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JUNO in a nutshell

• it’s going to be the largest ever built liquid
scintillator (LS) detector for neutrino and rare
events physics (including dark matter)

• the main target is the determination of the
neutrino mass hierarchy, one of the still
unanswered questions in neutrino physics

• thanks to the large mass (20 kt) and
overburden (1800 m.w.e.), JUNO will be able
to exploit several neutrino physics channels

~52.5 km

JUNO

Yangjiang NPP
6×2.9 GWth

Taishan NPP
2×4.6 GWth

TAO

8 reactors 
26.6 GWth

JUNO

~700 m
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JUNO Rich Physics Program

Reactor ν

∼ 60 − 80/day

Solar ν

O(10−1000)/day

SuperNova ν

5k in 10 s (10 kpc)

Atmospheric ν

10-20/day

Geo-ν

∼ 1 − 2/day

Wimp
(dark matter)

?

F. An et al., Neutrino Physics with JUNO, J. Phys. G 43 (2016) 030401, arXiv:1507.05613
A. Abusleme at al., JUNO Physics and Detector, accepted by Prog. Part. Nucl. Phys., arXiv:2104.02565
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Reactor neutrino disappearance

• detector reactor νe JUNO will

Ü determine neutrino mass ordering, at
∼ 3− 4σ with 6 years of reactor data

- the measurement is independent of
δCP and sin2 θ23

- better sensitivities can be obtained
with constraints from long baseline
experiment measurements

Ü measure at sub-percent level the
neutrino oscillation parameters

- sin2 2θ12, ∆m2
21 and |∆m2

32|

The measurement is challenging

• JUNO needs an unprecedented 3% energy resolution at 1 MeV

Ü large PMT coverage (75%), high photoelectron statistics and detection efficiency

• and energy scale uncertainties controlled at sub-percent level

Ü redundant calibration strategies with light and racioactive sources using large
(20”) and small (3”) PMTs
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A. Abusleme et al., Calibration Strategy of the JUNO experiment, JHEP 03 (2021) 04, arXiv:2011.06405
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JUNO has a rich physics potential
Expected sensitivity on neutrino

oscillation parameters

JUNO Simulation Preliminary

atmospheric neutrinos

A. Abusleme et al., accepted by Eur.

Phys. J. C; arXiv:2103.09908

1. Atmospheric neutrinos 2. JUNO detector 3. MC simulation

Atmospheric Neutrino Physics in JUNO
Giulio Settanta¹, on behalf of the JUNO Collaboration.
¹Forschungszentrum Jülich GmbH, Nuclear Physics Institute IKP-2

Produced in extensive air
showers, initiated by primary
cosmic rays which hit the
atmosphere. Almost entirely
composed of νe and νμ.

[1] Phys. Rev. D 94, 052001 (2016)
[2] T. Gaisser, Cosmic Rays and Particle Physics (1990)
[3] J. Phys. G 43 030401 (2016) 

Main sources:
νμ : π and K decays
νe : subsequent µ decays
νμ/νe ~ 2, decreases as the µ
energy gets larger.
Flux from π → µ→ ν :

4. Atmospheric µ rejection 5. νe - νµ discrimination 6. Spectrum reconstruction

JUNO main goal: determine
neutrino Mass Hierarchy (MH)
from reactor ν spectrum analysis.
End of construction: 2021

• Central Detector (CD): 20 kt
liquid scintillator
35,4 m diameter acrylic sphere

• Double PMT system
18.000 x 20” PMTs
25.000 x 3” PMTs

• Outer water pool (WP)
Cherenkov veto, 2.400 x 20” 
PMTs

• Top Tracker
plastic scintillator strips

Step 1:
Neutrino interaction generation 
in the detector:
• Flux model: HKKM14 [4]
• Max energy: 20 GeV
• Total events: ~400y νe +

νμ (and antineutrinos)
• Software: GENIE

Neutrino Monte Carlo 
Generator [5]

Step 2:
Propagation of secondary
particles by a GEANT4 – based
simulation inside JUNO, up to
the collected charge on PMTs [6]
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• Atm. µ can mimic the atm. ν
topology

• High amount of light both in 
WP and in CD.
→ atm. µ MC simulation with
detector geometry to test 
impact on the analysis

3 classes of events:
• νμ CC interaction
• νe CC interaction
• NC interaction

A time residual variable is defined for
each hit on the 3’’ PMT system [7]

Fiducial cuts:
RVERTEX < 16 m + NHITS (WP) < 50 (see box 4).
The tres RMS (σ(tres)) is strongly flavor – dependent:

νe selection: σ(tres) < 75 ns
+ 5.0 < log(NPE20”) < 7.2
EFF: 25% CONT: 5%

νµ selection: σ(tres) > 95 ns
+ 5.7 < log(NPE20”) < 7.2
EFF: 32% CONT: 20%

Probabilistic unfolding
method to extract the
energy spectrum from
detector observables [8,9]

Conclusions:
• JUNO has the potential to explore an interesting region of 

the atmospheric neutrino spectrum.
• Competitive measurement accessible in the first years of 

data – taking!

• ~5 years of MC 
events as real
data

• Uncertainties
contributions:

o statistics
o unfolding procedure
o selection process
o flavor oscillations
o cross sections
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In WP the dark noise
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Figure 14: 68.3%, 95.5%, and 99.7% C.L. allowed regions in the sin2 ✓12 and �m2
21 plane using

the 8B solar neutrino in ten years data taking. The 99.7% C.L. region using six years reactor
⌫e is drawn in red for comparison, in which the �m2

21 central value is set to the KamLAND’s
result [18], and uncertainties are taken from JUNO Yellow Book [19]. The one-dimensional ��2

for sin2 ✓12 and �m2
21 are shown in the top and right panels, respectively. The dashed line in the

right panel represents the �m2
21 precision without 208Tl reduction, while the dotted line shows the

results with an analysis threshold limited to 5 MeV due to intrinsic 238U and 232Th contaminations
at 10�15 g/g level.

With ten years of data taking the expected sensitivity of sin2 ✓12 and �m2
21 is shown in

Fig. 14. For sin2 ✓12, if the true value is 0.307, the 1� uncertainty is 0.023. Since the sensitivity of
sin2 ✓12 mainly comes from the comparison of the measured number of signals to the predicted one,
about 60% of its uncertainty is attributed to the 8B ⌫ flux uncertainty �f . For �m2

21, assuming a
true value of 4.8 ⇥ 10�5 eV2 corresponds to a 68% C.L. region of (4.3, 5.6) ⇥10�5 eV2. Assuming
a true �m2

21 value of 7.5 ⇥ 10�5 eV2 corresponds to a 68% C.L. region of (6.3, 9.1) ⇥10�5 eV2.
The asymmetric uncertainty arises because the Day-Night asymmetry measurement plays a more
important role with a smaller �m2

21. The �m2
21 precision is mainly limited by the statistical

uncertainty on the Day-Night asymmetry measurement, with the signal statistics responsible
for about 50% of the uncertainty. The subdominant uncertainty of 25% arises from the 8B ⌫
flux uncertainty, with about a 10% contribution from the 8B ⌫ spectrum shape uncertainty. In
conclusion, the discrimination sensitivity between the above two �m2

21 values reaches more than
2� (��2 ⇠ 5.3), similar to the current solar global fitting results [21].

A crucial input to this study is the LS intrinsic radioactivity level. The current result is based
on the assumption of achieving 10�17 g/g 238U and 232Th, and a 2,600 cpd/kt 210Po decay rate. If
the 210Po decay rate reaches to more than 10,000 cpd/kt like the Phase I of Borexino, 208Tl could
not be reduced by the 212Bi�208Tl cascade decay, and the S/B ratio decreases from 35 to 0.6 in
the 3 to 5 MeV energy range. The e↵ect on the �m2

21 precision is shown as the dashed line in the
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And several other physics channels:
- geo-neutrinos
- supernovae neutrinos
- diffuse supernova ν background
- proton decay

A. Abusleme at al., JUNO Physics and

Detector, accepted by Prog. Part. Nucl.

Phys., arXiv:2104.02565
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The JUNO detector

JUNO    Detector

Calibration Room

LS-Filling RoomPure water Room

Top Tracker

Acrylic Sphere : Φ 35.4m

Earth Magnetic 
Field shielding 
coils 

Central detector:
• Steel structure
• Acrylic Sphere
• 20kton LS

PMT:
• 17612 20’’ PMTs
• 25600 3’’ PMTs
• 77.5% Coverage 
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: 4

4m

Stainless steel lattice shell: Φ 40.1m 

VETO:
• 40 kton Pure water
• 2400 20’’ PMTs

Water Pool: Φ 43.5m 
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The JUNO Central Detector (CD)

Acrylic spherical vessel

• 35.4 diameter acrylic sphere, made of
8 m× 3 m× 12 cm

• 265 total panels

• 590 connecting nodes

• total weight: 600 t acrylic, 600 t steel structure

Acrylic sphere + SS truss 
Central detector(CD) 

� Key features 
9 Thickness of Acrylic: 120mm 
9 Acrylic panels( 21/23 layers + top 

chimney+ bottom flange):  ~260 
pieces 

9 Connecting nodes:  ~590 
9 Total Weight: 600 tons of acrylic 

and 600 tons of steel 

14 

• Acrylic spherical vessel 
– Ɍ 35.4 m acrylic spherical vessel 
– acrylic sheets: 8 m u 3 m u12 cm 
– Solved technical problems: high precision curved sheet, 

anti-seismic, transparency, low bkg, fast bonding and 
annealing. 

• Acrylic vessel panels and SS structure are in production. 

Pre-assembly in the manufacturer  Bonding test of one ring acrylic  

JUNO detector

• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

11
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The Liquid Scintillator
• solvent: Linear Alkyl Benzene

• LS doping: 2.5 g/l PPO + 3 mg/l bis-MSB

• long attenuation length measured: > 20 m at 430 nm

• a LS purification pilot plant built and commissioned at Daya Bay
(A. Abusleme et al., JUNO + Daya Bay Collaborations, Nucl. Instr. Meth. A 988 (2021)

164823; arXiv: 2007.00314)

• highly radio-pure LS required:

- 10−15 g/g U/Th for reactor antineutrinos

- 10−17 g/g U/Th for solar neutrinos

• an online radio-purity measurement system, OSIRIS (Online Scintillator Internal
Radioactivity Investigation System), will be built

LS
• Finished a pilot LS purification test at Daya Bay
• LS recipe: LAB + 2.5 g/L PPO + (1-4) mg/L bis-MSB

• arXiv: 2007.00314 

• Attenuation Length: > 20 m @430 nm

12

Liquid scintillator

• Low radioactive backgrounds
• 10-15 g/g U/Th for reactor 

antineutrinos
• 10-17 g/g U/Th for solar neutrinos
• An online radioactivity investigation 

system will be built
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OSIRIS

• solvent: Linear Alkyl Benzene

• Online Scintillator Internal
Radioactivity Investigation
System (OSIRIS): monitor the
radio-purity during LS filling, to
monitor the quality of LS entering
the JUNO CD

• Sensitivity: 10−16 g/g for U/Th
within 24 h measurement.
Measure ∼ 19 t LS per day

• Detector: 81 20” PMTs for
photon detection;

• 2.5 m water shielding + 12 20”
PMTs;

• to be installed by the end of 2021

A. Abusleme et al., The design and sensitivity of JUNO’s scintillator radiopurity pre-detector OSIRIS,

accepted by Eur. Jour. Phys. C; arXiv:2103.16900
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The 20” Large PMTs

• two types of 20” PMTs will be deployed in JUNO:

- 15 k NNVT MCP-PMT, (central detector and
veto)

- 5 k Hamamatsu R12860 (central detector only)

• all PMTs have been delivered and tested (22416
PMTs tested)

• mass potting completed

• implosion protection cover mass production
completed

• a high Photon Detection Efficiency has been
achieved : 29.6% for all PMTs (MCP-PMTs 30%,
dynode PMTs: 28.4%)

20 inch high QE PMTs 
Two types of 20 inch PMTs used in JUNO 

¾ 15k NNVT MCP-PMT: newly developed by North Night Vision Technology 
(NNVT), used for central detector and veto detector. 

¾ 5k Hamamatsu R12860: used for central detector. 

16 

• Almost all bare PMTs are delivered, acceptance test 
going well. 

• Mass potting is on going (36%) and in good shape.  
• Implosion protection cover mass production started. 

 

The photon detection efficiency (PDE) of new MCP-PMT is 
>27%(the requirement). 
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JUNO 20” PMT Electronics Specifications

Desiderata
• provide the best possible energy measurement, especially at low

energy Ü essential for mass hierarchy discrimination

• measure with high precision the photons arrival time Ü crucial for vertex
reconstruction and µ track reconstruction/isolation in the central detector

• provide a large dynamic range, allowing not only to record the νe coming from
the reactors, but also atmospheric and geo-neutrinos, and neutrinos from a
possible Supernova burst

• allow for a negligible dead-time, which is mandatory for the recording of
Supernova events (lasting up to few seconds)

• install high reliability electronics (no access for repair after installation)

Specifications

• provide full waveform digitization with high speed (1 Gsample/s), high resolution
(12-14 bits) ADC

• measure photon pulses with high resolution : Npe = 1− 100 pe with
σ = 0.1

√
Npe , and σ = 1% for Npe > 100 Full dynamic range (charge):

1-1000 pe

• operate single PMT trigger at 50 kHz - 100 kHz single trigger rate, and allow to
stand high rates for very short times (up to 1 MHz for 1 s)
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JUNO large PMT Electronics Readout Scheme

LV

CLK

TRG

DAQ

Sync link

Async link

Signal + HV Under Water Box

High
Voltage
Unit

FPGA

Front
End
Chip ADC

ADCTIA (LG)

TIA (HG)

DDR3

Global Control Unit

Front
End
Chip ADC

ADCTIA (LG)

TIA (HG)

Front
End
Chip ADC

ADCTIA (LG)

TIA (HG)

High
Voltage
Unit

High
Voltage
Unit

Gbit
Enterprise
Switch

Back End Card

Up to 80m CAT5e
+ low impedance
power cable

Up to 80m CAT5

Custom ADC (Tsinghua)
12bit, 1Gsps

FPGA for Trigger and
Signal Processing

2GB RAM
for SN burst

1.5-2m cable
HV+Signal

Custom HV (JINR)
 (0-3kV)/300uA

LPMT installation module

UWBox under water (-40 m)

UWBox with electronics

Under Water Electronics

Dry Electronics
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The 3” PMTs

• 25,600 3” PMTs will be deployed in JUNO

- XP72B22, custom made by HZC Photonics for
JUNO

• it’s a complementary system to crosscheck the 20”
PMTs calibration

• operating in photon-couting mode for MeV energy
deposits

• it’s a complementary system also for supernova and
solar neutrino oscillation parameter measurement

• all 26,500 3” PMTs produced, tested and accepted

A. Garfagnini (UniPD) PANIC 2021 Conference, September 5 2021, ZOOM 13



The JUNO calibration systems

• requirements: 3% energy resolution at 1 MeV and 1% energy scale uncertainty

• Different tools deployed 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)

Calibration system 
• Requirement:  3% energy resolution@1MeV and 1% energy scale uncertainty. 

• 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) 
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• The bias in the reconstructed energy is expected to be less than 1%. 
• The effective energy resolution is expected to be less than 3.0% between 

1 MeV and 8 MeV. 
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• The bias in the reconstructed energy is expected to be less than 1%. 
• The effective energy resolution is expected to be less than 3.0% between 

1 MeV and 8 MeV. 

A. Abusleme et al., Calibration Strategy of the JUNO experiment,

JHEP 03 (2021) 04, arXiv:2011.06405
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The Taishan Antineutrino Observatory

• it’s a ton-level high resolution LS based neutrino detector

• located at about 30 m from one of the Taishan reactor cores

• it will allow to measure the reactor antineutrino spectrum:

- a model-independent reference spectrum for JUNO

- and will provide a benchmark measurement for the nuclear database

Detector design

• 2.8 ton gadolinium-doped liquid scintillator

• 10 m2 95% coverage with SiPM

• operate at -50◦C (to reduce SiPM dark noise)

• photon detection efficiency > 50%

• 4500 p.e./MeV

• 2000 reactor antineutrinos / day

• excellent energy resolution: 1.5% at 1 MeV and
1.7% below 2 MeV

• start operation in 2022

• Conceptual design released 
• Optical sensor: 10 m2 SiPM with QE=50%
• 2.8 ton GdLS (FV mass 1 ton) at low 

temperature, -50oC
• 4500 p.e./MeV from MC simulation
• 30 m from Taishan reactor (4.6 GWth)
• 2000 antineutrinos/day with 50% efficiency

• Prototype will be tested at low. 
temperature w/o full SiPM

• Expected to start operation in 2022

17

Taishan Antineutrino Observatory
CDR: arXiv 2005.08745

Conceptual Design Report: arXiv:2005.08745
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JUNO laboratory civil construction

• slope tunnel and vertical
shafts completed

• blasting completed in
December 2020

• digging in the experimental
hall cavern is completedCivil Progress 

z Slope tunnels and vertical shafts are 
finished. 

z Experimental cavern digging is ongoing. 
z Expect to finished in 2020. 
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Conclusions

• JUNO will be the largest reactor neutrinos detector ever built (20 kton of LS)
with unprecedent energy resolution (3% at 1 MeV)

• JUNO will measure mass hierarchy (3-4σ with 6 years data taking) and 3
neutrino oscillation parameters to sub-percent level

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

• the production of the different parts and the civil engineering are well underway

• production and assembly of electronics components is going on

• installation will start soon

• detector completion expected by the end of 2022
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