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Mixing in three generations

Kobayashi-Maskawa theory

Mixing with >= 3 types can have imaginary components. 

In case of 3 generations, one CP phase 𝜹𝑪𝑷.

Phase of the wave function evolves oppositely for particle and 
antiparticle  

→ CP phase affect differently for particle and antiparticle 

→ CP violation
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Mixing in more general framework
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• If neutrino is Majorana-type, additional two CP-phase:1 0 00 +𝑐ଶଷ +𝑠ଶଷ0 −𝑠ଶଷ +𝑐ଶଷ +𝑐ଵଷ 0 +𝑠ଵଷ𝑒ି௜ఋ0 1 0−𝑠ଵଷ𝑒௜ఋ 0 +𝑐ଵଷ +𝑐ଵଶ +𝑠ଵଶ 0−𝑠ଵଶ +𝑐ଵଶ 00 0 1
× 1 0 00 𝑒௜ఈమభଶ 00 0 𝑒௜ఈయభଶ 𝑐௜௝ = cos𝜃௜௝ , 𝑠௜௝ = sin𝜃௜௝

Not accessible by neutrino oscillation measurements, but by (in principle) 
neutrinoless double-beta decay

• w/ sterile neutrinos, additional CP-phases → observable by neutrino 
oscillation

• For See-Saw model,  additional CP-phases : CPV only in high energy scale

• CPV in Leptogenesis can be either low energy (𝜹,𝜶) or high  energy 
CPV, or combination of them.



Origin of Matter-Antimatter 
asymmetry in Universe?

• Quark  : 𝛿஼௉஼௄ெ~60°~70°
looks large, but cannot explain matter-dominant universe.

• Strong CP 𝜃 < 10ିଵ଴
• Lepton case 𝛿஼௉ெேௌ~?
• 𝛿஼௉ is dependent on definition. 

Jarlskog Invariant shows size of CP violation effect. 𝐽஼௉ ≡ 𝐼𝑚 𝑈ఓଷ𝑈௘ଷ∗ 𝑈௘ଶ𝑈ఓଶ∗ = ଵ଼ sin 2𝜃ଵଶ sin 2𝜃ଶଷ sin 2𝜃ଵଷ cos 𝜃ଵଷ sin 𝛿஼௉
Quark    𝑱𝑪𝑷𝑪𝑲𝑴 ≈ 𝟑 × 𝟏𝟎ି𝟓

Lepton  𝑱𝑪𝑷𝑷𝑴𝑵𝑺 ≈ 𝟎.𝟎𝟑𝟑 𝒔𝒊𝒏𝜹𝑪𝑷
Leptonic CPV can be much larger than Quark’s

There are a number of theoretical models which explain the  matter-
antimatter asymmetry in universe by this CPV.
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Normal Mass Ordering
Inverted Mass Ordering
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Example predictions
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Generalized Modified TriBiMaximal mixing

warped  favor dynamics

Chen et al 2003.02734

Global fit (2018)

Global fit (2018)

J. W. F. Valle, ICHEP2020



Interference term~ ∝ sin 𝛿஼௉ for neutrino~ ∝ −sin 𝛿஼௉ for antineutrino

Oscillations peculiar to 
the Acc.-based long 
baseline experiment

∝ ~ cos 𝜃ଵଷସ sin 2𝜃ଶଷଶ ≈100%∝ ~ cos 𝜃ଵଷସ sin 2𝜃ଶଷଶ ≈100%

νμ disappearance ∼∝ sin 2𝜃ଶଷଶ ~100% at right energyνμ disappearance ∼∝ sin 2𝜃ଶଷଶ ~100% at right energy

∝ ~cos 𝜃ଶଷଶ sin 2𝜃ଵଶଶ ~0.09%∝ ~cos 𝜃ଶଷଶ sin 2𝜃ଵଶଶ ~0.09%
Short baseline reactor
Accelerator∝ ~ sin 𝜃ଶଷଶ sin 2𝜃ଵଷଶ∝ ~ sin 𝜃ଶଷଶ sin 2𝜃ଵଷଶ

flight distance

𝜈
𝜈
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Setup of the Long Baseline Neutrino 
Experiment

Proton 
Accelerator
Proton 
Accelerator

Target&Horns π
νμ



Beam 
dump
Beam 
dump

μ monitor

Far 
Detector
Far 
Detector

Decay VolumeDecay Volume Near 
Detector
Near 
Detector

A few 100m ~ a few km
A few 100km
timing synchronized 
using GPS

Neutrino beamlineNeutrino beamline

Toroidal magnetic field by `horn’ focuses𝜋ା → 𝜈ఓ beam
or 𝜋ି → 𝜈ఓ beam 
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Running Accelerator long baseline experiments
T2K and NOvA

Complementary
(Important to resolve 
degeneracies)

Complementary
(Important to resolve 
degeneracies)
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T2K NOvA𝐿(km) 295 → ~10% maƩer 
effect

810 → ~30% maƩer 
effect

detector Super-K (22.5+ fid. V 
water Cherenkov)

14 kton fiducial liq.
Scintillator (6cm pitch)

period 2009~ 2014~



νμ to νe oscillation probability
at oscillation maximum sin22θ23=1 in vacuum

P(νμ→νe)

sin2213=0.12

sin22θ13=0.1

sin22θ13=0.08

observation

𝑃 𝜈𝜇 → 𝜈𝑒 ≅ sin 2ଶ 𝜃ଵଷ sin 𝜃ଶଷଶ − 8𝐽஼௉ sinΦଶଵ           = 𝐬𝐢𝐧 𝟐𝟐 𝛉𝟏𝟑 sin 𝜃ଶଷଶ − sin 2𝜃ଵଶ sin 2𝜃ଶଷ sin 2𝜃ଵଷ cos𝜃ଵଷ 𝐬𝐢𝐧 𝜹 sinΦଶଵ

Solution for sin22θ13=0.08

* sin 2ଶ 𝜃ଵଷ =0.085±0.003 by  
reactor experiments
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Potential by matter is 
• different for e and  ,/ 

and 𝜈ଷ has less e component
→ different effect depending on 
mass ordering, normal (𝑚ଵ <𝑚ଶ ≪ 𝑚ଷ)  vs. inverted (𝑚ଷ ≪ 𝑚ଵ <𝑚ଶ)

• opposite for 𝜈 and anti-𝜈
• Larger for higher energy

Potential by matter is 
• different for e and  ,/ 

and 𝜈ଷ has less e component
→ different effect depending on 
mass ordering, normal (𝑚ଵ <𝑚ଶ ≪ 𝑚ଷ)  vs. inverted (𝑚ଷ ≪ 𝑚ଵ <𝑚ଶ)

• opposite for 𝜈 and anti-𝜈
• Larger for higher energyνe (or νμ, ντ)

νe (or νμ, ντ)

e- or p or n

e- or p or n

Z

NC interaction

νe (or νμ, ντ)

e-

e- or p or n

W

CC interaction

νe (or νμ, ντ)

But, Earth is not symmetric about flavor nor CP
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(e)

Inverted Mass Order𝑚ଷ < 𝑚ଵ < 𝑚ଶ

Normal Mass Order𝑚ଵ < 𝑚ଶ < 𝑚ଷ
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

Lucky Spots
Large Chance to find 
CP violation and to 
resolve MH.

P(νμ→νe)

Inverted Mass Order 

Normal Mass Order
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(νμ→νe)

T2K (rough) full stat. error+/-1σ

Inverted Mass Order 

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

P(νμ→νe)

CP δ allowed region

T2K (rough) full stat. error+/-1σ

Inverted Mass Order 

Normal Mass Order
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(e)

T2K (rough) full stat. error+/-1σ

Inverted Mass Order 

Normal Mass Order
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(νμ→νe)

CP δ allowed region

T2K (rough) full stat. error+/-1 

Inverted Mass Order 

Normal Mass Order
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(νμ→νe)

CP δ allowed region

T2K (rough) full stat. error+/-1σ

Inverted Mass Order 

Normal Mass Order

Dotted : NOvA
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(νμ→νe)

CP δ allowed region

T2K (rough) full stat. error+/-1σ

Inverted Mass Order 

Normal Mass Order

Dotted : NOvA

NOvA Allowed 
regions
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νμ to νe oscillation probability at oscillation maximum
sin22θ13=0.1, sin22θ23=1, w/ matter effect

P(νμ→νe)

Dotted : NOvA

Inverted Mass Order 

CP δ allowed region

T2K (rough) full stat. error+/-1σ

NOvA Allowed 
regions

T2K+NOvA allowed region

Normal Mass Order
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Actually, w/ θ23 uncertainty

P(e)

Uncertainty  by θ23

θ23 measurement is also(or more)  
important.

212313122312
2

13
2

23
2

13
2

13 sinsin84)( Φ−≅→ δννμ SSSCCCSSCP e

24



Running Accelerator long baseline experiments
T2K and NOvA

Complementary
(Important to resolve 
degeneracies)

Complementary
(Important to resolve 
degeneracies)

25

T2K NOvA𝐿(km) 295 → ~10% maƩer 
effect

810 → ~30% maƩer 
effect

detector Super-K (22.5+ fid. V 
water Cherenkov)

14 kton fiducial liq.
Scintillator (6cm pitch)

period 2009~ 2014~



Data accumulation 
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ν-beam
ν ̅-beam

520 kW

750 kW



Event selection
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• Single Cherenkov ring.
• Likelihood-based PID by the Ring 

pattern.
• 𝜈௘ selection, signal eff.= 76%, S/N=4.0
• 𝜈௘ selection, signal eff.= 72%, 

S/N=0.78
• wrong-sign oscillation as bkg.

• 𝐸ఔ reconstruction by lepton 
kinematics

• Flavor ID by convolutional neural 
network

• 𝜈௘ selection, signal eff.= ~80%, S/N=2.2
• 𝜈௘ selection, signal eff.= ~80%, S/N=1.4

* wrong-sign oscillation as bkg.
• Calorimetric 𝐸ఔ reconstruction

M. Baird, ICHEP2020

V. Takhistov, ICHEP2020



Muon neutrino disappearance
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Reconstructed Neutrino 
Energy[GeV]
318 events

T2K Run1-10 
Preliminary𝜈ఓ

Reconstructed Neutrino 
Energy[GeV]
137 events

T2K Run1-10 
Preliminary𝜈ఓ

( )νμμ θ ELmP /27.1sin2sin1 22
23

2 Δ−≈→

L. Munteanu, ICHEP2020

𝜈ఓ 𝜈ఓM. Baird, ICHEP2020



ଶ vs. ଶଷଶ
plot sizes are changed to give same scale

M. Baird, ICHEP2020

L. Munteanu, ICHEP2020

T2K Run1-10 Preliminary
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ଶ vs. ଶଷଶ
plot sizes are changed to give same scale

M. Baird, ICHEP2020

L. Munteanu, ICHEP2020

V. Takhistov, ICHEP2020

Super Kamiokande, 
atmospheric neutrino

T2K Run1-10 Preliminary
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Electron neutrino appearance
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Reconstructed Energy (GeV)
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π=- CPδTot. Pred., 
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Data

T2K Run 1-10 Preliminary𝜈௘

𝜈௘

L. Munteanu, ICHEP2020 >4σ evidence of 𝜈௘ appearance

M. Baird, 
ICHEP2020



vs. or 
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𝛿 ஼௉
𝛿 ஼௉T2K Run 1-10 Preliminary

sin 𝜃ଵଷଶ

sin 𝜃ଶଷଶ

w/o reactor 
constraint

w/ reactor 
constraint

reactor 90%C.L.
(PDG20)

M. Baird, ICHEP2020



vs. or 
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𝛿 ஼௉

T2K Run 1-10 Preliminary
sin 𝜃ଵଷଶ

w/o reactor 
constraint

w/ reactor 
constraint

reactor 90%C.L.
(PDG20)

M. Baird, ICHEP2020

𝛿஼௉

sin𝜃 ଶ
ଷଶ



vs. or 
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𝛿 ஼௉

T2K Run 1-10 Preliminary
sin 𝜃ଵଷଶ

w/o reactor 
constraint

w/ reactor 
constraint

reactor 90%C.L.
(PDG20)

M. Baird, ICHEP2020

𝛿஼௉

sin𝜃 ଶ
ଷଶ



஼௉

no CPV
T2K disfavors CP conserving 
case at ≲2𝜎 (95%) C.L.
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T2K Run 1-10 Preliminary

L. Munteanu, ICHEP2020



஼௉

no CPV
T2K disfavors CP conserving 
case at ≲2𝜎 (95%) C.L.
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T2K Run 1-10 Preliminary

L. Munteanu, ICHEP2020



What dose this mean?
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#e

#a
nt

i-ν
e

L. Munteanu, ICHEP2020



What dose this mean?

T2K prefers Normal mass ordering by > 80%.

NOvA slightly prefers Normal mass ordering.

Super-K atmospheric-𝜈 disfavors Inverted mass ordering at 71.4-90.3% C.L.

However, the combination may be suggesting either

• Normal mass ordering with 𝛿஼௉ ≅ 0,𝜋
• Inverted mass ordering with 𝛿஼௉ ≅ −గଶ 38

#νe

#a
nt

i-ν
e

Normal
δCP=0.π Normal

δCP=−π/2

Inverted
δCP=−π/2

Normal
δCP=0, π

Normal
CP=+

Inverted
δCP=−π/2

NOvA-T2K and SK-T2K are 
working together to conduct 
joint fit.

L. Munteanu, ICHEP2020



Summary and Prospect

• Large mixing in the lepton sector allow large CP violation which 
can be large enough to produce matter-antimatter asymmetry 
in the universe.

• CPV is accessible by accelerator long-baseline neutrino 
oscillation experiments

• T2K and NOvA results are exciting, especially when combined. 

• NOvA and T2K will continue data taking a few years

- Beam intensity improvement

- T2K will upgrade near detector

- NOvA will have a test beam experiment

• We may see an indication of CPV and mass ordering in near 
future

• Hyper-K and DUNE will explore with > 5𝜎 sensitivity and 
determine the size → the talk after the next

39

Hyper Kamiokande

DUNE


