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What is the next step?
• sin2213 was determined precisely by reactor 

experiments.
• e appearance via sin2213 was also observed by 

an accelerator experiment.

• This is not the end of the story, but actually start 
of the new story!
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Q. Calculate how much ఓ ௘ changes 
between =0 and =90°
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  e oscillation 
probability
• m2

23 = 2.4e-3 eV2

• m2
12 = 7.59e-5 eV2

• 12 = 34°
• 23 = 45°
• sin22θ13 = 0.084
• w/o matter effect

Normal 
Hierarchy

Inverted 
Hierarchy13

CPC
CPV
Solar
Total=0

=/2
=/2
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  e oscillation 
probability
• m2

23 = 2.4e-3 eV2

• m2
12 = 7.59e-5 eV2

• 12 = 34°
• 23 = 45°
• sin22θ13 = 0.084
• w/o matter effect

Normal 
Hierarchy

Inverted 
Hierarchy13

CPC
CPV
Solar
Total=0

=/2
=/2

CP phase:
Can be observed as 
-anti- difference
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  e oscillation 
probability
• m2

23 = 2.4e-3 eV2

• m2
12 = 7.59e-5 eV2

• 12 = 34°
• 23 = 45°
• sin22θ13 = 0.084
• w/o matter effect

Normal 
Hierarchy

Inverted 
Hierarchy13

CPC
CPV
Solar
Total=0

=/2
=/2

CP phase:
Can be observed by
1st/2nd peak diff.

21
2

1323122312
2

13
2

23
2

12
2

23
2

12
2

13
2

12

2131322313122312
2

13

2131322313122312231312
2

13

31
22

23
2

13
2

13

sin)cos2(4

sinsinsinsin8

sinsincos)cos(8

sin4)(

















SSSCCSSSCCCS

SSSCCC

SSSCCSSSC

SSCP e



Q. Calculate how much ఓ ௘ changes 
between =0 and =90°
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 to e oscillation probability
at oscillation maximum
sin2223=1 in vacuum
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P(e)

sin2213=0.12

sin2213=0.1

sin2213=0.08

observation
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Solution for sin2213=0.08

Many combination of (sin2213, ) are allowed even 
if other oscillation parameters are fixed.



T2K Run1-4 allowed 
region of sin2213 for 
various CP values
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Normal Mass Hierarchy 
case

Inverted Mass Hierarchy 
case

NOTE: 
w/o reactor  info. on sin2213
sin2223 is fixed 1.

Why allowed region is different for 
different mass hierarchy?



Interactions not changing final state shift the phase of propagation. (Work as potential) 

e (or , )

e (or , )

e- or p or n

e- or p or n

Z

NC interaction

e (or , )

e-

e- or p or n

W

CC interaction

e (or , )

Earth is not symmetric about flavor nor CP
14



Hamiltonian in vacuum
)exp( iHtTime evolution of wave function

Hamiltonian of the interaction with matter
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More complete eq. of e appearance
(1st order for matter effect)
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  e oscillation probability
• m2

23 = 2.4e-3 eV2

• m2
12 = 7.59e-5 eV2

• 12 = 34°
• 23 = 45°
• sin22θ13 = 0.084
• w/ matter effect (ρ=2.8 g/cm3)

13
CPC
CPV
Solar
Total

Normal hierarchy
Inverted hierarchy

L=295km L=2,000km

Mass hierarchy:
Matter effect



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)



T2K Run1-4 allowed 
region of sin2213 for 
various CP values
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Normal Mass Hierarchy 
case

Inverted Mass Hierarchy 
case

NOTE: 
w/o reactor  info. on sin2213
sin2223 is fixed 1.



Actually, w/ 23 uncertainty

20

Normal Hierarchy

Inverted 
Hierarchy

P(e)

Uncertainty  by 23

23 measurement is also(or more)  
important.



Fit  sample and e
sample simultaneously 
by sin223,sin213, and 
m2

Normal MH

Inverted MH

T2K Run1-4 data 
(data till 2013)
Preliminary

68% C.L.
90% C.L.

68% allowed region from 
reactor measurement 
(PDG2013)

Now uncertainty of sin223 is 
included. 
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Get allowed region for  by combining 
T2K data and reactor data
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Another way of expressing result 
Bayesian posterior probability

PRELIMINARY

90% CI inclusion
-1.13 < CP < 0.14

posterior probability for 23
octants and mass hierarchies 

Assume ܲ ܪܰ ൌ ܲ ܪܫ ൌ 0.5
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T2K full stat(7.8E21 POT) sensitivity
(7.8E21 POT=750kW x 5e7sec @ 30GeV)

 Combined 3 Flavor Appearance and Disappearance Fit
 w/ and w/o reactor results

▫ sin2213=0.10.005: marginalize by error(=Daya Bay reactor sys. error)
 w/ and w/o current systematic error

▫ Assume same error for anti- mode. +10% overall normalization error.
 -mode:anti- mode running ratio =50%:50% for case study

25



Reconstructed Energy Spectra 26

e appearance sample  disappearance sample

anti mode

=0, sin2223=1
m2=2.4x10-7 eV2

:anti-=50%:50% case
 mode 106 signal events,  39 bkg. events
anti- mode 24 signal events,  22 bkg events  (5.6 from e)

 mode



T2K full sensitivity
Expected 90% C.L. allowed region

27

CP=-90, sin2223=1.0 
Normal HierarchyRunning fraction  

 mode:anti- mode = 100%:0% 50%:50%

w/ reactor results

CP  measurement!!!

Allowed region assuming NH or IH
Solid : w/o systematic error
Dashed : w/ 2012 systematic error



Running fraction  
 mode:anti- mode = 100%:0% 50%:50%

* current 90% limit corresponds to sin223=0.39.

T2K full sensitivity
Expected 90% C.L. allowed region.
23 octant degeneracy,  sin223=0.4 case

28

True =0 

Octant is almost 
resolved in this case!

Allowed region assuming NH or IH
Solid : w/ 2012 systematic error
Dashed : w/o systematic error



Precision(1)
29

Full stat

MH is assumed to be 
unknown(NH)
 mode: anti- mode=50%:50%
w/ reactor result

w/o sys. err

w/ present sys. err

at sin223=0.5

23=2.3°



CP violation (sinδ≠0) sensitivity

NH

IH

100% -mode                                 50%:50% -mode::mode

NH
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NOνA
31

Far Detector,
Ash River
Far Detector,
Ash River
Far Detector,
Ash River

Near Detector,
Fermilab

Ash River Laboratory

Baseline length 810km
FNAL NuMI off-axis beam

400kW  700kW
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-CC  Candidate
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Spectator
Cosmic Rays



e Selection

34

Ba

• Exposure 6×1020 POT 
• 1 yr at design mass/beam power
• 14 kt total detector mass

• Signal estimates are leading order 
• Simple oscillation w/o matter 

effect
• Averaged over hierarchy and ߜCP



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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T2K Normal Hierarchy

T2K Inverted 
Hierarchy

P(e)



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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T2K (rough) full stat. error+/-1

P(e)

T2K Normal Hierarchy

T2K Inverted 
Hierarchy



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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P(e)

T2K (rough) full stat. error+/-1

CP 
allowed region

T2K Normal Hierarchy

T2K Inverted 
Hierarchy



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)

T2K (rough) full stat. error+/-1



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)

T2K (rough) full stat. error+/-1

CP  allowed region



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)

T2K (rough) full stat. error+/-1

CP  allowed region

Soild T2K
Dotted : NOvA (US, 810km)



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)

T2K (rough) full stat. error+/-1

CP  allowed region

NOvA Allowed region

Soild T2K
Dotted : NOvA (US, 810km)



 to e oscillation probability
at oscillation maximum
sin2213=0.1, sin2223=1, w/ matter effect
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Normal Hierarchy

Inverted 
Hierarchy

P(e)

T2K (rough) full stat. error+/-1

CP  allowed region

Dotted : NOvA

NOvA Allowed region

T2K+NOvA 
allowed 
region



T2K+NOvA CP violation sensitivity
• Assuming both experiments run 50% -mode, 50% anti- mode.
• with 5% normalization uncertainty on signal and 10% normalization 

uncertainty on background. 
• Shown is NH case.

43

Region where sin ߜ ൌ 0 (CP conservation) 
can be excluded by 90% C.L.

sensitivity to non-zero CP-
violating term

solid : w/o sys. error
dash: w/ sys. error

NOvA

T2K



T2K+NOvA CP violation sensitivity
• Assuming both experiments run 50% -mode, 50% anti- mode.
• with 5% normalization uncertainty on signal and 10% normalization 

uncertainty on background. 
• Shown is NH case.
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Region where MH can be 
distinguished by 90% C.L.

sensitivity to resolve MH

solid : w/o sys. error
dash: w/ sys. error

NOvA
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Target of neutrino oscillation experiments45

~7.5x10-5eV2

~7.5x10-5eV2

~2.3x10-3eV2

~2.3x10-3eV2

Normal

OR

Mass Hierarchy

Inverted

Big Impact 
on 0 double- decay search
(hence on Majorana 
confirmation)

Reactor 
experiments

CP phase
KEY to understand the origin of 
matter dominant universe Mixing matrix for 

leptons



Has  really oscillate to ?
OPERA experiment

©2011 Google © TerraMetrics

CERN SPS
400 GeV/c 500kW

732 km

Gran Sasso, 
Italy

Posc*cc
(arbitrary units)

‐flux

< 17GeV >

 production threshold 
(~3.5 GeV)

Oscillation maximum (~1.4 GeV)

/G
eV

/P
O

T/
m

2

46



  Appearance Experiment

Difficulty 
 Tau lifetime: 2.9x10‐13s 

c*lifetime*: ~1mm
(~10 for CNGS neutrinos)

Identification by the characteristic ‘kink’ on the decay point using 
VERY high resolution (and large mass) detectors

Approved for 22.5 ·1019 protons on target
23600  CC + NC interactions/ 5 year in OPERA 
Expect ~10  events in OPERA

47


 e-, , h


 3h
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OPERA using Nuclear emulsion



OPERA, 1.2kton emulsion detector, since 2008
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146621 bricks, each 8.3kg
– 56 (1mm) Pb sheets
– 57 (300m) emulsion layers
– 2 (300m) changeable sheets 

(CS)

Target 
Area

Muon
spectrometer
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