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中微子研究历史
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Recent solar neutrino results
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θ12 and Δm2
21 constrains by 

solar experiments and 
KamLAND

Parameter Δm2
21 sin2θ12

Precision 2.4% 4.2%

PDG2020

Observation of CNO
neutrinos by Borexino

No CNO hypothesis disfavored at 5 σ

Gianpaolo Bellini
@ NeuTel 2021



Recent νμ disappearance results
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T2K: 295 km NOνA: 810 km

MINOS/MINOS+: 
735 km

IceCube-DeepCore: 
Atm. neutrinos

Patrick Dunne @ Neutrino 2020 Alex Himmel @ Neutrino 2020

Tom Carroll @ Neutrino 2020 Summer Blot @ Neutrino 2020

Yasuhiro Nakajima @ Neutrino 2020

Parameter Δm2
32 sin2θ23

Precision 1.4% 4.9%

PDG2020

θ23 and |Δm2
32| constrains 

by atmospheric and 
accelerator experiments 



θ13  in reactor experiments
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“Disappearance” experiments: 
�𝝂𝝂𝒆𝒆→ �𝝂𝝂𝒆𝒆

1.7σ

Double Chooz
(Nov. 2011)

RENO
(April 2012)

Daya Bay
(March 2012)

5.2σ

4.9σ



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



Daya Bay Mission Completed
• Precision measurement of sin22θ13 and |Δm2

ee|
• Precision measurement of reactor antineutrino 

flux and spectrum → two anomalies
• Most stringent limit on light sterile neutrinos
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Ceremony on Dec. 12, 2020. Final results in 
2022. Precision of sin22θ13 2.7%.



θ13  in accelerator experiments
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T2K EPS-HEP2015

µπ µ ν→ +

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



Mass ordering and CP violation
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arXiv:2104.02565

Accelerator neutrinos: 
asymmetry between 𝜈𝜈𝑒𝑒
and �̅�𝜈𝑒𝑒 appearance for 
both MO (matter effect) 
and CP

Atmospheric neutrinos:
𝜈𝜈𝜇𝜇 and �̅�𝜈𝜇𝜇 disappearance, 
𝜈𝜈𝑒𝑒 and �̅�𝜈𝑒𝑒 appearance for 
MO (matter effect)

Reactor neutrinos:
�̅�𝜈𝑒𝑒 disappearance for MO 
(independent on θ23 and 
CP phase)

Progress in Particle and Nuclear 
Physics 60 (2008) 338–402



SuperK
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Yasuhiro Nakajima (Super-K) @ Neutrino 2020



T2K
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Patrick Dunne @ Neutrino 2020



T2K-II
• Current exposure: ~3.6×1021 POT
• T2K target: 7.8×1021 POT
• T2K-II: 20×1021 POT (3σ to exclude sin(δCP=0))
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Mathieu Guigue @ WIN 2021



NOvA
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Alex Himmel @ Neutrino 2020



NOvA future
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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



Hyper-Kamiokande

• Construction started 2020. 
• Data taking from 2027.
• J-PARC neutrino beam 

will be upgraded from 
0.5 to 1.3 MW 
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F. Di Lodovico, G. Catanesi  @NeuTel2021
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DUNE
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G. Karagiorgi @NeuTel2021



MO sensitivity
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IceCube Upgrade

中微子物理实验研究进展 21

Tom Stuttard @ NeuTel 2021



KM3NeT-ORCA
• 115 detection units

– 6+1 in operation
– Increase to 31 by 

end 2021
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Aart Heijboer @ NeuTel 2021

ϴ23=48o



Future acc. exp. or concept for CP

23

DAEδALUS

MOMENT

T2HK/HyperK

ESS/MEMPHYS

LBNF/DUNE

NeutrinoFactory/MIND

2000km

1300km540km295km
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: a multipurpose neutrino experiment
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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



Reactor neutrino oscillation 

Updated analysis ongoing
• Less reactor cores ↓
• New optical model, higher light yield ↑
• Higher PMT detection efficiency ↑
• �̅�𝜈𝑒𝑒 spectrum by TAO ↑
• Lower overburden ↓
• Better muon veto strategy ↑
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• Mass ordering: 3σ for 6 years data → 
4σ with accelerator constrain of Δm2

32 
J. Phys. G 43, 030401 (2016)

• Oscillation parameters: precision of 
sin2 θ12, Δm2

21, Δm2
31 <0.6% 

arXiv:2104.02565

Photoelectrons: 
1345 / MeV
Effective energy solution: 
3.02%/√E(MeV)

JHEP03(2021)004

Obtained with the latest simulation, 
reconstruction and calibration



Rich physics potentials
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 Solar neutrinos
 2 MeV threshold 

for 8B neutrino

 Atmospheric neutrinos
 1-2𝜎𝜎 of MO for 10 years
 𝜃𝜃23 accuracy of 6 deg

 Supernova burst
 ~5000 IBDs @10 kpc

 Diffuse Supernova 
neutrino background
 ~3𝝈𝝈 after 10 years 

 Geoneutrino
 5% uncertainty 

for 10 years

 Nucleon Decay
 τ (p→K+ + ν) 

~ 2 × 1034 years



Civil construction

• Underground experimental hall almost ready
• Detector installation starts in October
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Surface buildings Water pool

C
redit: Yuexiang

Liu (IH
EP) 

C
redit: Yuexiang

Liu (IH
EP) 



Detector main structure 
• Φ35.4 m acrylic sphere

– 263 acrylic panels up to 
3 m×8 m×120 mm

– Flat panels 100%, thermal 
forming 80% finished

– Transparency >96% in water 
– Radiopurity < 1 ppt
– Bonding onsite
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Pre-assembly of two layers

• Φ40.1 m stainless steel truss
– 30×23 H-beams
– 140k screws
– 590 connecting bars
– Production 95% finished, 

shipping to JUNO site

Pre-assembly and welding



PMTs and electronics
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Hamamatsu: 
28.1%
NNVT: 28.9%

Large and small PMT underwater electronics boxes

• Multiple types of PMTs
– 5000 Hamamatsu 20-inch dynode-PMTs
– 12612+2400 NNVT 20-inch MCP-PMTs 
– 25600 HZC 3-inch PMTs

• PMT instrumentations ongoing
– 20-inch PMTs 100% finished
– 3-inch PMTs 35% finished

• Readout electronics: underwater
• Reliability: <1% failure for 6 years

(20-inch PMT + electronics)

Optical coverage
20-inch PMT: 75.2%
3-inch PMT: 2.7%

PMT 
underwater 

implosion test



Liquid scintillator
• JUNO LS recipe, similar to Daya Bay, 

optimized with a Daya Bay detector: 
LAB + 2.5 g/L PPO + 3 mg/L Bis-MSB

• No Gd-doping
• Attenuation length: >20 m @ 430 nm
• Low radioactive backgrounds

– 10-15 g/g for reactor neutrinos
– 10-17 g/g for solar neutrinos 

(0.008 g dust in 20 kton LS)
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Online Scintillator Internal 
Radioactivity Investigation System



Cosmic muon veto
Water Cherenkov detector
• 2400 20” MCP-PMTs
• 35 kton ultra pure water with circulation
• Temperature 21±1℃. 
• Radon in water requirement: < 0.2 Bq/m3, 

prototype reached 0.01 Bq/m3
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Water 
Cherenkov

Top Tracker

Top Tracker
• Recycling the plastic scintillators 

from OPERA Target Tracker



Taishan Antineutrino Observatory

• Provide model-independent reference spectrum for JUNO

• Tons fiducial mass - Gd doped LS
• Water tanks and Plastic Scintillators for shielding and muon veto
• ~30 m to one of the 4.6 GWth reactor cores
• NPE ~ 4500/MeV, full coverage 
• low-T (-50 ℃) → low dark noise
• σE/E ~2% @1MeV

• Prototype 1-1 before end 2021
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Summary and prospective
• Neutrinos discovery and oscillation

– 3-flavor neutrinos discovery in 1956-2000
– Neutrino oscillation confirmed in 1998
– Amplitudes (mixing angles) and frequencies (mass splitting) well 

understood and determined at a few percent precision

• Promising solutions to 3×3 mixing matrix in 10-20 years
– Sub-percent precision of oscillation parameters
– 3σ determination of mass ordering and CP violation in late 2020s 

→ possibly 5σ in early 2030s 

• Remain questions
– Neutrino mass and neutrinoless ββ decay (JUNO upgrade …)
– Astronomy and astrophysics (THU, SJTU, IHEP …)
– Sterile neutrino
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backup
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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
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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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,
.ee

µ

µ

π µ ν

µ ν ν

→ +

→ + + νμ/νe≈2

“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 Eµ µν ν θ→ = − ∆

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 �𝝂𝝂𝒆𝒆.
 Consistent to solar 

neutrinos oscillation.

θ12 and Δm2
21 θ23 and |Δm2

32|



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



3-ν oscillation status
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Global fit, Mariam
ICHEP 2020, 



• CP: asymmetry between 𝜈𝜈𝑒𝑒 and �̅�𝜈𝑒𝑒 appearance
• MO: coherent forward scattering (matter effect) 

MO and CP in νμ→ νe oscillation

44

Atmospheric 
term

Solar term

Interference 
term

( ) , ,eP a aµν ν δ δ→ → − → −

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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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 ∆𝑚𝑚31

2 in the wrong MO hypothesis

3σ for 6 years 
data → 4σ with 
accelerator 
constrain of Δm2

32
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