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Quark vs. Neutrino

Interaction length of neutrinos from typical sources for 1~ߩg/cm3

material 
Atmospheric or accelerator neutrinos (~1GeV) : 10଼km ~ 1 AU
Solar or reactor neutrinos (~MeV) : 1014km ~ 100 light-year

current
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Quark vs. Neutrino – Oscillation-
௜

ି௜ ா௧ି௣௫

quark
“rest flame” approximation

݁ି௜ ா௧ି௣௫ ≅ ݁ି௜௠೔௧

modulation frequency = ∆݉
⇒ O(nano~pico-sec.)

neutrino
ultra-relativistic approximation

݁ି௜ ா௧ି௣௫ ≅ ݁
ି௜ ா௅ି ாି

௠೔
మ

ଶாమ ௅

ൌ 	 ݁ି௜
௠೔
మ

ଶா௅

modulation frequency = ∆݉ଶ

⟹ O(mili-scond)~O(100km)

)
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One Page Summary

Big Impact 
on 0 double- decay search
(hence on Majorana 
confirmation)
normal  1 ton detector
inverted  > 100 ton detector 
௘ߥ * mostly couple with ݉ଵand ݉ଶ
so mass is too small in case of 
normal ordering

CP phase
KEY to understand the origin 
of matter dominant universe 

Mixing matrix of leptons
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Unknown Mass ordering
normal: ݉ଵ ൏ ݉ଶ ≪ ݉ଷ
inverted: ݉ଷ ≪ ݉ଵ ൏ ݉ଶ
∆݉ଶଵ

ଶ ൌ 7.5 േ 0.2 ൈ 10ିହ eV2

∆݉ଷଶ
ଶ ൌ 2.44 േ 0.06 ൈ 10ିଷ eV2

How close to 45°?
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Neutrino oscillations
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Atmospheric

Accelerator Reactor

Solar
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Components of 
the Long Baseline Neutrino Experiment

Proton 
Accelerator

Target&Horns 



Beam 
dump

monitor

Far 
Detector

Decay Volume Near 
Detector

A few 100m ~ a few km
A few 100km

Neutrino beamline

Toroidal magnetic field by `horn’ focuses
ାߨ → ఓߥ beam

or 
ିߨ → ఓߥ̅ beam Example:

~1/cm2/s at T2K Far detector(295km away)
(@750kW proton beam power) 6



Oscillations at the Long baseline 
Accelerator experiments

     ELmP e 4/sin2sinsin 22
13

2
23

2 

     ELmP x 4/sin2sin1 22
23

2 

 e appearance

  disappearance

Δ݉ଶ ൎ ∆݉ଷଶ
ଶ ൎ ∆݉ଷଵ

ଶ

common baseline

~0.5

Δ݉ଶଵ
ଶ terms are small. 

Δ݉ଷଶ
ଶ ~Δ݉ଷଵ

ଶ terms are dominant  Can be simplified.
Leading Term

 ఛߥ appearance
if energy is above ߬ production threshold 
(~3.5 GeV)

ఓߥ ఛߥ

௘ߥ

~0.1

~1
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World Long baseline 
oscillation experiments

8



MINOS (2005- 2012) 735km
MINOS+ (2013-)  
NOvA (2013-)   819km

World Long baseline 
oscillation experiments

K2K (1999-2004)  250km
T2K (2009-) 295km

OPERA(2008-2012)  
ICARUS (2010-2012) 732km
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OPERA/ICARUS

Posc*cc
(arbitrary units)

‐flux

< 17GeV >

 production threshold 
(~3.5 GeV)

Oscillation maximum (~1.4 GeV)

Target 
Area

Muon
spectromet
er

OPERA

ICARUSNuclear emulsion 
to tag ߬ decay

300 ton x 2 
Liquid Ar

neutrino beam x cross section
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T2K  -beam-

Neutrino 
beam

 Maximum beam power achieved 
345kW (goal 750kW)

 Integrated protons-on-target 
7.0x1020(ߥ beam) + 3.1x1020(̅ߥ beam) 
(goal 78x1020 in total)

J-PARC

neutrino beam

Oscillation maximum (~0.6 GeV)

running at OA2.5°

mode-ߥ̅
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T2K - Far detector -

e 

Simulated event display

Very good PID for sub-GeV particles
mis-identification  ~1%

Water Cherenkov Detector

Signal for ߥ௘
appearance

Signal for ߥఓ
disappearance
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NOA –beam-

start in 2013.
Now running at 420kW (goal:700kW)

Oscillation maximum (~1.6 GeV)
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ఓߥ candidate

௘ߥ candidate
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ఓߥ candidate

௘ߥ candidate
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World Long baseline 
oscillation experiments

Accelerator
Detector

Energy Power(Planned)
K2K 12 GeV 7kW 50kt
MINOS 120 GeV 400 kW 5.4kt
OPERA/ICARUS 400 GeV/c 500kW 1.2kt/0.6kt
T2K 30 GeV 350kW (750kW) 50kt
NOvA 120 GeV 420kW (700kW) 14kt
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disappearance
- Is 45°? -
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T2K w/ data till 2013 May

sin ଶଷଶߠ2

Δ݉ଷଶ
ଶ
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T2K w/ data till 2013 May

sin ଶଷଶߠ2

Δ݉ଷଶ
ଶ

T2K

Phys. Rev. D 91, 072010 (2015)

Normal mass ordering

Invertedl mass ordering
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appearance
- Did disappeared 
really changes to ? -
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OPERA
3.8  appearance by Super-K  atmospheric data  (Abe et al., PRL 110, 181802 
(2013))  from a sample of enhanced -like events.
OPERA identifies  production in event-by-event basis.

376m

߬ି → ିߤ decay, Phys. Rev. D 89, 051102(R) (2014)

background

Prog. Theor. Exp. Phys. 2014, 101C01

ఓߥ → ఛߥ oscillation is confirmed by 4.2ߪ significance

ఛߥ 4 candidates
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appearance
- Golden mode for CP phase 
and mass ordering-
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ఈ ఉ oscillation

ఈ ఈ௜
ି௜
௠೔
మ

ଶா௅

ఉ ఈ ఉ௜
∗

ఈ௜
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௠೔
మ

ଶா௅

if 

ఈ ఈ ఈ௜
ଶ ି௜

௠೔
మ

ଶா௅

Imaginary part vanishes! 
Appearance is necessary to see CP violation

mixing matrix (PMNS)
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e appearance 
(complete version in vacuum)

θ13

CPC

CPV

Solar

CP violating term introduced by 
interference btw. 13 and 12
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e appearance 
at oscillation maximum 
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±27% effect 
for ߠଶଷ ൌ 45°

஼௉(deg)ߜ 22



e appearance 
at oscillation maximum 

 sin8214)( 212313122312
2

132
31

2
23

2
13

2
13 










 SSSCCC
m
aSSCP e  sin8214)( 212313122312

2
132

31

2
23

2
13

2
13 










 SSSCCC
m
aSSCP e

δ → -δ,  a→-a
for P(νμ → νe)

Normal mass ordering

Inverted mass 
ordering

This matter effect size corresponds to T2K.
(>x2 bigger for NOvA, MINOS and so on.)

P(e)



E
LmSC ijijijijijij 4

          ,sin,cos 2

e feels different potential 
than  and  in  earth.

Matter effect

GeV
E

g
EnGa eF 3

25
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±27% effect 
for ߠଶଷ ൌ 45°

஼௉(deg)ߜ 22



e appearance by T2K
released in August 2013 w/ data tilｌ May 2013

28 events observed  over 4.92±0.55 bkgs  7.3 excess
First Confirmation of  ‘Appearance phenomenon’ w/ > 5 significance.

T2K result

T2K+reactor

Phys. Rev D.91, 072010(2015) 

PhysRevLett.112.061802 (2014)
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First constraint on by T2K

Phys. Rev D.91, 072010(2015) 

Normal mass ordering

Inverted mass 
ordering
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Measurements with 
antineutrino

An important step towards 
CPV measurement
Unique test of new physics
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disappearance

 CPT theorem ⇒ ࡼ ࣆࣇ → ࣆࣇ ൌ ࡼ ࣆഥࣇ → ࣆഥࣇ
 ࣆഥࣇ/ࣆࣇ disappearance is insensitive to matter effect.

 If we observe ࡼ ࣆࣇ → ࣆࣇ ് ࡼ ࣆഥࣇ → ࣆഥࣇ , it may be due to 
CPT violation or non-standard interaction with matter.

Near detector
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T2K w/ beam data 
till Mar 12 2015 (2.3x1020POT)  

T2K 
Preliminary

Released on 18 May 2015
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T2K w/ beam data 
till Mar 12 2015 (2.3x1020POT)  

MINOS ̅ߥ

Consistent with ߥఓ
disappearance

T2K 
Preliminary

T2K 
Preliminary

Released on 18 May 2015
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(Near future) 
Prospects
T2K and NOA is accumulating data.

T2K : 13% so far
NOA : 5%? 

Do they have a sensitivity to CPV and 
mass ordering with full statistics?

Expected # of events w/ typical assumptions (*)
T2K : 106 ߥ௘, 24 ̅ߥ௘
NOA ௘ߥ̅ ௘, 32ߥ 68 :

, while CPV effect is 27% at maximum and NOA matter 
effect is 30%
(*)  Not the latest number 28



T2K and NOA combined sensitivity 
at full statistics
Shown is Normal mass ordering case.

solid: stat. only
dashed: assuming  5% normalization uncertainty on signal and 10% normalization uncertainty on background

CP violation Mass Ordering

Big enhancement of sensitivity by combining two experiments 
having different baseline length 

Prog. Theor. Exp. Phys. (2015) 043C01 by T2K collaboration
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Summary
 In these 20 years, the skeleton of lepton flavor-mass mixing 

become significantly clear!
 Missings are ࡼ࡯ࢾ, maximal or non-maximal ૛૜ࣂ and mas 

ordering
 In a few years,  we may see answers with T2K and NOA
 Future projects (Hyper-Kamiokande and DUNE) will thoroughly 

explore these targets.
 Neutrino has always produced ‘surprising’.  New physics may 

appear
 oscillation not explained by PMNS framework?

 Sterile neutrino?
 Non-standard interaction with matter
 Lorentz violation at the Plank scale?
 Precise measurements by both disappearance and appearance 

and using both CC and NC interactions are desired.
 ࣆഥࣇ disappearance by T2K just released.
 In this summer,  new results from T2K and NOA are expected! 30


