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Atmospheric neutrino oscillationsSolar neutrino oscillations



Neutrino Oscillation
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Mass eigenstatesFlavor eigenstates

PMNS matrix: q12, q13, q23, d

Transition Prob.
Appearance or
Disappearance

Transition phase

Mass difference: Dm2
21, Dm2

31



Outlines
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 Three generations
1. Reactor experiments (~1.5 km baseline)  

2. Solar+KamLAND

3. Accelerator and atmosphere (For Mass 
ordering and CPV, Atsuko’s talk)
Disappearance and appearance

4. Global Fit

 Three+one generations
1. Evidence

2. Status

q13, |Dm2
ee|

q12, Dm2
21

q23, Dm2
31, q13, d

• High precision

• Octant-symmetry

• Hierarchy

• CP phase

• New Physics



Reactor Experiment Feature (~1.5 km baseline)
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Energy Peak 3-4 MeV

CPC 41.013002(2017)

Baseline 1.5 km

q13, |Dm2
ee|

q12, Dm2
21

KamLAND, JUNO



Measurement of ҧ𝜈𝑒 osci.
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RENO anti-ne detector

Near-Far cancellation

Neutrino Energy measurement

Double Chooz Layout

=> Relative event rate and 
spectrum measurements are also 
used in accelerator experiments.



Recent q13 and |Dm2
ee| Results
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Gd-capture

H-capture
PRL 121 241805 (2018) 

PRD 93 072011 (2016) JHEP 04 (2020) 029 

Gd-capture

@ICHEP 2020

Daya Bay RENO

H-capture

Total-capture
sin22q13 = 0.102 ± 0.011 

(syst.) ± 0.004 (stat.)

@Neutrino 2020

Double Chooz



Neutrinos from the Sun
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b - electron number density, 

neutrino energy, 1/Dm2
21

ne <20 MeV

Neutrino survival prob.

The sign of Dm2
21 can be determined. 

Neutrino Astrophysics, J. Bahcall

Upturn

21



Solar Experiments - Chemical
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Homestake GALLEX/GNO SAGE

 Charged current, ne only



Solar Experiments – Realtime Counting
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 Neutral current + Charged current

BorexinoSNO SK



Super-Kamiokande Results
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BTW, Borexino reported a first CNO neutrino measurement.

Disfavors flat oscillation probability by ~1σ 

Nakajima@Neutrino2020



Atmosphere Neutrinos
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p-
→ m- + ҧ𝜈𝜇; m-

→ e- + ҧ𝜈𝑒 + nm.  

=> ( ҧ𝜈𝜇+𝜈𝜇)/( ҧ𝜈𝑒+𝜈𝑒) ≈ 2

M. Honda et. al. PRDD 83, 123001 (2011)

Baseline: 𝐿~ 𝐿(𝑐𝑜𝑠𝜃𝑧𝑒𝑛𝑖𝑡ℎ)
Neutrinos travel 10~12000 km



Accelerator Neutrinos

August 6, 2020 Neutrino Oscillation Parameter Measurements 12

P

Minos/Minos+
735 km

T2K 295 km NOvA 810 km



Atmospheric/Accelerator Neutrino Oscillation
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Disappearance:

Appearance:



Atmospheric 

/accelerator 

neutrino 

oscillation
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Accelerator Exp.

Matter 

Eff.

Accelerator Exp.

Matter 

Eff.

Not easy 
to separate 
𝜈𝑒 or ҧ𝜈𝑒 for 
Atm. Neu.



Atmospheric/Accelerator Neutrino Detection
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IceCube/DeepCore



Atmospheric/Accelerator Neutrino Detection
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Minos/Minos+
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Takhistov@ICHEP2020

IceCube/DeepCore PRD 99, 032007 (2019)

Minos/Minos+ arXiv:2006.15208v2 (2020)

Super Kaminokande

Atmospheric Neutrino Results



Accelerator Neutrino Results
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NOvA

Minos/Minos+

T2K

arXiv:2006.15208v2 (2020)

Munteanu@ICHEP2020

Baird@ICHEP2020



Global Fit
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Tórtola@ICHEP2020

JHEP 01 (2019) 106

PRD 101, 116013 (2020)
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Tension 
between exp.

Synergy 
between exp.



Three+One Generations, Evidence
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LSND

MiniBooNE

Gallium anomaly

Reactor anomaly

Neutrino-4



Theoretical and Experimental Work in Progress
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NEOS, STEREO, PROSPECT, DANSS, SoLid, BEST, SBN, 

JSNS2, IceCube, ICARUS, MicroBooNE, Daya Bay, 

Minos+, KATRIN ...

Experiments with the right L/E
Model-independent tests
Some region is excluded
New reactor-related experiment and prediction 
New technique to reject background
New technique to explore neutrino interaction
b decay, 0nbb constrains



Summary
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• We see many progress on

• Reactor neutrino study

• Solar neutrino study 

• Atmospheric neutrino study

• Accelerator neutrino study

• Many efforts on sterile neutrinos, verdict in the near 

future

Not a comprehensive review. May have mistakes.



Thank you for your attention.
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