam

rec
ν

Reconstructed Energy E
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f e
ve

nt
s/

50
 M

eV

0

50

100

150

200

250

300

350
Total

eν → µνSignal 
eν → µνSignal 

eν + eνBG 
µν + µνBG  

 modeνAppearance 

rec
ν

Reconstructed Energy E
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f e
ve

nt
s/

50
 M

eV

0

50

100

150

200

250

300 Total
eν → µνSignal 
eν → µνSignal 

eν + eνBG 
µν + µνBG  

 modeνAppearance 
Using fiTQun for π0 rejection

 (GeV)
ν
rec Reconstructed Energy E

0 0.2 0.4 0.6 0.8 1 1.2

D
iff

er
en

ce
 o

f e
ve

nt
s/

50
 M

eV

-150

-100

-50

0

50

100

150
 (δ= 90) – (δ =0) 

 (δ= -90) – (δ =0) 

 (δ= 180) – (δ =0) 

 (GeV)
ν
rec Reconstructed Energy E

0 0.2 0.4 0.6 0.8 1 1.2

D
iff

er
en

ce
 o

f e
ve

nt
s/

50
 M

eV

-150

-100

-50

0

50

100

150
 (δ= 90) – (δ =0) 

 (δ= -90) – (δ =0) 
 (δ= 180) – (δ =0) 

Difference from δCP=0

δ=0 and 180° can be distinguished using shape information

νe candidates1.3MW, 10×107sec,  ν:ν=1.3

2873



CPV sensitivity

sinδ=0 exclusion error

>3σ >5σ δ=0° δ=90°

78% 62% 7.2° 21°

• Exclusion of sinδCP=0

• >8σ(6σ) for δ=-90°(-45°)

• ~80% coverage of δ 
parameter space with >3σ

• From discovery to  
δCP measurement:

• ~7° precision possible
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Towards leptonic CP asymmetry

31

2022 2026 2030 2034 20380

2

4

6

8

10
CPV significance for δ=-90°, normal hierarchy

Si
gn

ifi
ca

nc
e 

[σ
] HK

DUNE

T2K
T2K-II

NOvA

(Based on DUNE CDR,
arxiv:1601.05471 Table 2.1,
“optimized” beam design)

(2 tank staging)

Note: “exact” comparison sometimes difficult due to different assumptions

Strategy of Japan-based program
~3σ indication with T2K→T2K-II,

>5σ discovery and measurement with HK
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Beam + Atm ν combination

• Complementary information from beam and atm ν
• Sensitivity enhanced by combining two sources!
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M.Yokoyama (UTokyo)

Proton decay searches
• Only way to directly probe Grand Unified Theory

• Two major modes predicted by many models
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• Only way to directly prove GUT

※Searches for other modes are also important

• Two major modes predicted by many models

Motivation of Nucleon Decay Searches

• We need to pursue both decay modes for discovery, 
given the variety of predictions
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Mediated by gauge bosons SUSY mediated

p→e+π0 p→νK+

• Need broad searches including other possible modes

Proton Decay
• Keep looking for GUT with neutrinos. 

• Example: p→e+π0 in Hyper-K
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Proton Decay Sensitivity, p → 𝒆+ 𝟎 
Proton decay p → 𝒆+ 𝟎   is a favoured model of many GUTs.   

22 

Free Proton Enhanced 

BoundProton Enhanced 

0 < Ptot < 100 MeV/c 

100 < Ptot < 250 MeV/c 

Similar analysis as in SK but with neutron tagging 
(remove events with a tagged neutron) thanks to 
improved PMTs. 3σ discovery potential reaching t ~ 

1035 yrs. Similar sensitivity to PTEP, 
thanks to the neutron tagging. 

tproton=1.4×1034years (SK 90% CL limit) 

signal 

atm. bkgd 

LAr discovery potential computed using 
numbers from DUNE CDR 2015.  
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1035 yrs. Similar sensitivity to PTEP, 
thanks to the neutron tagging. 
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LAr discovery potential computed using 
numbers from DUNE CDR 2015.  



Hyper-K Status
（2016.3）日本学術会議「マスタープラン２０１７」に提案提出 
✓ 水槽1基の早期実現（2018年着工、2026年観測開始）を提案 
✓ （2017.2）重点大型研究計画28件に選定 

推進体制、国際協力体制に関する取り組み 
✓ （2017.3）宇宙線研究所将来計画検討委員会：ICRRの次期主要
プロジェクト 

✓ （2017.10）連携研究機構（ICRR,IPMU,理学部）の東大内設置 
✓ （2016.6）KEKプロジェクト実施計画（KEK-PIP）：将来計画の中
で、「ハイパーカミオカンデのためのJ-PARC加速器高強度化」を
最優先課題 

✓ （2017.3）海外分担の合意形成（PMTの約半分などを海外分担で
実現）
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文科省による予算措置に係るロードマップ2017

• ロードマップ2017（案）に選定された 

• 評価結果 
• 「a」　研究者コミュニティーの合意、実施主体、共同利
用体制、妥当性 

• 「a」　緊急性、戦略性、社会国民の支持 

• 文科省による概算要求の基盤ができた 
• 着工に向けた準備が急務 
• 設計、人員計画、予算計画のさらなる具体化
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まとめ
• T2K provides the world best measurement of neutrino CP violation. 

• The new results on neutrino CP violation will be released on Friday, August 
4th. 

• Super-K atm. ν provides the  world best measurement of neutrino mass 
hierarchy. 

• Hyper-Kamikande is selected as one of seven highest-priority large-scale 
projects. The roadmap in Japanese can be found here: 

• http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu4/toushin/
1388523.htm or 

• http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu4/toushin/__icsFiles/
afieldfile/2017/07/31/1388523_001_1_1.pdf      (Hyper-K is the third 
project from the top in the table of the page 15)
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