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Cd
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Reines&Cowan Detected Neutrinos in 1956

β decay：N N′ + e + ν

Detection: e+ + np+ ν

Ø Cowan and Reines at the Savannah 
River Power Plant (1956-1959)

Inversed β decay

Creation
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• Bruno Pontecorvo in 1957:

Interaction Eigenstates ≠ Mass Eigenstates 
→ Neutrino Mixing and Oscillation

3

Neutrino Mixing & Oscillation Proposed

Ø Extended to 3 flavor 
mixing by Maki, 
Nakagawa and Sakata, 
after muon neutrino was 
discovered at BNL in 1962
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Neutrino Mixing & Oscillation

⇒ Oscillation Probability:

Ø Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix,

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬

4
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Neutrino Mass Ordering Still Unknown

5

~2.5x10-3 eV2

~7.5x10-5 eV2
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Known θ13 Enables Neutrino Mass Hierarchy at Reactors

Petcov&Piai, Phys. Lett. B533 (2002) 94-106

L~20km ✓Mass hierarchy reflected 
in the spectrum

✓Independent of the 
unknown CP phase

∝ sin22θ13
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Various Methods Resolving 𝛎 Mass Ordering
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Source / 
Principle Matter Effect

Interference of 
Solar&Atm 
Osc. Terms

Collective 
Oscillation

Constraining 
Total Mass or 
Effective Mass

Atmospheric 𝛎
Super-K, Hyper-K, 
IceCube PINGU, 

ICAL/INO, ORCA, 
DUNE

Atm 𝛎µ + JUNO

Beam 𝛎µ T2K, NO𝛎A, 
T2HKK, DUNE Beam 𝛎µ + JUNO

Reactor 𝛎e JUNO, 
JUNO+Beam 𝛎µ

Supernova 
Burst 𝛎

Super-K, Hyper-K, 
IceCube PINGU, 

ORCA, DUNE, JUNO

Interplay of 
Measurements

Cosmo. Data, 
KATRIN, Proj-8, 

0νββ
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JUNO for Neutrino Mass Ordering
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Jiangmen Underground Neutrino Observatory

Yangjiang Nuclear Power Plant

Taishan Nuclear Power Plant
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The JUNO Experimental Site

Vertical shaft
563 m

Slope tunnel: 1265m

Slope 42%

ß
to surf. buildings

5000 m3 LS
storage tank

JUNO experimental hall

Tunnel Entrance
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The JUNO Collaboration

10

17 countries，74 institutions，~670 members

JUNO   Collaboration

5

17 countries，74 institutions，~670 members

Country Institute Country Institute Country Institute

Armenia Yerevan Physics Institute China SYSU Germany U. Mainz
Belgium Universite libre de Bruxelles China Tsinghua U. Germany U. Tuebingen
Brazil PUC China UCAS Italy INFN Catania
Brazil UEL China USTC Italy INFN di Frascati
Chile PCUC China U. of South China Italy INFN-Ferrara
Chile SAPHIR China Wu Yi U. Italy INFN-Milano
Chile UNAB China Wuhan U. Italy INFN-Milano Bicocca
China BISEE China Xi'an JT U. Italy INFN-Padova
China Beijing Normal U. China Xiamen University Italy INFN-Perugia
China CAGS China Zhengzhou U. Italy INFN-Roma 3
China ChongQing University China NUDT Pakistan PINSTECH (PAEC)
China CIAE China CUG-Beijing Russia INR Moscow
China DGUT China ECUT-Nanchang City Russia JINR
China Guangxi U. China CDUT-Chengdu Russia MSU
China Harbin Institute of Technology Czech Charles U. Slovakia FMPICU
China IHEP Finland University of Jyvaskyla Taiwan-China National Chiao-Tung U.
China Jilin U. France IJCLab Orsay Taiwan-China National Taiwan U.
China Jinan U. France LP2i Bordeaux Taiwan-China National United U.
China Nanjing U. France CPPM Marseille Thailand NARIT
China Nankai U. France IPHC Strasbourg Thailand PPRLCU
China NCEPU France Subatech Nantes Thailand SUT
China Pekin U. Germany RWTH Aachen U. U.K. U. Warwick
China Shandong U. Germany TUM USA UMD-G
China Shanghai JT U. Germany U. Hamburg USA UC Irvine
China IGG-Beijing Germany FZJ-IKP
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The JUNO Collaboration

11

Last collaboration meeting, Jiangmen, China, July 2023
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Challenges in Resolving MH using Reactors

12
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Challenges in Resolving MH using Reactors

• Energy resolution: ~3%/sqrt(E)
• Energy scale uncertainty: <1%
• Statistics (the more the better)
• Reactor distribution: <~0.5km

Y.F. Li et al
PRD88(2013)013008

S.F. Ge et al 
JHEP 1305 (2013) 131

13
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The Central Detector of JUNO

14

§ An acrylic sphere of 
35.4m diameter 
immersed in a 
cylindrical water pool

Experiment
Mass 
(tons)

Energy resolution
at 1 MeV (𝝈)

Daya Bay 20 ~7.5%

Borexino ~300 ~5%

KamLAND ~1,000 ~6%

JUNO ~20,000 ~3%

Successful R&D program on LS transparency, 
PMT  performances and calibration system 
Nucl. Instrum. Meth. A 988 (2021) 164823
Prog. Part. Nucl. Phys. 123 (2022) 103927 
JHEP 03 (2021) 004

§ A 20kt liquid scintillator detector à the biggest LS detector ever!
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Central  Detector
➢ The acrylic sphere is composed of 265 

pieces of spherical panels;
➢ Thickness:120mm, Net weight: ~600 tons;
➢ Transparency > 96% in pure water;
➢ Radiopurity: U/Th/K < 1 ppt

Polishing
Cleaning

50 μm PE film protectionInstallation of equator layer

v Totoally, 265 spherical panels
v Thickness:120mm; weight: ~600 tons

Progresses&Status of the Central Detector
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• Large PMTs get exanimated, tested, selected, characterized one
by one to make sure they meet the requirements

The JUNO PMT System

16

● 20inch PMTs: 17612 (CD) + 2400 (Veto)
○ 15000 MCP-PMTs (NNVT)
○ 5000 Hamamatsu

● 3inch PMTs: 25600
● spacing between PMTs: 25mm
● energy resolution and charge linearity
● mass testing completed
● expected channel loss rate <1% in 6 yr

Photomultiplier Tubes (PMTs)
acrylic 
protective 
cover

stainless steel 
cover

dark count rate photon detection efficiency
20arXiv:2205.08629

PMT performance
LPMT (20-inch) SPMT (3-inch)

Hamamatsu NNVT HZC

Quantity 5000 15012 25600

Charge Collection Dynode MCP Dynode

Photon Detection Efficiency 28.5% 30.1% 25%

Mean Dark Count Rate 
[kHz]

Bare 15.3 49.3
0.5

Potted 17.0 31.2

Transit Time Spread (σ) [ns] 1.3 7.0 1.6

Dynamic range for [0-10] MeV [0, 100] PEs [0, 2] PEs

Coverage 75% 3%

Reference Eur.Phys.J.C 82 (2022) 12, 1168 NIM.A 1005 (2021) 165347

11

➢ All PMTs produced, tested, and instrumented with waterproof potting；

➢ 12.6k NNVT PMTs with higher PDE are selected for CD and the rest are 

used in the Water Cherenkov detector;

Instrumented with 
waterproof potting
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Progresses&Status of the PMT System

17

12

4600 20’’ PMTs and 3600 3’’ PMTs are installed (June, 2023)

12
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Calibration System based on the Daya Bay experiences

Automatic Calibration Unit (ACU) 

Guide Tube Calibration 
System(GTCS) 

p Complementary for covering 
entire energy range of reactor 
neutrinos and full-volume 
position coverage inside 
JUNO central detector

p Energy scale uncertainty < 1%

Cable Loop System (CLS) 

Remotely Operated 
under-liquid-
scintillator Vehicles 
(ROV) 

18
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Design and Status of the LS System

8

Liquid  scintillator
➢ Using a recipe optimized from Daya Bay’s experience, tested and changed to be more suitable for JUNO;
➢ Four purification plants to achieve target radio-purity 10−17 g/g U/Th and 20 m attenuation length at 430 nm.

Distillation to remove radioactive 
impuritiesAl2O3 to remove particles

Done

5000 m3 LAB tank

Done

Add 2.5 g/L PPO and 3 mg/L bis-MSB

Water extraction to remove 
radioactive impurities

Gas stripping to remove 
Rn and O2OSIRIS for LS qualification

19

v Using a recipe optimized from Daya Bay’s experience, tested and changed to 

be more suitable for JUNO

v Four purification plants to achieve target radio-purity 10−17 g/g U/Th and 20 m 

attenuation length at 430 nm.
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the permille level, and subtracted by off-time window techniques, as demonstrated by current-
generation reactor antineutrino experiments [10–12].

Correlated backgrounds are by definition produced by a single physics process and yield
both a prompt and a delayed signal. The most important such backgrounds are cosmogenic
9Li/8He and fast neutrons, which can only be further suppressed by increasing the overburden.
There are also geoneutrinos, mostly below 2.5 MeV in antineutrino energy [47], and atmospheric
neutrinos [48]. The latter can produce neutrons, protons, ↵ particles, and excited light nuclei
that deposit their energy immediately or shortly after production and can thus mimic the IBD
signature when followed by a neutron capture. There is only one radiogenic process leading
to a correlated background deserving consideration: the 13C(↵, n)16O reaction in the liquid
scintillator. This background is expected to be small in JUNO, more so given the stringent
radiopurity control that is envisaged [49]. The production of fast neutrons and gamma rays via
spontaneous fissions and (↵, n) reactions in peripheral materials of the detector [50] is expected
to have a negligible contribution to this analysis.

IBD selection criteria are designed to suppress the aforementioned backgrounds while keeping
a high efficiency for true reactor antineutrino IBD events. First, prompt and delayed candidate
events are restricted to the energy windows [0.7, 12.0] MeV and [1.9, 2.5] [ [4.4, 5.5] MeV,
respectively. IBD events are expected to dominate the [0.7, 8.0] MeV prompt energy range, as
shown in Fig. 4. The delayed signal energy selection windows are selected to be centered around
2.2 MeV and 4.9 MeV corresponding to neutron capture on hydrogen and carbon, respectively.
Prompt or delayed events are discarded if their vertices are more than 17.2 m far away from the
detector center, since the external background rate is larger at the edge of the acrylic sphere. This
fiducial volume cut will be further optimised upon data taking based on the final radiopurity of
the PMTs and the detector materials. To further reduce the accidental background, the surviving
prompt-delayed pairs are restricted to occur with a time separation �Tp�d smaller than 1.0 ms
and a spatial 3D separation �Rp�d smaller than 1.5 m.
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Figure 4: Visible energy spectrum expected in JUNO as measured with the LPMT system
with (grey) and without (black) backgrounds. The assumptions detailed in the text are used,
which include the energy resolution from Ref. [42]. The inset shows the spectra of the expected
backgrounds, which amount to about 7% of the total IBD candidate sample and are mostly
localized below ⇠3 MeV.

A series of cosmic muon veto cuts are enforced to suppress the cosmogenic backgrounds, most
of which satisfy the IBD coincidence selection criteria. Muon-induced neutrons can be greatly
reduced by imposing a time cut proportional to the characteristic time of neutron capture, as
done in other underground liquid scintillator experiments [10–12, 51]. However, this approach

13

20

Signal and backgrounds

Major IBD event cuts:
§ Energy threshold: 𝐸𝑣𝑖𝑠 > 0.7 𝑀𝑒𝑉
§ Fiducial volume cut: R!" < 17.2 𝑚
§ Timing cut: Δ𝑇#$% < 1𝑚𝑠
§ Spatial cut: 𝑅#$% < 1.5 𝑚
§ Cosmic muon veto cuts

• ~47 "𝜈! evt/day (assuming ~82% efficiency) and ~4.1 bckg evt/day

§ Visible energy spectrum of 
the survival reactor 𝝂𝒆‘s

§ Background contribution from 7 
types of sources

§ Accidentals are mainly coming
from radiogenic elements such
as 238U/232Th/40K à material
screening strategy achieved

for details, see JHEP 11 (2021) 102

arXiv:2204.13249

Table 4: Background rates and uncertainties.

Background Rate (day�1) Rate Uncertainty (%) Shape Uncertainty (%)
Geoneutrinos 1.2 30 5
World reactors 1.0 2 5

Accidentals 0.8 1 negligible
9Li/8He 0.8 20 10

Atmospheric neutrinos 0.16 50 50
Fast neutrons 0.1 100 20
13C(↵,n)16O 0.05 50 50

background rate is reduced by 0.1 day�1 due to new knowledge on the radiopurity of the detector
components [49]. The world reactors and the atmospheric neutrino backgrounds are new addi-
tions in this publication. The former is calculated from Ref. [53] and the same uncertainty of the
⌫̄e signal described in Section 4.3 is applied. The latter is estimated following the methodology
of Ref. [48]. The IBD selection criteria is applied to simulate final states of atmospheric neutri-
nos interacting with 12C nuclei in the liquid scintillator. In the [0.7, 12.0] MeV energy range,
neutral-current interactions are found to dominate, with charged-current interactions contribut-
ing a negligible amount. The uncertainty is estimated from the largest variation in predicted
rate between an interaction model that relies on GENIE 2.12.0, which is taken as the nominal,
and four others relying on the NuWro generator that use different nuclear models and values of
the axial mass [48].

The geoneutrino and world reactors’ antineutrino spectra are obtained from Refs. [54] and [53],
respectively. The accidental spectrum is obtained by applying the IBD selection to events from a
full JUNO simulation with a recently re-estimated radioactivity budget [49]. The 9Li/8He spec-
trum is obtained from a theoretical calculation. The atmospheric neutrino spectrum is the one
produced by the nominal interaction model relying on the GENIE 2.12.0 generator in Ref. [48].
The fast neutron spectrum is assumed to be flat in the energy range of interest, which is a
reasonable approximation as seen in both simulation and recent reactor experiments [11,12,55].
Finally, the spectrum of 13C(↵,n)16O is obtained from simulation [55]. In all cases the full
detector response of Section 4.2 is applied.

With the exception of the two newly considered backgrounds, the spectral shape uncertain-
ties are the same as in Ref. [16]. The shape uncertainty of the world reactors’ ⌫̄e background
is considered to be the same of the ⌫̄e signal, described in Section 4.3. The spread between
interaction models is assigned as the shape uncertainty of the atmospheric neutrino background.
All shape uncertainties are conservatively treated as bin-to-bin uncorrelated. Their knowledge
is expected to improve through JUNO data analysis.

Compared to other underground liquid scintillator experiments, the impact of the back-
grounds on the precision of the measurement of the oscillation parameters is limited. This is
because JUNO exploits the large spectral shape distortion of the IBD spectrum as the primary
handle to extract the oscillation parameters. As illustrated in Fig. 4, the residual backgrounds’
spectra are manifestly distinct from the oscillated spectrum.

4.2 Detector Response

The extraction of the oscillation parameters relies strongly on the careful control of systematic
uncertainties affecting both the precision and accuracy of the spectral distortion caused by neu-
trino oscillation. The energy response model considered in this analysis includes three effects:
energy transfer in the IBD reaction, detector nonlinearity, and energy resolution. The event-
vertex dependence of the energy response, i.e. the non-uniformity, also plays an important role
and has been included in the energy resolution model as described below.

Energy transfer in the IBD reaction is calculated by integrating the IBD differential cross-
section over the positron scattering angle. The kinetic energy of the positron, together with the
typically two 0.511 MeV annihilation photons, is assumed to be fully deposited in the detector

15
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Neutrino oscillation studies using reactor 𝝂𝒆

21

v JUNO can determine the Mass Ordering at 3𝜎 level (6 years)

v Subpercent precisions for 3 oscillation parameters (JUNO only)

JUNO Simulation Preliminary

arXiv:2204.13249

JUNO measures 𝜟𝒎𝟐𝟏
𝟐 &𝜟𝒎𝟑𝟐

𝟐 oscillations on the same spectrum

arXiv:2204.13249
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Reactor Neutrinos NOT Perfect: RAA and a “Bump”

http://irfu.cea.fr/Spp/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3045

Phys.Rev.Lett. 114, 012502 (2015)

22

References
• T. A. Mueller et al., PRC83, 054615 (2011)
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The “Bump”!

The Reactor Antineutrino Anomaly
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v Taishan Antineutrino Observatory (TAO), a ton-scale (2.6 ton GdLS in FV), 
at ~40m from a 4.6 GWth core

23

JUNO-TAO: A Satellite Experiment of JUNO

For details, see CDR arXiv:2005.08745 

v Full coverage of SiPM with PDE > 50% Operate at -50 ℃ (lower SiPM 
dark noise): 4500 p.e./MeV à 1.5% 𝑬(𝑴𝒆𝑽)

JUNO-TAO

16

2.8 ton GdLS detector

Baseline ~30 m

Reactor Thermal Power 4.6 GWth

Light Collection SiPM

Photon Detection Efficiency >50%

Working Temperature -50 ℃

Dark Count Rate [Hz/mm2] ~100

Coverage ~94%

Detected Light Level [PE/MeV] 4500

Energy resolution < 2% @ 1 MeV

arXiv: 2005.08745

1:1 Prototype is being built at IHEP

➢ Taishan Antineutrino Observatory (TAO) is a high energy
resolution LS detector at 30m from the core;

➢ To measure the fine structure of the reactor neutrino
spectrum, and eliminate the model dependence of JUNO
NMO determination;
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Latest Re-Evaluations of JUNO Physics Potential

24

NMO determination - sensitivity

● IBD has distinct signature with little background
● sensitivity: 3σ after 6 yr of data taking
● will be better in combination with atmospheric 

neutrino analysis -> work in progress 10
.52
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An Exciting Phase for JUNO

25

Conclusion

30th May 24th June

26th October

Sensitivities
● Neutrino Mass Ordering: 3σ ractor & 1σ atmospheric in 6 yr
● Oscillation Parameters: Δm2

31 Δm2
31 sin2θ12< 0.5% in 6 yr

● Supernova Burst (10 kpc): ~5000 IBD, ~300 eES & ~2000 pES all flavors 
● DSNB: 3σ in 3 yrs
● Solar neutrinos: 7Be, pep, CNO simult., 8B flux independently
● Nucleon decays: 8.3x1033 years (90% C.L.) in 10 yrs
● Geo-neutrinos: ∼400 per year, 5% precision in 10 yrs

JUNO expected detector completion: End of 2023

2015 2022 NOW 20232013

approved

Civil
Construction

Detector
Construction

Detector
Completion

22
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Summary and Conclusion

• Reactor neutrino has played irreplaceable roles in neutrino
studies and Daya Bay has made the most precise measurement of 
sin22θ13, which makes mass ordering resolution possible using 
reactor antineutrinos à JUNO has been a continuous effort based 
on the Daya Bay success

• JUNO is the only reactor experiment for neutrino mass ordering:
observing the two oscillations on the same spectrum for the first
time

• JUNO will also make subpercentage measurements of multiple 
oscillation parameters

• JUNO construction has entered its final stage. Data taking is
expected in 2024!

26



Thanks for your Attention!

广州
Guangzhou

深圳
Shenzhen珠海
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澳门
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香港
Hong Kong

SYSU

Come visit us!



Combining JUNO and PINGU (courtesy of M. Wurm)

28

§ Nominal configuration, i.e. PINGU (26 strings) + JUNO (10 cores)

§ Reduced configurations, i.e. IC Upgrade (7 str) + JUNO (8 cores)

Ø  In any case, a 5σ discovery after 5 years!



Hosting WIN 2023 @ SYSU

JUNO’s Multi-Physics Potential

  

Marta Colomer Molla, Rencontres de Blois 2021, Status and physics prospects of JUNO 5

JUNO physics program
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Updated Performance of JUNO

30

NMO determination - sensitivity

● IBD has distinct signature with little background
● sensitivity: 3σ after 6 yr of data taking
● will be better in combination with atmospheric 

neutrino analysis -> work in progress 10
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