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• Large θ13 opens a door to neutrino MO and CP 
violating phase, as the focus of next generation 
neutrino experiments.  

Daya Bay 

JUNO 

Measuring Mass Ordering with Reactor neutrinos 
• Place detector at medium baseline (~50km) from reactors 
• Observe the distortion of energy spectrum 
• A clean measurements of parameters, oscillation probability 

independent of CP phase and θ23 

Neutrino Mass Ordering(MO) In a 3- framework 

TAO 

Yangjiang NPP  Taishan NPP 

17.4 GW 9.2 GW 

All six 2.9 GW cores in 
Yangjiang NPP and two 
4.6 GW cores in Taishan 
NPP are in operation now. 

Jiangmen Underground Neutrino Observatory  
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• Inverse Beta Decay reaction(IBD) 

– Detector requirement:  

• 3% @ 1 MeV energy resolution, very high energy resolution 

• High transparency Liquid Scintillator(>20m@420nm) 

• High coverage of PMTs(>75%)  

• Low backgrounds 

– The most challenging design in the reactor neutrino experiments throughout the world. 

 Experiment Daya Bay Borexino KamLAND JUNO 

Target mass [tons] 8 x 20 ~300 ~1,000 20,000 

Photo electron[p.e./MeV] ~160 ~500 ~250 ~1345 

Energy resolution ~8.5% ~5% ~6% ~3% 

Photocathode coverage 12% 34% 34% 78% 

Energy calibration uncertainty 0.5% 1% 2% <1% 

JUNO Detector 
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Jiangmen Underground Neutrino Observatory  
Å JUNO: 

ï 20 kton liquid scintillator (LS),under construction in southern of 
China. 

ï Main physics goal: 

Å Determine neutrino mass ordering by reactor antineutrinos. 

ï Detector requirement:  

Å  3% @ 1 MeV energy resolution, very high energy resolution 

Å High transparency LS, high coverage of PMTs and low 
backgrounds. 

ï The most challenging design in the reactor neutrino experiments 
throughout the world. 

 

4 

TAO 

Yangjiang NPP  Taishan NPP 

17.4 GW 9.2 GW 

All six 2.9 GW cores in 
Yangjiang NPP and two 4.6 GW 
cores in Taishan NPP are in 
operation now. 

Å Signal: Inverse beta decay reaction(IBD) 

Antineutrino spectrum 



Thermoforming of spherical 

panel 3m x 8m x 120mm 

Central detector (CD)

Yue Meng, Neutrino2020 10

Å 35 m diameter acrylic sphere

Å Stainless steel truss

Å 20,000 tons purified liquid scintillator 

Å 18,000 20-inch PMTs 

Å 25,600 3-inch PMTs

Å Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Central detector(CD) 
• Acrylic spherical vessel 

– Φ 35.4 m acrylic spherical vessel 

– Acrylic panels̔~260 pieces̆acrylic sheets: 8 m  3 m 12 cm 

– Total Weight: 600 tons of acrylic and 600 tons of steel 

– Solved technical problems: high precision curved sheet, anti-
seismic, transparency,  fast bonding and annealing. 

• Transparency > 96% in pure water 

• Strict control for low radioactive backgrounds, acrylic 
samples have met the 1 ppt requirement for U/Th/K 

• Acrylic vessel panels are in production. 
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Liquid scintillator(LS) 
Requirement for LS: 

• Linear alkyl benzene (LAB) + 2.5 g/L PPO + 3 mg/L bisMSB 

• Long Attenuation Length: >20m@430nm 

• Low background: 238U, 232 Th, 40K  

– 10-15 g/g for reactor antineutrinos 

– 10-17 g/g for solar neutrinos 
 

 LS Production:  

– Al2O3 column for LS purification to increase the attenaution length 

– Use distillation,  water  extraction  and  steam stripping  to reduce the  radiation 
background for background control. 

•Technological Challenges: 

– Reduce the risk of contaminating the purified LS 

– Constant delivery of purified LS 

– Underground laboratory construction 
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Flowchart of JUNO LS purification system 

Mixing system 

• 4 purification plants; 
• 1 mixing plant; 
• 1 QC system (OSIRS); 
• 1 Filling system; 
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Alumina Filtration Plant (AFP) 
• AFP Specification :  

– Flow rate: 7000 l/h ;  

– A.L. of alumina purified LAB >24 meter;  

– Radiation background of purified LS̔<2*10-15 g/g (U-238) 

– Leakage rate (He check):10-6 mbar.l/s 

– Pressure in column: 10 bar (for flow rate);  

– The filter: two stage 220nm and 50nm; 

Mechanical structure construction is completed 
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Distillation Plant  
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F-101A/B 
(LAB product filters) 

E-103 heat exchanger 
(Bottom cooler) 

T-103 
(Distillation column 

bottom tank) 

P-104 pump 

Remove the radiation background in LAB 
Challenges: 

•Constant delivery of purified LS 

Distillation plant design 
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Flow chart of Mixing system 

Mixing system 



Construction(on going) 

– PRR 2020.04.01 

– Installation and commissioning 

–  2021.04.10-2021.06.30 

– Ready for joint commissioning 2021.07.01 
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Status of mixing system 



• Requirements 

– Remove the radioactive metal ions in the LS. 

– 238U and 232Th in LS: 

•  ~ 10 ‐ 15g / g (Reactor neutrinos) 

•  ~ 10 ‐ 17 g / g(Solar neutrinos) 

– The water extraction system needs long-term operation. 

• Equipment requirements ̔ 

• High extraction efficiency with limit of 13m. 

• Clean enough(not pollute LS). 

• High sealing requirements to prevent radon entering into LS. 
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ü Stripping plant is completed and already 
shipped into shipping containers 

ü Hardware: construction, cleaning, installation and 
test phases have been completed 

• Software: DCS ready and tested  

ü Shipped on 29 July 2020 

ü Delivered on 01 October 2020 

T-201 T-202 

Stripping Plant Status 



• LS purification pilot plant in Daya Bay as a 
pre-study for JUNO LS mass production. 

 

• OSIRIS: Online Scintillator Internal 
Radioactivity Investigation System 
– LS Quality Control 
• 20 t LS and water tank 9 m x 9 m  
• Sensitivity of 10-15 g/g per day. 
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20 inch PMTs 
Two types of 20 inch PMTs used in JUNO 

• 15k NNVT MCP-PMT: newly developed by North 
Night Vision Technology (NNVT), used for central 
detector and veto detector. 
• Use transmission and reflection cathodes to 

increase quantum efficiency 
• 5k Hamamatsu R12860: used for central detector. 

• New type of bialkali photocathode 

• Excellent TTS (2.7 ns FWHM) 
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• Progress 

– HV divider mass production is on going 

– Mass potting is on going (36%) and in good shape.  

– Implosion protection cover mass production started. 

 

The average photon detection 
efficiency  28.7%. 



3 inch PMTs 

• The Double Calorimetry for central detector  
– An Independent system to cross calibrate the 20” PMT system; 
– Extend the energy dynamical range for muon physics; 

– Independent system for supernova and solar neutrino oscillation parameter 
measurement. 

• Progress: 

• ~26,000 PMTs were produced. 

• Others (HV divider, potting, cable, connector, HV splitter, electronics, under 
water box) are all going well. 
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HZC Photonics 

Custom 3-inch 

PMTs for JUNO 



Calibration system 
• System design 

– Different tools for detector calibration 

• 1D: Automatic Calibration Unit (ACU) 

• 2D: Cable Loop System (CLS) and Guide Tube Calibration System (GTCS) 

• 3D: Remotely Operated Vehicle (ROV)  

• Auxiliary systems: Calibration house, Ultrasonic Sensor System (USS), 
CCD and A Unit for Researching Online the LSc tRAnsparency 
(AURORA) 

• Experiment  requirement:  3% energy resolution@1MeV and 1% energy scale 
uncertainty. 
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• Calibration study: 
• The bias in the reconstructed energy < 1%. 
• Effective energy resolution < 3.0% (1 MeV—8 MeV). 

Calibration strategy of the JUNO Experiment, 
JHEP, Volume 2021, pp 1-33; 



Veto system 

Water Cherenkov detector 
• 35 kton ultrapure water with 2400 20-inch MCP PMTs 

– Active veto for muon tagging  
– Passive shielding for rock neutrons and for material 

radioactivity 
• Water circulation  

– Keep water quality 
– temperature control within (21¤1)Ņ around acrylic vessel 

• Earth magnetic shielding coils  
– Residual B <0.05Gs CD PMT, <0.1 Gs for Veto PMT. 

• HDPE lining  
– Prevent diffusion of Radon from rocks and keep water clean. 

• Efficiency>99% 
• The support structure and water system is under production. 
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Read Out & Front End 
Boards  

Top Tracker 

• Reuse the target tracker walls of the OPERA 
experiment 

• 3-layers XY plastic scintillator modules 

• Good muon tracking 

• The modules are already at JUNO site 

• New electronics cards designed to account for 
100 x higher radioactivity from rocks at JUNO site 

• Front End Boards are all produced and other 
boards in production and going on well. 

Water Cherenkov detector+Top tracker system 



• Taishan Antineutrino Observatory (TAO) 

– A satellite experiment of JUNO 

– high energy resolution LS detector (< 2%@1MeV); 

– 30 m from one of the Taishan reactor cores 

• Detector Design: 

– 2.8 ton Gadolinium dopped liquid scintillator 

– 10 m2 95% coverage with SiPM; photon detect 
efficiency > 50% 

– Operate at -50 Ņ (SiPM dark noise) 

– 4500 p.e./MeV  

– Detect 2000 reactor antineutrinos / day 

• Purposes:  

– Precisely measure the reactor antineutrino 
spectrum; 

– A model-independent reference spectrum for JUNO.  

– Benchmark for investigation of the nuclear database.  

• Expect to start operation in 2022 
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       JUNO-TAO 

Conceptual Design Report, arXiv:2005.08745v1 



Event Rate   (after selection) 

Rich physics program of JUNO 

19 

J. Phys. G43:030401 (2016)   



Neutrino mass ordering 
Antineutrino survival probability̔ 

Sensitivity for 100 k IBDs (20 kton¦35 GW¦6 years).  
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• A relative measurement (no constraint on Δm2
31, Δ…2>9) 

• An absolute measurement (Δ…2>16) accounting for 
constraints from long baseline experiments(Δm2

μμ 

precision of 1%).  



Precision measurement of oscillation parameters 

•Precision of three parameters (Δm2
21,  Δm2

32 and sin2θ12 ) will reach sub-percent 
level, several times improvement compared with current precision. 

•Probing the unitarity of UPMNS to ~1% level. 

Current precision 
JUNO  
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C hinese Physics C Vol. XX, No.XX (201X) XXXXXX

Ref. [1 3], and the energy rele ased per fissio n of the i -t h
component is from Ref. [1 4].

The reactor ant in eutrin os are detected by the in verse
beta decay (IBD) react io n. The expected number of re-
actor ant in eutrin o events in the detector is predic ted as:

NЯɜe = ⱦ¦Np¦Ű¦
N re a

r = 1

1

4 Ĺ r
2 dEЯɜeů(EЯɜe )Pee(EЯɜe ,L r )ū(EЯɜe ), (6 )

w hereⱦis the detector efficie ncy correspondin g to a IBD
sele ct io n crit eria , Np is the number of free protons and
Űis the data-takin g t im e. The in dex r ru ns over the
number of reactors, L r is the baselin e from the detector
to th e reacto r. The ů(EЯɜe ) is the cross sect io n of the
IBD react io n, Pee(EЯɜe ,L r ) is the ele ct ron ant in eut rin o
surviv al probabilit y and ū(EЯɜe ) is the expected reactor
ant in eutrin o spectrum from Eq. (5).

To est im ate the event number of reactor ant in eut ri-
nos at JUNO, we first consid er the cont rib ut io n from all
the reactor cores in the world in operat io n in 2013. The
contrib ut io n of the reactor cores in operat io n in 2013 is
taken from Ref. [1 5], whic h giv es 95.3+ 2.6

− 2.4 T NU.
The contrib ut io n of Tais han and Yangjia ng nucle ar

power pla nts are est im ated usin g Eq. (6). The IBD de-
tect io n efficie ncy is assumed to be 80% and the fiducia l
volu me is 18.3 5 kton wit h a 17.2 m radia l cut , whic h
yie ld s 1.285¦1033 fr ee protons. The thermal power Wth

and baselin e L r for each reactor core in Tais han and
Yangjia ng are taken from Ref. [1 6] and the IBD cross
sect io n ů(EЯɜe ) is taken from Ref. [1 7]. The oscilla t io n
parameters in the surviv al probabilit y Pee(EЯɜe ,L r ) a re
taken from Ref. [1 8].

Eq. (6) can als o be used to est im ate the uncertain -
t ie s of the reactor IBD background. The correla ted un-
certain t ie s between reactors in clu de those from the en-
ergy per fissio n (0.2%) and the IBD react io n rate (2.7%).
The uncorrela ted uncertain t ie s between reactors in clu de
th e th ermal power (0 .5%), the fissio n fract io n (0.6%),
non-equilib riu m effects (0.3%) and the contrib ut io n from
spent nucle ar fuel (0.3%). The uncertain ty from oscilla -
t io n parameters is main ly from ɗ12, whic h is est im ated
to be neglig ib le , consid erin g a sub-percent le vel can be
obtain ed wit h the JUNO detector it self . As a result , the
total uncertain ty is 2.8%.

In summary, the expected reactor ant in eutrin o events
from all nucle ar cores in the world operat in g in 2013 is
980+ 27

− 25 events per year and the contrib ut io n from Tais -
han and Yangjia ng nucle ar power pla nts is 15120¤423
events per year.

3.2 N on-ant ineut r ino backgrounds

In addit io n to the reactor ant in eutrin o background,
there are other non-ant in eutrin o backgrounds rele vant
for geo-neutrin o detect io n.

T heɓ-n decays from 9L i and 8He is otopes produced
by cosmic muons crossin g the detector can mim ic IBD
react io ns. The total rate of ɓ-n decays is 84/ day in
the whole central detector. However, this ɓ-n back-
ground can be effect iv ely reduced usin g muon veto crit e-
ria , whic h emplo y both the t im e and space dis t rib ut io n
of is otope products wit h respect to their tagged mother
muons (See Ref. [6] for details ). This background can be
reduced to 1.8¤0.36 events per day after apply in g the
muon veto and IBD sele ct io n cuts. Fast neutrons pro-
duced by cosmic muons passin g through the detector can
reach the liq uid scin t illa tor wit hout t rig gerin g the muon
veto. The recoilin g proton and the neutron capture can
mim ic the IBD sig nal. The fast neut ron background is
expected to be 0.01¤0.01, whic h is neglig ib le .

The alp ha part ic le s emit ted in decay chain s of ra-
dio act iv e contamin ants, 238U , 232T h and 210Po, can in -
duce 13C (Ŭ,n)16O react io ns in the LS. The prompt sig -
nal produced by protons scat tered off neutrons or the
de-excit at io n of 16O and neut ron capture can mim ic IBD
react io ns. For the LS of the JUNO central detector, an
in it ia l purit y le vel of of 10− 15 g/g U/T h, 10− 16 g/g K and
1.4¦10− 22 g/g 210Pb is est im ated to be achie vable wit h-
out dis t illa t io n [6 ]. Therefore, the 13C (Ŭ,n)16O back-
ground rate is 0.05¤0.025 per day based on the above
assumpt io n. Consid erin g all the detector construct io n
materia ls , the event rate of accid ental coin cid ences of
the non-correla ted sig nals is est im ated to be 1.1¤0.011
in the fiducia l volu me [6 ].

T he event rates for those backgrounds are summa-
riz ed in Tab. 2. In addit io n, we show in Fig . 2 the spec-
t ra of reactor ant in eut rin os, other non-ant in eutrin o back-
grounds, and geo-neutrin os wit h the Th/ U rat io fixed at
the chondrit ic valu e.

backgrounds event rate/ day
9L i− 8 H e 1.8

Fast neut rons 0.01
13C (Ŭ, n)16O 0.05

A ccidental events 1.1

T able 1. The non-ant ineut rino background event
rate per day.
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Rich physics potenial 
• Supernova neutrinos(SN):  

– Determination of flavor content, energy spectrum and time evolution  

– Golden channel: IBD, ~5000 events for SN@10 kpc 

• Diffuse Supernova Neutrino Background (DSNB):  

– Provide information of star formation rate, emission from average CCSNe and 
BHs 

– Expected detection of ~3σ after 10 years data taking. 

• Multi-messager astrophysics:  

– Energy threshold lower to O(10) keV  

– Real-time monitoring of the MeV transient neutrino sky  

• Solar neutrinos 

– Effective cosmogenic background rejection(both time and volume) 

– 8B,Signal~ 60,000 recoil electrons , background event ~30,000 in 10 years of 
data taking. 

– Measure and cross validate Δm2
21 with solar neutrinos and reactor 

antineutrinos 

• Atmospheric neutrinos:  

– Complimentary neutrino mass ordering sensitivity via matter effect 

• Geo-neutrino 

– Explore origin and thermal evolution of the Earth 

– Expected 400-500 IBD/y̕precision can achieve at 6% (10 years) 

• Proton decay : 

– Competitive sensitivity to proton decay searches . 

•  JUNO will be sensitive to τ ~2¦1034 years.  
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Civil Construction Progress 

Á Slope tunnels and vertical shafts are 
finished. 

Á Experiment cavern digging completed in 
Dec. 2020 

Á Detector installation will begin this 
summer. 
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water pool (taken 2021.02.02)  



JUNO Timeline 
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669 members from 
17 countries and 77 

institutes   

JUNO Collaboration  



Summary 

• JUNO will measure mass hierarchy (3—4 σ with 6 years data 
taking ) and 3 oscillation parameters to <1% level.  

• JUNO also has a rich physics potential with supernova 
neutrinos, geo-neutrinos, solar neutrinos,atmospheric 
neutrinos and other oscillation physics such as searches for 
proton decay, among others. 

• The sub-system R&D and production are well underway. 
• The experiment is expected to complete the detector 

construction within 2022. 
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Thanks! 
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