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Reines& Cowan (1956)
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KamLAND-Zen (2011) 
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Neutrino Sources Nearly 70 years of 
neutrino detection
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A Powerful Neutrino Source
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ÅNeutron-rich radioisotopes e.g. 235U,238U, 239Pu and 241Pu fragment

ÅDaughter nuclei beta-decay (towards stability) emitting Ӷ’

Å~6 Ӷ’emitted per fission ~0 ς10 MeV in energy

Å~2 × 1020 Ӷ’s-1 GigaWatt-1 Thermal Power

Åe.g. Yangjiangand Taishanin Guangdong ~26.6 GW

APS/Carin Cain

άIƻǿ ŘƻŜǎ ŀ bǳŎƭŜŀǊ wŜŀŎǘƻǊ ²ƻǊƪΚ 5h9

https://physics.aps.org/articles/v13/36
https://www.energy.gov/ne/articles/nuclear-101-how-does-nuclear-reactor-work


Antineutrino Detection
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n-capture (e.g. on H)
~100˃ǎlater

Inverse Beta Decay(IBD)

Distinct coincident event pair 
correlated in time and space

üPowerful background reduction

üEnergy of Ӷ’measured from Ὡ
Ὁ Ὁ πȢχψὓὩὠ

Ӷ’ ὴᴼὩ ὲ

Chargedparticle
energydeposition

=

C. L. Cowan, F. Reineset al., Detection of the free 
neutrino: A confirmation, Science 124 (1956) 103



Neutrino Oscillation

Å6 parameters:
Å2 independent mass splittings

Å4 angles (3 real + 1 complex)
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Can probe oscillation parameters by 
measuring neutrinos distance 

travelled (L) and energy (E)

Nuclear reactors are excellent tools 
for this!

ɝά ά ά
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"Precision Measurement of Neutrino Oscillation Parameters 
with KamLAND"Phys. Rev. Lett. 100, 221803 (2008)

1000 tons of liquid scintillator

First clear demonstration of L/E dependence 
in neutrino oscillations (2003)

Measured Energy spectrum
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~180 km 

~10 years data-taking:

Clear deviation from 
unoscillatedspectrum

*( Ӷ’survival averaged over reactor energy spectrum)

KamLAND: Long Baseline Oscillations
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Daya Bay(+Double Chooz+ RENO)

8x 20 ton liquid scintillator detectors

Measured — ~ 9°Ąmakes NMO, ‏ accessible
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άhōǎŜǊǾŀǘƛƻƴ of electron-antineutrino disappearance 
at Daya.ŀȅέΣ Phys. Rev. Lett. 108 (2012) 171803.

"Indication for the Disappearance of Reactor Electron Antineutrinos 
in the Double ChoozExperiment"Phys. Rev. Lett. 108, 131801 (2012)

"Observation of Reactor Electron Antineutrino Disappearance 
in the RENO Experiment "Phys. Rev. Lett. 108, 191802 (2012)

Precision Measurement of Reactor Antineutrino Oscillation at 
Kilometer-Scale Baselines by DayaBay PRL 130, 161802 (2023)Near Halls

Far Hall

Far Hall

*( Ӷ’survival averaged over reactor energy spectrum)
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Short Baseline Oscillations

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.161802


(Some) Outstanding Questions
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Have measured neutrino 
mass differences, what 

about the mass ordering?

— is relatively large, 
♯╒╟could give insight 
into matter-antimatter 

asymmetry

Are there more than 3 
neutrinos? Are there non-

standard interactions?

Are neutrinos Majorana 
particles? 

What is the mechanism 
for neutrino mass?

PDG 2025 Value Precision

ÓÉÎ— πȢσπχπȢπρς σȢωϷ

ɝά χȢυππȢρωρπὩὠ ςȢυϷ

ÓÉÎ— πȢπςρφπȢπππφ ςȢψϷ

ÓÉÎ— πȢυστȢ
Ȣ σȢςϷ

ȿɝά ȿ ςȢυςχπȢπστρπὩὠ ςȢψϷ

‪ ḳ ‪



300 L

8 x 20 tons

300 t 1,000 t

20,000 t





1) Determine Neutrino Mass 
Ordering (NMO)

2) Precisely determine 
oscillation parameters 
ɝÍ ȟɝÍ and ÓÉÎςʃ

W¦bhΩǎ tǊƛƳŀǊȅ tƘȅǎƛŎǎ Goals
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Normal Ordering
ά ά ά

Inverted Ordering
ά ά ά

atmospheric:

atmospheric:
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JUNO : Reactor Neutrinos
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Optimal distance for Ӷ’disappearence

TAO

53km

53km

Screenshot Google Earth 2024

JUNO

JUNO TAO

ü Maximal sensitivityfoundat a baselineof ~53km 

ü Need 20,000 ton detector for enough statistics!

ά¦ƴŀƳōƛƎǳƻǳǎ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ 
neutrino mass hierarchy using reactor 
neutrinosΣέ PRD88, 013008 (2013).

Need < 0.5km 
baseline difference!

*( Ӷ’ survival averaged over reactor energy spectrum)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.013008


JUNO : Reactor Neutrinos
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Reactor ʉEnergy Spectrum
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*( Ӷ’ survival averaged over reactor energy spectrum)



Reactor ʉEnergy Spectrum

ά{ǳō-percent precision measurement of neutrino 
ƻǎŎƛƭƭŀǘƛƻƴ ǇŀǊŀƳŜǘŜǊǎ ǿƛǘƘ W¦bhΣέ /ƘƛƴΦ tƘȅǎΦ / 46 (2022)

άPotential to Identify the Neutrino Mass Ordering with 
Reactor Antineutrinos in JUNOΣέ ChinesePhys. C 49, (2025) 

JUNO : Reactor Neutrinos

16/12/2025 JUNO's First Results | CERN + EuCAPT | Iwan Morton-Blake 15

Excellent Energy Resolution
Needed to resolve fine oscillation structure

Expected Reconstructed Energy Spectrum

Detector 
Response

https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
https://iopscience.iop.org/article/10.1088/1674-1137/ad83aa


Vertical 
shaft
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Jiangmen Underground Neutrino Observatory

20,000 ton liquid scintillatordetector, 700m underground

1.3km tunnel
~23o incline

Sloped Railway



Top Tracker
3 plastic scintillator layers

Outer Cherenkov Detector
35kilotons ultrapure water

>2500нлέ ta¢ǎ

~650m 
overburden

Acrylic Vessel
17.7 min radius

20 kilotonsof liquid scintillator
LAB + 2.5 g/L PPO + 3 mg/L bis-MSB

˃

PMTs

17,596нлέ Ҍ 25,600оέ

The JUNO Detector
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17.7m
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The JUNO Detector

17.7m

>20x size increase compared to its 

predecessors!

¸ŜŀǊǎ ƻŦ wϧ5 ǎƘŀǇŜŘ W¦bhΩǎ 

detector design

ü Ultrapure water vs mineral oil LS shielding?

ü Nylon balloon vs acrylic vessel?

ü Stainless steel tank vs support structure?

JUNO Conceptual Design Report, 
arXiv:1508.07166 (2015)

Neutrino physics with JUNO, J. 
Phys. G: Nucl. Part. Phys. 43 (2016)

https://arxiv.org/abs/1508.07166
https://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401


The JUNO Detector
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Want maximal light collection from charged particles

Liquid scintillator~10,000 photons / MeV

²ƛǘƘ W¦bhΩǎ ǎƛȊŜ ĄNeed a ~20 m photon attenuation length in LS*

Light collection is position-dependent Ą non-uniformity

17.7m

(visualization of light collection, video) Ὡ

’

Optimization of the JUNO liquid scintillator composition 
using a DayaBay antineutrino detector, NIM-A 988 (2021)

*

https://www.sciencedirect.com/science/article/pii/S0168900220312201?via=ihub


JUNO : Detector Comparison

KamLAND

[1]

Borexino

[2]

SNO+

[3]
JUNO

Target Mass [tons] 1000 300 780 20,000

Number of PMTs 1900 2200 10,000 17,596 + 

25,600

PMT Coverage ~34% ~30% ~50% 78%

Light Collection

[Photo electrons/MeV]
~250 ~450 ~520 >1600

JUNO:
Energy Resolution

< 3% @ 1MeV

άPrediction of Energy Resolution in the JUNO 
ExperimentέΣ Chinese Phys. C 49, No. 1 (2025)
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https://iopscience.iop.org/article/10.1088/1674-1137/ad83aa


TaishanAntineutrino Observatory (TAO)

ü~40m baseline from TaishanNPP

ü2.8 t Gd-loaded LS (1 t fid. volume)

üSiPMcoverage: 94%

üOperating temperature: -50 ᴈ

üEnergy resolution <2% @ 1 MeV

ü1000 IBDs / day

üUnder commissioning, physics data-
taking soon upcoming
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ü Measurement of reactor energy spectrum
with unprecedented energyresolution

άhǾŜǊǾƛŜǿ ƻŦ ǘƘŜ W¦bh-TAO 
ŘŜǘŜŎǘƻǊέΣ bLa-A Vol. 1048 (2023)

Construction of TAO detector ς
connecting SiPMs

Internal view of TAO and SiPMs

https://www.sciencedirect.com/science/article/pii/S0168900223000207
https://www.sciencedirect.com/science/article/pii/S0168900223000207


NMO with Reactor Neutrinos
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Parameter PDG 2025
JUNO 6 
years

ȿɝÍ ȿ 1.2% 0.2%

ɝÍ 2.4% 0.3%

ÓÉÎ— 4.0% 0.5%

ÓÉÎ— 3.2% 12.1%

üоˋ ŜȄǇŜŎǘŜŘ ƛƴ сΦр ȅŜŀǊǎ Ϫ нсΦс D² ǘƘŜǊƳŀƭ ǇƻǿŜǊ ǳǎƛƴƎ reactor neutrinos alone

Expected NMO sensitivity vs livetime

Oscillation physics with reactor neutrinos

Expect roughly order of magnitude improvement





Commissioning
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Ą Project begins

ĄCivil construction starts
Jan

2015

2013



Ą Project begins

ĄCivil construction starts

Commissioning
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Evolution of detector installation 
(animated gif)

ĄDetector installation

Ą Installation complete

Jan
2015

2013

2022

2024



Ą Project begins

ĄCivil construction starts

Commissioning

16/12/2025 JUNO's First Results | CERN + EuCAPT | Iwan Morton-Blake 26

Construction of the acrylic vessel
(video)

ĄDetector installation

Ą Installation complete

Jan
2015

2013

2022

2024



Ą Project begins

ĄCivil construction starts

Commissioning
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Preparing and cleaning the acrylic vessel
(video)

ĄDetector installation

Ą Installation complete

Jan
2015

2013

2022

2024



Ą Project begins

ĄCivil construction starts

Commissioning
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Checking the acrylic surface prior to filling

ĄDetector installation

Ą Installation complete

Jan
2015

2013

2022

2024


