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ÉNeutrino Oscillation Physics at JUNO

Å3-flavor oscillation paradigm

ÅWhat does JUNO aim for?

ÅKey features to achieve the goal

ÉOther physics at JUNO

ÅMore sources: Solar neutrino, Geo-neutrino, supernova neutrino

ÅMore physics (BSM): sterile neutrino, nucleon decay, dark matter, etc. 

É{ǘŀǘǳǎ ƻŦ W¦bh όƛŦ ǘƛƳŜ ŀƭƭƻǿǎΧύ

Outline
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ÂNeutrinos are mixed:

VKnown: ̒ 23Σ ʻ12Σ ʻ13, |ɲm
2
32|, ɲm

2
21

ÅUnknown: sign of ɲm2
32, ɻ CP

1998 Atm. nosc. q23, |Dm232|
2002 Solar nosc. q12, Dm221
2012 reactor nosc. q13



Open Questions in Neutrino Oscillation Physics
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ÅNeutrino mass ordering: 
Normal ordering (NO) or 
inverted ordering (IO)?

ÅPrecision measurements of 
mixing angles and mass splittings

ÅCP violation? Å3 flavors only or any sterile states? 
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ÅPrecision measurements on 
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Â In JUNO:
ÅMeasurement of mass ordering 
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ÂRequirements
ÅLarge statistics
VPowerful nuclear reactors

ÅHigh energy resolution (3%)

ÅLow background

ÅPrecise reactor Ӷ’spectrum as input

[JUNO paper: arXiv2405.18008]

Å 2 nuclear power plants
Å 8 reactor cores
Å 26 GWth
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VPowerful nuclear reactors
V20 kton liquid scintillator
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input

35.4 m
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ÂRequirements
ÅLarge statistics
VPowerful nuclear reactors
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ÅLow background

ÅPrecise reactor ⱨspectrum as 
input
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ÂRequirements
ÅLarge statistics
VPowerful nuclear reactors
V20 kton liquid scintillator

ÅHigh energy resolution (3%)
VHigh light yield
V78% geometric-coverage
VHigh PMT efficiency (30%)

ÅLow background
V650m overburden (1800 m.w.e.)
VMuon veto strategy (reduce 96% of 9Li/8He)
VMaterial screening + clean environment

ÅPrecise reactor ⱨspectrum as input

ÅCosmic muon in LS: ~5 Hz
Veto Strategy
57 reactor ⱨ▄+ 71 ̡ -n decay of 9Li/8He /day
Residual: after muon veto
92% reactorⱨ▄Ҍ п҈ ʲ-n decay of 9Li/8He /day
ÅMinimum U/Th requirement for NMO < 

10-15 g/g, aiming for 10-17 g/g
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ÂRequirements
ÅLarge statistics
VPowerful nuclear reactors
V20 kton liquid scintillator

ÅHigh energy resolution (3%)
VHigh light yield
V78% geometric-coverage
VHigh PMT efficiency (30%)

ÅLow background
V650m overburden (1800 m.w.e.)
VMuon veto strategy (91.6%)
VMaterial screening + clean environment

ÅPrecise reactor ⱨspectrum as input
VJUNO-TAO

JUNO-TAO
Å<2% energy resolution at 1MeV
ÅSub-percentshape uncertainty
üProvide precise reactor ⱨspectrum 

as reference for JUNO
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Inverse Beta Decay (IBD)

(interaction threshold: 1.8 MeV)
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Inverse Beta Decay (IBD)

(interaction threshold: 1.8 MeV)

Prompt signal:
Solve for neutrino energy

Delayed signal:
Neutron capture at 2.2 MeV on H
or at 4.9 MeV on 12C within ~200 ˃ ǎ
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Inverse Beta Decay (IBD)

(interaction threshold: 1.8 MeV)

Prompt signal:
Solve for neutrino energy

Delayed signal:
Neutron capture at 2.2 MeV on H
or at 4.9 MeV on 12C within ~200 ˃ ǎ

Selectionof IBD candidates: (82.2%efficiency)
ÅFiducial Volume: r < 17.2 m (91.5%)
ÅSelection cuts (98.1%)
ÅEp: [0.8, 12.0] MeV
ÅEd: [1.9, 2.5] U [4.4, 5.5] MeV
ÅTime difference: ɲT < 1.0 ms
ÅVertex difference: Rp-d < 1.5 m

ÅMuon Veto (91.6%)
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ÂAfter IBD selection:

Backgrounds for Reactor Neutrino Signal
[JUNO paper: arXiv2405.18008]
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ÂAfter IBD selection:

Backgrounds for Reactor Neutrino Signal

Background
Rate

[day-1]

Rate 
Unc. 
[%]

Shape 
Unc. 
[%]

Geoneutrinos 1.2 30 5

Global reactors 1.0 2 5

Accidentals 0.8 1 ~0

9Li/8He 0.8 20 10

13/όʰΣƴύ16O 0.05 50 50

!ǘƳƻǎǇƘŜǊƛŎ ˄0.16 50 50

Fast neutrons 0.1 100 20

Total 4.11

Reactor neutrino signal:
47.1 day-1 ± 1.5% (syst.)

[JUNO paper: arXiv2405.18008]



Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

(1D)

(2D)

(3D)
(Boundary)

Multiple calibration campaigns & sources
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Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

Å Photon statistics
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Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

Å Photon statistics

Å Scintillation quenching effect
Å Cherenkov radiation
Å Detector uniformity and reconstruction
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Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

Å Photon statistics Å Annihilation- induced 
Å Dark noise

Å Scintillation quenching effect
Å Cherenkov radiation
Å Detector uniformity and reconstruction
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Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

Å Photon statistics Å Annihilation- induced 
Å Dark noise

Change
Light yield in CD 
center [PE/MeV]

Energy Resolution

Previous Estimation 1345 3.0% @ 1 MeV

Photon Detection 
Efficiency (27%->30%)

Ҍмм҈ҧ

New CD Geometry +3%

New PMT Optical 
Model & LS Properties

+8%

Å Scintillation quenching effect
Å Cherenkov radiation
Å Detector uniformity and reconstruction
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Ç Goal: 3% at 1 MeVfor e+ from IBD signals

Energy Resolution in JUNO

Å Photon statistics Å Annihilation- induced 
Å Dark noise

[JUNO paper: arXiv2405.17860]

Change
Light yield in CD 
center [PE/MeV]

Energy Resolution

Previous Estimation 1345 3.0% @ 1 MeV

Photon Detection 
Efficiency (27%->30%)

Ҍмм҈ҧ

2.95% @ 1 MeVNew CD Geometry +3%

New PMT Optical 
Model & LS Properties

+8%

Å Scintillation quenching effect
Å Cherenkov radiation
Å Detector uniformity and reconstruction
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Precision Measurement on Oscillation Parameters
[JUNO paper: Chin. Phys. C 46 (2022)] 
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ÂWorld leading measurements on sin2 1̒2, 
ɲm2

21, |ɲm
2
31| in 100 days

Precision Measurement on Oscillation Parameters
[JUNO paper: Chin. Phys. C 46 (2022)] 
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ÂWorld leading measurements on sin2 1̒2, 
ɲm2

21, |ɲm
2
31| in 100 days

ÂPrecision < 0.5% in 6 years

Precision Measurement on Oscillation Parameters
[JUNO paper: Chin. Phys. C 46 (2022)] 
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ÂWorld leading measurements on sin2 1̒2, 
ɲm2

21, |ɲm
2
31| in 100 days

ÂPrecision < 0.5% in 6 years

ÂOne order of magnitude precision
improvement with respect to current 
global precision

Precision Measurement on Oscillation Parameters
[JUNO paper: Chin. Phys. C 46 (2022)] 



44

ÂW¦bhΩǎ ƳŜŘƛŀƴ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ bah

ÅwŜŀŎƘ оˋ όоΦмˋύǎƛƎƴƛŦƛŎŀƴŎŜ ƛƴ тΦм ȅŜŀǊǎ ƻŦ DAQ time when NO (IO) is true

Neutrino Mass Ordering (with Reactor Neutrinos)
[JUNO paper: arXiv2405.18008]
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ÂW¦bhΩǎ ƳŜŘƛŀƴ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ bah

ÅwŜŀŎƘ оˋ όоΦмˋύǎƛƎƴƛŦƛŎŀƴŎŜ ƛƴ тΦм ȅŜŀǊǎ of DAQ time when NO (IO) is true

Neutrino Mass Ordering (with Reactor Neutrinos)

оˋ bah sens.
Exposure

< 6 yrsX 35.8 
GWth

~ 6.5 yrsX 26.6 
GWth

Design: [JUNO Yellow Book] arXiv 1507.05613
Now: [JUNO (recent) paper] arXiv2405.18008

*
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ÂW¦bhΩǎ ƳŜŘƛŀƴ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ bah

ÅwŜŀŎƘ оˋ όоΦмˋύǎƛƎƴƛŦƛŎŀƴŎŜ ƛƴ тΦм ȅŜŀǊǎ ƻŦ DAQ time when NO (IO) is true

üConsider ŀǘƳƻǎǇƘŜǊƛŎ ˄ Ŏŀƴ ƛƳǇǊƻǾŜ ǎŜƴǎƛǘƛǾƛǘȅ

Neutrino Mass Ordering (with Reactor Neutrinos)

оˋ bah sens.
Exposure

< 6 yrsX 35.8 
GWth

~ 6.5 yrsX 26.6 
GWth

Design: [JUNO Yellow Book] arXiv 1507.05613
Now: [JUNO (recent) paper] arXiv2405.18008

*
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Neutrino Mass Ordering (with Atmospheric Neutrinos)
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ÅⱫ ᴼⱧ ⱨⱧ
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Ⱨ ᴼ▄ ⱨⱧ ⱨ▄

Ⱨ ᴼ▄ ⱨⱧ ⱨ▄

E ~ 0.1 GeV ς 10 TeV
L ~ 15 ς 13000 km



Neutrino Mass Ordering (with Atmospheric Neutrinos)
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[JUNO Physics Book: J. Phys. G43:030401 (2016)]With matter effect:  ˄(ⱨ: A Ễ -A)
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[JUNO Physics Book: J. Phys. G43:030401 (2016)]

NO

╟(ⱨⱧᴼⱨ▄)

With matter effect:

Å╟╝╞ⱨ ᴼⱨ ╟╘╞ ʉ ᴼʉ

╟(ʉⱧᴼʉ▄)

 ˄(ⱨ: A Ễ -A)



Neutrino Mass Ordering (with Atmospheric Neutrinos)
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[JUNO Physics Book: J. Phys. G43:030401 (2016)]

NO

╟(ⱨⱧᴼⱨ▄) ╟(ʉⱧᴼʉ▄)

With matter effect:

Å╟╝╞ⱨ ᴼⱨ ╟╘╞ ʉ ᴼʉ

ÅResonance Ὁ : 3-10 GeV

 ˄(ⱨ: A Ễ -A)



Neutrino Mass Ordering (with Atmospheric Neutrinos)
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[JUNO Physics Book: J. Phys. G43:030401 (2016)]

NO

╟(ⱨⱧᴼⱨ▄) ╟(ʉⱧᴼʉ▄)

With matter effect:

Å╟╝╞ⱨ ᴼⱨ ╟╘╞ ʉ ᴼʉ

ÅResonance Ὁ : 3-10 GeV

ÅSignal channel: Charged Current (CC)

ÅBackground: Neutral Current (NC), cosmic muons

 ˄(ⱨ: A Ễ -A)
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Â78% geometric coverage offers great potential in PID, direction and energyreconstruction

Neutrino Mass Ordering (with Atmospheric Neutrinos)
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Â78% geometric coverage offers great potential in PID, direction and energyreconstruction

ÅŜκ˃ ǎŜǇŀǊŀǘƛƻƴ

Å˄κʉseparation

Neutrino Mass Ordering (with Atmospheric Neutrinos)

Å˄ ŜƴŜǊƎȅ

Åtrack direction



Â78% geometric coverage offers great potential in PID, direction and energyreconstruction

ÅŜκ˃ ǎŜǇŀǊŀǘƛƻƴ

Å˄κʉseparation

Neutrino Mass Ordering (with Atmospheric Neutrinos)

Å˄ ŜƴŜǊƎȅ

Åtrack direction

ü0.8-мΦпˋon NMO @ 6 years with atm ˄only

57

JUNO Physics Book
J. Phys. G43:030401 (2016)



Â78% geometric coverage offers great potential in PID, direction and energyreconstruction

ÅŜκ˃ ǎŜǇŀǊŀǘƛƻƴ

Å˄κʉseparation

Neutrino Mass Ordering (with Atmospheric Neutrinos)

Å˄ ŜƴŜǊƎȅ

Åtrack direction

ü0.8-мΦпˋon NMO @ 6 years with atm ˄only

ü/ƻƳōƛƴŜ ǊŜŀŎǘƻǊ Ҍ ŀǘƳƻǎǇƘŜǊƛŎ ˄ ǘƻ ōƻƻǎǘ bah ǎŜƴǎƛǘƛǾƛǘȅ

JUNO Physics Book
J. Phys. G43:030401 (2016)
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Â78% geometric coverage offers great potential in PID, direction and energyreconstruction

ÅŜκ˃ ǎŜǇŀǊŀǘƛƻƴ

Å˄κʉseparation

Neutrino Mass Ordering (with Atmospheric Neutrinos)

Å˄ ŜƴŜǊƎȅ

Åtrack direction

ü0.8-мΦпˋon NMO @ 6 years with atm ˄only

ü/ƻƳōƛƴŜ ǊŜŀŎǘƻǊ Ҍ ŀǘƳƻǎǇƘŜǊƛŎ ˄ ǘƻ ōƻƻǎǘ bah ǎŜƴǎƛǘƛǾƛǘȅ

ü Install spare PMTs on top of water pool to improve PID and direction reconstruction
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ÅReactor neutrino

ÅAtmospheric neutrino

JUNO: A Multipurpose Neutrino Observatory 

JUNO Physics Book: J. Phys. G43:030401 (2016)
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ÅReactor neutrino

ÅAtmospheric neutrino

ÅSolar neutrino

ÅGeoneutrino

ÅSupernova neutrino

JUNO: A Multipurpose Neutrino Observatory 

Reactor ˄ Earth ˄

JUNO Physics Book: J. Phys. G43:030401 (2016)
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ÅReactor neutrino

ÅAtmospheric neutrino

ÅSolar neutrino

ÅGeoneutrino

ÅSupernova neutrino

ÅSterile neutrino

ÅNucleon decay

ÅDark Matter

Åл˄ʲʲ (in next generation)

JUNO: A Multipurpose Neutrino Observatory 

Reactor ˄ Earth ˄

New 
Physics+

JUNO Physics Book: J. Phys. G43:030401 (2016)



Â
8. ˄ to measure solar oscillator parameters:

ÅChannel: ES (dominated) + CC + NC

High Energy Solar Neutrino (8B)
[JUNO paper: Astrophys. J 965, 122 (2024)]

ES: ʉ Ὡ ᴼʉ Ὡ
CC: ʉ ρσὅᴼὩ ρσὔ
NC: ʉ ρσὅᴼʉ ρσὅ
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Â
8. ˄ to measure solar oscillator parameters:

ÅChannel: ES (dominated) + CC + NC

ÅSignal / background: 60k / 30k (in 10 years)

High Energy Solar Neutrino (8B)
[JUNO paper: Astrophys. J 965, 122 (2024)]

ES: ʉ Ὡ ᴼʉ Ὡ
CC: ʉ ρσὅᴼὩ ρσὔ
NC: ʉ ρσὅᴼʉ ρσὅ
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Â
8. ˄ to measure solar oscillator parameters:

ÅChannel: ES (dominated) + CC + NC

ÅSignal / background: 60k / 30k (in 10 years)

ü
8B flux: 5% (3% w/ SNO)sin2

1̒2 : 8% ɲm2
21   : 20%

üaŜŀǎǳǊŜ ǊŜŀŎǘƻǊ ŀƴŘ ǎƻƭŀǊ ˄ ǘƻ ǎƻƭǾŜ ǘƘŜ ǘŜƴǎƛƻƴ

High Energy Solar Neutrino (8B)
[JUNO paper: Astrophys. J 965, 122 (2024)]

ES: ʉ Ὡ ᴼʉ Ὡ
CC: ʉ ρσὅᴼὩ ρσὔ
NC: ʉ ρσὅᴼʉ ρσὅ
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ÂGood sensitivity to 7Be, pep and CNO neutrinos <2 MeV

ü Improve the understanding of ˄ -emitting solar processes

Intermediate Energy Solar Neutrino

66

HZ-SSM

[JUNO paper: JCAP 10(2023) 022]



ÂGood sensitivity to 7Be, pep and CNO neutrinos <2 MeV

ü Improve the understanding of ˄ -emitting solar processes

üFirst CNO measurement without external constraints

ü Improve Borexino results on 7Be and pep in 1-2 years

Intermediate Energy Solar Neutrino

67

HZ-SSM

of 238U, 232Th in LS

10-17 g/g10-19 g/g 10-16 g/g 10-15 g/g

[JUNO paper: JCAP 10(2023) 022]



Geoneutrino

68

ÂNeutrinos from U/Th inside the Earth

üJUNO will collect the largest dataset of geo- :˄ 1~2 events/day

üPrecision of ~8% in 10 years with fixed U/Th ratio

Å In comparison: KamLAND ~15%, Borexino ~17%

üLeading precision of U and Th components



Supernovae (SN) Neutrino

69

Â3 detection channels sensitive to all flavors

ü~104 events (5k IBD) for a typical SN @ 10 kpc

ÅPrompt monitor can identify signalin 10-30 ms

üExcellent capability of early warning: >90% of core-collapsed SN (CCSN) at d<200-300 kpc

üBe able to determine flavor content, energy spectrum and time evolution of SN burst ˄  

30 Mṩ
Nakazato Model



Diffused Supernova Neutrino Background (DSNB)

70

ÂSuperposition of ˄  from all past SN explosions (yet to be observed) 

ÅSelection: [12,30] MeV with fiducial volume cut & pulse shape discrimination

üS/B ratio improved from 2 to 3.5



Diffused Supernova Neutrino Background (DSNB)

71

ÂSuperposition of ˄  from all past SN explosions (yet to be observed) 

ÅSelection: [12,30] MeV with fiducial volume cut & pulse shape discrimination

üS/B ratio improved from 2 to 3.5

üо ̀όҔрˋύ detection significance in 3 (10) years of data for nominal model
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Sterile Neutrino (at TAO)

ÂTaishan Antineutrino Observatory

Å44 m from a 4.6 GW reactor

Å2.8 ton Gd-dopped LS

Å94% geometric-coverage of SiPM

ÅOperated at -50 ᴈ
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Sterile Neutrino (at TAO)

üsensitive to sterile neutrino

üWill provide new constraints 
in 0.1-3 eV2ɲm2 region

ÂTaishan Antineutrino Observatory

Å44 m from a 4.6 GW reactor

Å2.8 ton Gd-dopped LS

Å94% geometric-coverage of SiPM

ÅOperated at -50 ᴈ

To be reassessed 
with the new 
basline of 44 m 



Nucleon Decay via triple coincidence

Â20 ktons of LS: 1.45 x 1033 free protons & 5.30 x 1033 bound protons/neutrons

Signal: K+ and decay daughters

74

Proton decay


