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Discovery of neutrinos
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Frederick Reines

(Nobel Prize in 1995)

Clyde L. 

Cowan

A telegram from 

Pauli: “Thanks for 

message. 

Everything comes 

to him who knows 

how to wait.”

Melvin Schwartz and a 

10-ton spark chamber 

in Brookhaven 

National Laboratory.

1962: muon neutrinos

2000: tau neutrinos

DONUT experiment in Fermilab

Leon M. Lederman, Melvin Schwartz and 

Jack Steinberger (Nobel Prize in 1988)

1956: electron neutrinos

Savannah River Exp.



Explore the universe with neutrinos
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Measurement of solar 

neutrinos since 1960s

Observation of supernova 

burst neutrinos in 1987

1987A

Masatoshi Koshiba

(Nobel Prize in 2002)

Ray Davis

(Nobel Prize in 2002)



Neutrino oscillation

M.He: Overview on neutrino oscillation experiments

1

2

13 13 12 12

23 23 12 12

23 23 13 13

1 0 0 cos 0 sin cos sin 0 0 0

0 cos sin 0 1 0 sin cos 0 0 0

0 sin cos sin 0 cos 0 0 1 0 0 1

ii

i

i

e e

U e

e







   

   

   

−−

−

     
     

= −      
      − −      

θ23≈45º θ13 ≈8.9º

δCP=?

θ12≈34º neutrino-
less double 
beta decay

3
*

,

1

i i

i

U  
=

=

◼ Mass eigenstates

◼ Weak eigenstates

◼ PMNS matrix
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Solar neutrino problem
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Observed solar neutrino flux

◆ Measurement / 

expectation ≈ 1/3 → 

“solar neutrino problem” 

◆ SNO: detect 

charge current 

and neutral 

current with 1,000 

ton heavy water

Pioneering experiment: 

Homestake (Ray Davis)

Arthur B. McDonald

(Nobel Prize in 2015)

Solar neutrinos do not disappear, 

but oscillate to other flavors.

2002



Atmospheric neutrinos problem
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“atmospheric neutrino problem”

• In 1980s, νμ/νe<2 → Takaaki Kajita

(Nobel Prize in 2015)

• νμ : disappear with 

propagation distance 

• Driven by νμ→ ντ 

oscillation (θ23 and Δm2
32)

( ) ( )2 2 21 sin 2 sin 1.27P m L E   → = − 

1998

◆ SuperK: 50 kton water



Artificial neutrinos oscillation
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◆ K2K：detected 56 νμ 

while expected 80.1.

◆ Consistent to 

atmospheric 

neutrinos oscillation.

2003

2003

◆ KamLAND: 1,000 ton liquid 

scintillator, ~180 km to >50 reactors

◆ K2K: first long-baseline 

accelerator experiment

◆ Disappearance of ഥ𝝂𝒆.

◆ Consistent to solar 

neutrinos oscillation.



More νμ disappearance experiments
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T2K: 295 km baseline NOνA: 810 km baseline

MINOS/MINOS+: 735 km baseline IceCube-DeepCore: Atm. neutrinos

Patrick Dunne 

@ Neutrino 2020

Alex Himmel 

@ Neutrino 2020

Tom Carroll

@ Neutrino 2020

Summer Blot

@ Neutrino 2020



Global comparison
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θ23 and |Δm2
32| constrains 

by atmospheric and 

accelerator experiments 

θ12 and Δm2
21 constrains by 

solar experiments and 

KamLAND

Yasuhiro Nakajima (Super-K) 

@ Neutrino 2020

Parameter Δm2
21 sin2θ12 Δm2

32 sin2θ23

Precision 2.4% 4.2% 1.4% 4.9%
PDG2020



θ13  in reactor experiments
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Double Chooz Far

~1.05 km

RENO Far
~1.44 km

Daya Bay Far

~1.65 km

KamLAND

~180 km

“Disappearance” experiments: ഥ𝝂𝒆→ ഥ𝝂𝒆

Near

JUNO

53 km



Discovery of non-zero θ13
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Double Chooz

with only a far detector

(Nov. 2011)

RENO

(April 2012)
Daya Bay

(March 2012)

5.2σ

4.9σ1.7σ

PRL 108, 

171803 

(2012)

PRL 108, 

191802 

(2012)

PRL 108, 

131801 

(2012)

Rate+shape Rate only Rate only



Latest results of reactor experiments
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News from Neutrino 2020

Double Chooz, Thiago Bezerra Reno, Jonghee Yoo Daya Bay, Jiajie Ling

Daya Bay

Reno



θ13  in accelerator experiments
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T2K EPS-HEP2015

  → +

T2K：detected 

6 νe with 1.5 

background. 

Indication of 

non-zero θ13 

2011

◆ Indication of Electron Neutrino 

Appearance from an Accelerator-produced 

Off-axis Muon Neutrino Beam, 2011. 2.5σ

◆ Evidence of Electron Neutrino Appearance 

in a Muon Neutrino Beam, 2013. >3σ

◆ Observation of Electron Neutrino 

Appearance in a Muon Neutrino 

Beam, 2014. >5σ

“Appearance” experiments: νμ→νe



Global comparison
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Daya Bay

Daya Bay



3-ν oscillation status
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Global fit, Mariam

ICHEP 2020, 



• CP: asymmetry between 𝜈𝑒 and ҧ𝜈𝑒 appearance

• MO: coherent forward scattering (matter effect) 

MO and CP in νμ→ νe oscillation

16

Atmospheric 

term

Solar term

Interference 

term

( ) , ,eP a a   → →− → −

31 31~  → − Mass Ordering

12 (3500km)F ea G N − In earth,

E=0.6GeV

Progress in Particle and Nuclear Physics 60 (2008) 338–402
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MO in the reactor experiment
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◆ Disappearance of reactor electron antineutrinos at ~60 km: 

interference between Δm2
31 and Δm2

32

◆ Very unique approach, independent on θ23 and CP phase

◆ Key: energy resolution

arXiv:2104.02565



SuperK
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Yasuhiro Nakajima (Super-K) @ Neutrino 2020



T2K
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Patrick Dunne @ Neutrino 2020



NOvA
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Alex Himmel @ Neutrino 2020



Future projects for Mass Ordering

• Matter effect with Atm or Acc neutrino: HyperK, DUNE, INO, ORCA, PINGU

• Interference between Δm2
31 and Δm2

32 with reactor neutrino: JUNO
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Kajita, Takaaki

@ Neutrino 2018



Prospective of mass ordering
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DUNE 
Michael Mooney @ Neutrino 2020

Hyper-K
arXiv:1805.04163

IceCube upgrade 
Tom Stuttard

@ NeuTel 2021

KM3NeT-ORCA
Aart Heijboer

@ NeuTel 2021

JUNO

Large synergy between reactor (JUNO) and accelerator/atmospheric 

experiments due to disagreement on ∆𝑚31
2 in the wrong MO hypothesis

3σ for 6 years 

data → 4σ with 

accelerator 

constrain of Δm2
32



Future acc. exp. or concept for CP
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DAEδALUS

MOMENT

T2HK/HyperK

ESS/MEMPHYS

LBNF/DUNE

NeutrinoFactory/MIND

2000km

1300km540km
295km

150km

20km
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Prospective of CP
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Hyper-K
Masaki Ishitsuka @ Neutrino 2020

DUNE 
Michael Mooney @ Neutrino 2020



JUNO
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Project

• 20 kton liquid scintillator, 

3%@1MeV energy resolution, 

700 m underground

• Approved in 2013, construction 

started in 2015, operation in 2023

Physics
• Determine mass ordering 

• Precision measurement of 

oscillation parameters

• Astronomical and geo- ν

• Proton decay and exotics

35.4 m

Credit: Yuexiang Liu (IHEP) 



JUNO oscillation physics
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Precision

sin2 θ12 0.67%

Δm2
21 0.59%

Δm2
31 0.44%

◆ Mass ordering: 

3σ for 6 years 

data → 4σ with 

accelerator 

constrain of Δm2
32

◆ Sub-percent precision of 3 

oscillation parameters

◆ Solar neutrinos
 2 MeV threshold for 8B neutrino

 CC and day-night asymmetry

◆ Atmospheric neutrinos
 1-2𝜎 of MO for 10 years data

 𝜃23 accuracy of 6 deg

Reactor neutrinos



Project status of JUNO

• Blasting for the underground hall, 

the water pool and the all tunnels 

were completed on Dec. 30, 2020

• Detector installation starts soon!
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Detector supporting structure

Acrylic sphere installation exercise
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Credit: Yuexiang Liu (IHEP) 



Summary and prospective

• Neutrino oscillation discovered in 1998

• Amplitudes (mixing angles) and frequencies (mass 

splitting) well understood and determined at a few percent 

precision with 3-flavor neutrino oscillation

• Promising solutions to 3×3 mixing matrix in 2030s

– 5σ determination of mass ordering (combined analysis, DUNE)

– Possible 5σ determination of CP violation (Hyper-K, DUNE)

– Sub-percent precision of oscillation parameters (JUNO+T2K)

• Sterile neutrinos?

– Many of experimental indications excluded, still exploring
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Aaron MISLIVEC on Jun 7: Long-baseline Accelerator Neutrino Experiments

WING YAN MA on Jun 9: Atmospheric Neutrino Oscillation Experiments

Gabriella CATANESI on Jun 11: Next generation neutrino experiment


