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• Outlook for JUNO and other projects
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• Key Design Features and 
Construction of JUNO



Refresher from Part 1
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• Nuclear reactors are a flavor-pure ( ), extremely 
intense and well-understood source of electron 
antineutrinos

ν̄e

• Reactor neutrino experiments have been around 
since the beginning of the field

• If you know the operating conditions of a 
nuclear reactor, the antineutrino flux and 
spectral shape can be predicted to about ~2% 
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Prompt signal: 
 kinetic 

energy loss + 
annihilation

e+ Delayed signal:   
capture on Hydrogen 
(nH) or Gadolinium 
(nGd) and subsequent 
gamma-ray emission

n

PMTs

PMTs

Inverse Beta Decay (IBD) Reaction:

• The primary interaction channel is the IBD reaction:

- The  and  resulting from oscillations do not have 
enough energy to trigger a similar interaction, so reactor 
experiments are  disappearance experiments

ν̄μ ν̄τ

ν̄e
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JUNO 
The Basics
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JUNO at a Glance
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• The Jiangmen Underground Neutrino Observatory 
(JUNO) is a large multi-purpose experiment 
recently completed in China:

- 35 m diameter sphere with 20 ktons of liquid scintillator (LS) surrounded by water Cherenkov detector

- Unprecedented energy resolution of 3% at 1 MeV 

~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

smaller ~3 ton 
satellite detector 

- 52.5 km from two major nuclear power plants (8 reactors)
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Reactor Antineutrino Oscillations
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• Reactor neutrino experiments like JUNO study how reactor ’s disappear into other flavorsν̄e

− No dependence 
on  and θ23 δCP

− Access to 4/6 
oscillation parameters 
( ) 
and the mass ordering
θ12, θ13, Δm2

21, Δm2
31

Pν̄e→ν̄e
(L, E) = 1 − sin2 2θ12 cos4 θ13 sin2 Δm2

21L
4E

− sin2 2θ13 (cos2 θ12 sin2 Δm2
31L

4E
+ sin2 θ12 sin2 Δm2

32L
4E )

− Baseline is set by 
physics goals

of Sciences, IN2P3, INFN, and JINR, which are
essential for data processing and analysis within
the JUNO Collaboration.

Author contributions

The JUNO detector was designed, constructed,
commissioned and is being operated by the JUNO
Collaboration. All aspects of the hardware and
software developments, data taking, detector cali-
bration, data processing, Monte Carlo simulation,
as well as data analysis were performed by JUNO
members, who also discussed and approved scien-
tific results. All authors reviewed and approved
the final version of the manuscript.

Methods

Oscillation of reactor ω̄e

In the three-neutrino oscillation framework, the
flavor states (ωe/ω̄e, ωµ/ω̄µ, ωω/ω̄ω ) are connected
with the mass eigenstates (ω1/ω̄1, ω2/ω̄3, ω3/ω̄3)
by the leptonic mixing matrix [7, 8] parametrised
by three mixing angles ε12, ε23, ε13 and one com-
plex phase ϑ [3]. The oscillation frequencies are
determined by the three mass-squared di!erences
”m2

ij → m2
i ↑ m2

j , (i, j = 1, 2, 3, i > j), where
mi is the ωi mass. Typical approximate values for
the mixing angles are ε12 ↓ 33→, ε23 ↓ 45→, and
ε13 ↓ 8.5→. The solar mass-squared splitting is
”m2

21 ↔ 7.4 ↗ 10↑5 eV2, while the atmospheric
splitting is about two orders of magnitude larger,
|”m2

31| ↔ 2.5 ↗ 10↑3 eV2. While ordering of
the first two mass states (m2 > m1) is known,
the ordering of m3—normal or inverted—remains
undetermined.

When neutrinos propagate in matter, oscilla-
tion parameters acquire the corrections from the
e!ective matter potential [59, 60], denoted by

tilded quantities ε̃ij and ”m̃2
ij . For JUNO, matter

e!ects are minor [64] and its main sensitivity to
oscillation parameters sin2 ε12, ”m2

21, and ”m2
31

and to NMO arises from vacuum oscillations.
The IBD interaction used to detect reactor

neutrinos is sensitive only to the electron flavor;
consequently, the relevant oscillation observable
is the electron antineutrino survival probability
Pee → P(ωe ↘ ωe) that can be expressed as:

Pee = 1 ↑ sin2 2ε̃12 c̃4
13 sin2 ”̃21

↑ sin2 2ε̃13

(
c̃2
12 sin2 ”̃31 + s̃2

12 sin2 ”̃32

)
, (1)

where c̃ij → cos ε̃ij , s̃ij → sin ε̃ij , and ”̃ij =
”m̃2

ijL/4Eε̄e , with Eε̄e being the antineutrino
energy and L the baseline from reactor cores to the
detector. The first “solar term” represents the slow
oscillation associated with ”m2

21, while the second
“atmospheric term” characterizes the fast oscilla-
tion, as illustrated by the red and blue curves in
Fig. 5, respectively.

Fig. 5 Reactor neutrino oscillation at di!erent
baselines. Survival probability Pee of 4 MeV reactor ω̄e
vs. baseline. Red: slow solar oscillation (!m2

21); blue:
total Pee including fast atmospheric oscillations (!m2

31).
Experimental baselines: JUNO (orange, 52.5 km) near solar
oscillation maximum, Daya Bay near/far (pink), Kam-
LAND (green). Circle sizes scale with detector sizes.

For a typical antineutrino energy of 4 MeV, the
solar oscillation length is ≃60 km, while the atmo-
spheric oscillation length is about 2 km. JUNO’s
52.5 km baseline is near the first solar oscilla-
tion maximum, allowing it to probe the inter-
ference with atmospheric oscillations and thus
determine the NMO. Simultaneously, Pee is near
its minimum, forcing JUNO to be an exception-
ally large detector to gather su#cient statistics for
its physics goals.

JUNO detector setup

The main JUNO detector components, CD, WP,
and TT, are shown in Fig. 1.

The CD [24] represents the core part of the
experiment. It contains 20 kton of LS enclosed in
a 35.4 m diameter spherical AV, constructed from
highly transparent acrylic panels and held in place

16

- With  
- With 

θ13 = 0
θ13 ≠ 0
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Figure 1: Expected antineutrino spectra at the JUNO detector under the assumption of perfect
energy resolution (top) after 6 years of data taking with and without oscillations. The blue and
red lines indicate the normal and inverted ordering, respectively. The dotted line is scaled down
by a factor 7 for better visibility. The survival probability is shown for the baseline of 52.5 km
(bottom). The solar term refers to a case in which only oscillations due to �m

2
21

and sin2 ✓12
occur, i.e., sin2 ✓13 = 0. For this case, the value sin2 ✓12 = 0.282 is used to avoid the overlap with
red and blue curves, and other oscillation parameters are taken from PDG 2020 [13].

the 1% level for ✓12 and �m
2
21
) cause a slight degradation in the NMO sensitivity and are

essential in the precision measurement of oscillation parameters [45, 46]. The reactor electron
antineutrino survival probability at the JUNO baseline of 52.5 km is shown in Figure 1 (bottom).
For illustration, the impact of oscillations on the antineutrino spectrum expected in JUNO under
the assumption of perfect energy resolution is shown on top (more details are given in Section 3).
The values of the neutrino oscillation parameters are taken from the 2020 release of the Particle
Data Group (PDG 2020) [13]: sin2 ✓12 = 0.307 ± 0.013, �m

2
21

= (7.53 ± 0.18) ⇥ 10�5 eV2,
�m

2
32

= (�2.546+0.034
�0.040)⇥10�3 eV2 (IO),�m

2
32

= (2.453±0.034)⇥10�3 eV2 (NO), and sin2 ✓13 =
(2.18 ± 0.07) ⇥ 10�2. Figure 1 clearly shows that a spectral measurement with high energy
resolution is a prerequisite for determining the NMO with reactor antineutrinos.

JUNO was designed primarily for this purpose using a 20 kton liquid scintillator (LS) detec-
tor located approximately 52.5 km from the Taishan and Yangjiang nuclear power plants (NPPs)
in Jiangmen City, Guangdong Province, China. In this study, we update the NMO sensitivity
in JUNO from the previous estimate given in Ref. [47]. Only eight nuclear reactors are consid-
ered at the distance of approximately 52.5 km instead of the ten assumed in Ref. [47], when
the JUNO experiment was conceived. Considering the latest detector geometry, the increase in
the photomultiplier tube (PMT) detection e�ciency, and the latest PMT optical model [48],
an improved energy resolution model [49] was developed based on the latest o�cial simulation
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• JUNO measures the oscillated  spectrumν̄e

Basic Strategy
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~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

- Mass ordering and 4 oscillation 
parameters can be extracted 
independently, with negligible correlations

• A satellite detector (JUNO TAO) constraints the 
shape of the unoscillated reactor  spectrumν̄e
- Designed to attain even better energy 

resolution of 2% @ 1 MeV

Note: this is a cartoon assuming perfect energy 
resolution and infinite statistics

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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The JUNO Detector 
Key Design Features and Construction
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Key Feature:  
High Statistics
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Reines & 
Cowan 
300 L

Daya Bay 
8 x 20 t

Borexino 300 t

 KamLAND 1,000 t JUNO 20,000 t

SNO+ 780 t
evolution of LS detectors

What it takes: proximity to 8 nuclear 
reactors and unprecedented size

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Experimental Site
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• Civil construction started in 2015, completed in 2021

Granite, 
Mountain height: 
270 m  

• Challenging operation:

− Encountered more water than anticipated

• JUNO campus had to be created from scratch at 
52.5 km from the eight nuclear reactors

− 650 m overburden

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Key Feature: Energy Resolution

• Need to detect at least 1200 photoelectrons (PE) per MeV of energy deposition
- No approach can singlehandedly provide all the light needed. Have to attack the problem from 

different angles:

KamLAND JUNO Relative Gain

Total light level 250 PE / MeV >1200 PE / MeV 5

Photocathode 
coverage 34% ~78% ~2

Light yield 1.5 g/l PPO 2.5 g/l PPO ~1.5

Attenuation length / R 15/16 m 20/35 m ~0.8

PMT QE⨉CE 20%⨉60% ~ 12% ~30% ~2

use 
KamLAND 

as reference 

target 

lots of PMTs

optimized LS

more efficient 
PMTs

• With a target 3% @ 1 MeV, JUNO is the LS 
detector with the best energy resolution in history 

stochastic term: 
depends on 

photostatistics

non-stochastic term: 
residual effects (stability, 
uniformity, linearity) after 

calibration

11

What it takes: high light yield and comprehensive calibration
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Large and Small PMT Systems
17,596 large 20-inch PMTs serve as the main light-detection device 

2 complementary (and new!) technologies: 

- Developed for/by JUNO
- Use of transmission + reflection 

cathodes to increase efficiency

- R12860 from Hamamatsu
- New type of Super Bialkali 

photocathode
- Good price - Excellent TTS (2.7 ns FWHM) 
- Mass-produced by NNVT (China)

Arranged as tightly as 
possible, with a 

clearance of 3 mm

25,600 3-inch PMTs are 
placed in between the 

large PMTs

12

Both reach detection efficiency ~ 30%!

Microchannel plate (MCP)-PMTs

(approximately 13,000)

Dynode-PMTs 

(approximately 5,000)

works with calibration 
system by serving as 
linear reference for   

large PMTs

+ increase light collection 
and enhance 

reconstruction capabilities

P. Ochoa-Ricoux, International Neutrino Summer School 2026



PMT Electronics
• For better signal to noise ratio, LPMT and sPMT frontend electronics are underwater

- Power the PMTs, decouple signal from HV, process the analog signals and send the information 
to surface via digital cables

LPMT System 

(3 LPMTs per underwater box)

sPMT System 

(128 sPMTs per underwater box)

13

- In stainless steel boxes connected to the surface via bellows
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Key Feature: 
Low Background

What it takes: depth (650 m overburden), 
radioactivity control, cleaning, veto system

• Measures for radiopurity control:

- Material screening, production handling, clean room 
during installation, acrylic surface treatment

• LS production chain includes four purification plants and 
stringent QA/QC

• Central detector is immersed in a cylindrical, 
instrumented water pool H

44
m

 

�D43.5m 

- Double purpose: shields the detector and allows to 
reconstruct cosmic-ray muons (>99.9% efficiency)

Also have a 
top tracker  

P. Ochoa-Ricoux, International Neutrino Summer School 2026



5m

HDPE support PS array (top veto tracker)

ACU

HDPE

Water tank

Overflow tank

GdLS and acrylic

Copper shell with SiPM

Buffer tank with LAB

Melamine (thermal insulation

Lead and HDPE

PMT

TAO Satellite Detector

15

• JUNO also deployed a satellite detector called 
the Taishan Antineutrino Observatory (TAO)

• SiPM and Gd-LS at -50°C 
• < 2% @ 1 MeV energy resolution 

• 44 m from one of the 4.6 GWth reactors
• 2.8 ton (1 ton fiducial) Gd-LS volume

ar
Xi

v:
20

05
.0

87
45

°

• Measure reactor antineutrino spectrum 
with unprecedented energy resolution 
(reveal fine structure for the first time) 

• Search for sterile neutrinos 
• Isotopic yield and energy spectrum 

measurements 

Main Goals:

Barbara Caccianiga ``First results of the JUNO experiment on neutrino physics’’   

TAO: Taishan Antineutrino Observatory 

• ~40m baseline from Taishan 
Nuclear Power Plant;

• 2.8 t Gd-loaded Liquid Scintillator
• SiPM coverage: 94%
• Operating temperature: -50 ℃
• Energy resolution <2% @ 1 MeV
• 1000 IBDs / day

Under commissioning, 
data-taking coming soon!

Begun data 
taking in 

February 2026!! 

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Bird’s Eye View of the Detector



Inside the Acrylic Sphere
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Between the Acrylic and the PMTs
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Top Tracker Installation



A Long Journey

2013

2015 Dec 1, 2024

Project 
start

Start of civil 
construction

Start of 
detector 

installation 

End of 
detector 

installation

2022

Start of Detector Installation

20

Dec 18, 2024

Feb 1, 2025

Feb 8, 2025Water 
Phase

Start of 
water filling

End of water 
filling

Start of LS 
filling

August 26, 2025

Start of 
Physics 

Data-
Taking

Mixed 
phase

Detector Ready for Filling

Filling strategy: fill 
with water first and 
then gradually 
replace water by LS 
inside acrylic sphere

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Detector Calibration and 
Performance 

Latest Status
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• Two leaks have appeared in the acrylic sphere so far

− Leak stoped after 2 days by experienced divers, repaired in next 2 days

− During filling

Acrylic Leaks
• First leak appeared on March 21, 2025

− Stopped in 1 week by divers using epoxy and tape, further repaired using acrylic plate to reduce stress

• Second leak appeared on March 19, 2026

− About 1 Bq of 222Rn went into acrylic sphere, 13 days of data excluded
• Structure is safe, stress levels are within expectation

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Low-Level Detector Performance
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• Large PMTs (LPMTs):
− Lost 16 LPMTs during installation in the Central Detector (CD)
− Have lost a total of 26 LPMTs after installation (~1.2 / month)
− Approximately 600 large PMTs flashing at any one time (turned off)
− 20.6 kHz and 22.7 kHz of Dark Count Rate (DCR) for 

dynode and MPC-PMTs, respectively, but decreasing
• Electronics:
− Low noise levels (around 2.8 ADC, roughly 0.055 PE)
− Threshold at 0.2-0.3 PE

− Threshold at 200 keV
• Trigger:

arXiv:2511.14590

5.2 Large PMT running status

A total number of 20,348 20-inch PMTs have been installed and operated in JUNO since the
LS filling phase. Table 1 shows the total number of 20-inch PMTs installed in CD and WCD,
respectively. A total of 22 PMTs (0.11%) have been found dead until November 2025, possibly
due to water leakage, or unstable operation of the HV modules. About 2% to 3% of the operational
PMTs are found be to flashing, with a typical phenomenon of a sudden increase of counting rate
from the flasher PMT. As a result, the peak rate could reach more than 1 MHz. The potential
origin of the flashing process could come from discharge of spacers or other components in the
PMTs [62, 63]. It is expected that a large fraction of flashing PMTs can be recovered in the near
future.

CD WCD
Hamamatsu NNVT NNVT
R12860-50 GDB6201 GDB6201 Total

Installed 4939 12657 2404 348 20348

In operation 4936 12638 2404 348 20326
Dead 3 19 0 0 22

Table 1: Summary of the running status of the large PMTs installed in the CD and WCD. Dead
PMTs are primarily due to HV trip.

The operational high voltages of the PMTs (see left plot of Figure 5) were established based on
a comprehensive analysis of the PMT detection e!ciency, single-photoelectron charge spectrum,
single-channel trigger threshold, and flashing probability. Contributions from the dynode and
MCP-PMTs are presented separately.

The dark count rate (DCR) is a critical parameter in PMT operation, monitored through
both online hit counting in the electronics and o”ine analysis of periodic triggers. The right
plot of Figure 5 shows the o”ine-measured DCR distribution during a typical physics run. The
average DCR values are 20.6 kHz and 22.7 kHz for dynode and MCP-PMTs, respectively. While a
direct comparison of these values with the mass testing results in [16] is challenging due to di#ering
operational conditions, such as ambient temperature, PMT gain, trigger thresholds, and electronics
noise levels, a decrease of the average DCR with time was observed.

Figure 5: Left: High Voltage distribution of the large PMTs at an operational gain of 0.65→107 and
0.72→107 for dynode-PMTs and MCP-PMTs, respectively. Right: Large PMTs DCR distribution.

5.3 Large PMT gains

To characterize the single-photoelectron (SPE) charge distribution, two di#erent gain definitions
are introduced: the peak gain (Gp) which corresponds to the peak position of the SPE charge
distribution, and the mean gain (Gm), which represents the average value of the SPE charge
distribution. The PMT gain is extracted by fitting the charge spectra obtained from calibration or
periodic trigger data. For calibration, a stable light intensity ensures that the Number of Photo-
Electrons (NPE) detected by each PMT follows a Poisson distribution with mean occupancy µ.
This is achieved using either a radioactive or laser source in the CD centre: for the former, events
are selected by vertex and energy cuts around the source peak; for the latter, an external trigger is

20P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Energy Reconstruction Basics

24

Number of detected 
photons (NPE)

Reconstructed 
Energy (Erec)

To first 
approximation, 


Erec  k NPE≈

In reality, the story is 
more complicated:


- Non-linearity in the 
energy response  
(quenching, Cerenkov, 
instrumental) Particle-
dependent!


- Non-uniformity in the 
detector response 


- Time instabilities

→

Reminder: goal is the 
reconstructed energy 

spectrum

Have to precisely 
account for these effects

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Calibration Source Deployment
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• Multiple artificial calibration sources deployed around central axis (1D) and in 2D plane

Charge distribution (total PE) of 
calibration points after DCR subtraction

arXiv:2511.14590

Source deployments 
so farCalibration house on 

top of the detector

• Natural calibration sources (e.g. spallation neutrons) also provide us with useful handles

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Energy Calibration

26

• Determine vertex and energy through maximum likelihood method that accounts for geometry, PMT 
response, and optical properties (benchmarked with calibration sources)

Residual time-dependent variation: RMS = 0.3%

RMS = 0.05%

JUNO Preliminary

JUNO Preliminary

• Time variations corrected using 214Po in the whole volume, residual ~1% time-dependence in (r, θ) also 
corrected using 214Po

Residual spatial non-uniformity: 0.2%

− Also use alternative reconstruction approaches that give consistent results

Check everything with delayed captures on 
Hydrogen (nH) from IBD events 

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Light-Yield and Energy Resolution

27

• Energy resolution is close to target level but not fully there yet:
− Light level is higher than design: see ~1600 PE/MeV with 68Ge and ~1780 PE/MeV for nH 

capture throughout most of the fiducial volume 

As illustrated, the set of radioactive sources used in JUNO spans a wide energy range. The NPE
is obtained as the sum of the reconstructed photoelectrons from all large PMTs: for each PMT,
the reconstructed PE is defined as the ratio of the charge integral to the mean gain. The average
contribution from the PMT dark noise, as measured using the periodic trigger for each run, has
been subtracted from each event.

Figure 12: Left: AmC NPE spectrum released by n capture on H (lower energy peak) or 12C
(higher energy peak). Right: Time di!erence between the prompt signal and neutron capture.
The deviation of the first point is due to a ”t > 5 µs cut and is therefore not included in the fit.

A radioactive Am-C calibration has been chosen as neutron source in JUNO. The ω decaying
from 241Am interacts with 13C producing a neutron and an 16O→ excited state. The latter de-
excites with the emission of one or two ε. The neutrons thermalize in the LS and eventually are
captured by either a 1H or 12C nucleus, resulting in characteristic ε emissions 2.223 MeV and 4.94
MeV, respectively. This results in a characteristic prompt/delayed coincidence event signature,
similar to that produced by an Inverse Beta Decay (IBD) interaction. The left plot of Figure 12
shows a typical NPE spectrum for neutron capture on H (left peak) and on 12C (right peak). The
right plot of Figure 12 shows the time di!erence between the delayed (neutron capture) and the
prompt, 16O→ →16 O+ε, signals. Data exhibit a typical exponential shape with a neutron capture
time, ϑ = (212.9 ± 1.9) µs. The inset figure in the right plot shows a scatter plot of the prompt
and delayed NPE signals.

In addition, there is a 10 mm stainless-steel enclosure of the AmC source to attenuate the
60 keV gamma rays from 241Am decays. It result in neutron captures 56Fe, 53Cr, and 58Ni, etc.,
releasing gamma rays with total energies from 7 MeV to 10 MeV. These high-energy gamma rays
provide unique constraints to the energy scale determination.

Figure 13: Left: reconstructed energy spectrum for a 68Ge calibration source placed at the CD
centre. Data points are compared to the simulation predictions. Right: LY measured with the
68Ge and the AmC sources.

The left panel of Figure 13 presents a typical reconstructed energy spectrum from the 68Ge
ε calibration source. 68Ge mainly undergoes EC to 68Ga which decays ϖ+ decay to 68Zn, and
the emitted positron promptly annihilates with an electron, producing two 511 keV εs. The right
panel of Figure 13 shows the average LY of the JUNO LS in response to the total 1.022 MeV
energy deposition from these εs. The measured LY exceeds 1600 PE/MeV for source positions
within |z| < 15 m, surpassing initial expectations [66]. Additionally, as shown in Figure 12, the

25

− Energy resolution of 68Ge is ~3.5% @ 2× 0.511 MeV at the center, slightly worse than the expected 3.1%

ar
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v:
25
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45
90

JUNO Preliminary

Several improvements under exploration, including additional calibration, better reconstruction, 14C removal

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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ditional non-linearity can be introduced during the charge reconstruction of PMT waveforms [73].
The nonlinear energy response has been extensively studied in experiments such as Daya Bay [74],
Borexino [75], and Double Chooz [76]. Owing to the shared LAB-based liquid scintillator formula-
tion, JUNO is expected to exhibit an intrinsic nonlinear response similar to that observed in Daya
Bay. Furthermore, the charge reconstruction performance of the large PMTs is being verified by
cross-checking with the small PMT system based on counting hit PMTs and thus linear in this
energy regime due to their photon-counting operation.

The energy non-linearity, defined as the ratio of the visible energy to the deposited energy
(Evis/E), was studied using various ω calibration sources deployed at the detector centre. Here,
Evis is quantified as the total collected charge divided by a conversion factor anchored to the
2.223 MeV ω from neutron capture on hydrogen, which is normalized to 1. Edep represents the
total energy deposited by the ω. The non-linearity is plotted as a function of the e!ective ω energy,
defined as the energy of a single ω for mono-energetic sources, or the average energy per ω for
sources emitting multiple ω per decay. Figure 16(left) shows the energy non-linearity measured by
large and small PMT systems. The consistency of the two measurements at the level of the current
±0.5% uncertainty indicates that any instrumental nonlinearity in the response of the large PMTs
is below this level. This is confirmed by dedicated laser calibration runs where the large PMT
response is directly benchmarked against the linear response of the small PMT system. Figure
16(right) shows an excellent agreement within ±1% between data and simulation.

Figure 16: Left: non-linearity energy response measured by the large PMT and small PMT
systems, indicating less than ±0.5% instrumental non-linearity in the reactor anti-neutrino energy
region. Right: comparison of the ω energy non-linearity between data and simulation, with a
consistency better than ±1%.

The Energy of a reactor antineutrino is primarily carried by the positron in IBD reactions.
Kinetic energy deposit of positrons is similar to electrons, while the annihilation ω’s deposit energy
primarily via Compton scatterings with electrons. Thus, the non-linear energy response model for
(ω, e→, e+) is built based on electrons. The total light yield, L, for a given deposited energy, Edep,
is modelled as the sum of two components: the quenched scintillation light, LS , and the Cherenkov
light, LC .

LY (Edep) = LYS(Edep) + fC · LYC(Edep) , (5)

where fC is the Cherenkov e!ective scaling factor. The scintillation light quenching is modeled
using Birks’ law. The light yield per unit path length, dLYS/dx, is given by:

dLYS

dx
=

S · dEdep/dx

1 + kB · dEdep/dx+ kC · (dEdep/dx)2
, (6)

where S is the scintillation e”ciency, dEdep/dx is the stopping power of the particle in the scintil-
lator, and kB and kC are Birks’ constants. The total quenched scintillation light, LS , is obtained
by integrating this expression over the particle’s track by summing over discrete energy depositions
from the JUNO Monte Carlo simulations and/or ESTAR [77] database data. The Cherenkov light
contribution, LYC, is obtained from JUNO Monte Carlo simulations.

Once the total light LY is computed for any particle, the non-linearity is defined in eq. (7)
as the ratio of the light yield to the deposited energy. To link the energy scales, all particle-
specific non-linearity curves (ω, e→, e+) are normalized to a single anchor point. In the top plot

28

• Energy non-linearity (NL) characterized 
to better than 1% precision

− Use sPMTs to constrain LPMT instrumental 
non-linearity

arXiv:2511.14590 Cosmogenic 11C (e+) Cosmogenic 10C (e+)

Cosmogenic 12B (e-)Gamma sources @Detector center
JUNO Preliminary

− Simultaneous fit to gamma source data @ 
center and full volume cosmogenic samples 
11C(e+), 10C(e+), 12B(e-), 8Li (e-), 8B(e+), 6He(e-) 

Energy Non-Linearity

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Results from TAO  
with 30 days of Reactor ON data
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TAO Data

30

• TAO began operations in early February 2026

JUNO-TAO Preliminary

• Similar IBD selection strategy and detector response assessment as JUNO

• Signal to background is about 6:1 (really good for an experiment at the surface!)
− Will likely be further improved

• Around 2500 reactor IBDs / day

(for more details on the latest JUNO-TAO results, please see 
Yichen Li’s talk at Neutrino 2026)

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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TAO Performance
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• Reactor OFF data allows to measure the backgrounds essentially directly

• Energy resolution is already better than JUNO’s: 2.8% @ 1 MeV with Ge68 at the center
− Potential to directly measure the Spent Nuclear Fuel (SNF) contribution

JUNO-TAO Preliminary

JUNO-TAO Preliminary

− Further improvements expected

Volume Average 
Energy Resolution

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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• Have produced a first measurement of 
the unoscillated reactor neutrino 
spectrum

• Good agreement with model prediction
− Indication of the 5 MeV bump, some 

differences in the high-energy tail

• Statistics still low to see fine structure
− Uncertainty around 6-10% for most 

of the energy region of interest, still 
largely statistics dominated

− But data already useful for JUNO to 
constrain any anomalously large fine 
structure

− First of its kind with such a good 
energy resolution

First TAO Measurement

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Latest Oscillation Results  
with 207 days of JUNO data
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What’s New?

34

• Our first results with 57 
days of data were recently 
published

• In this new set of results:

− More data: 57 days  207 days

− About 10% larger fiducial 

volume (16.5m  17.2m) 

− Improvements in background 

reduction (accidentals) and 
estimation (214Bi)

→

→

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection

35

• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection
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• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

− That region contains higher backgrounds and has 
worse energy resolution

• Step #1: remove events near the edge (r>17.2 m) (new!)

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection
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• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

− Remove all events < 5 ms after muons seen by 
outer veto, inner detector, or both

• Step #2: remove muons and correlated signals

n

μ

− Removes short-lived spallation products

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection

38

• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

− Suppresses (but does not completely eliminate) 
long-lived spallation products

• Step #3: apply a space-time veto around 
spallation neutrons and muon track

n

n

n

n

− Veto spherical regions of r<4m around spallation 
neutrons for Δt=1.2 s

μ

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection

39

• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

− Suppresses (but does not completely eliminate) 
long-lived spallation products

• Step #3: apply a space-time veto around 
spallation neutrons and muon track

− Veto spherical regions of r < 4m around spallation 
neutrons for Δt=1.2 s

μ

− Veto cylindrical region around the muon track 
(roughly equivalent to r < 2.5 m for Δt=0.5 s) (new!)

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection
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• Reminder: we rely on the IBD reaction
 + p → e+ + n  ν̄e

Looking for spatial and temporal coincidence of a  
positron-like (prompt) with a neutron-like 

(delayed) signal

− Require  < 1 ms and  < 1.5 mΔt Δd
• Step #4: pair prompt-like and delayed-like events

− Apply a multiplicity cut to remove events where 
there’s ambiguity 

P. Ochoa-Ricoux, International Neutrino Summer School 2026



IBD Selection Highlights
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• 207 days of good data:
− From August 30th to May 18th

• Efficiency is estimated using data-driven methods
− Reasonably high, around 74%

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Backgrounds
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• Backgrounds amount to ~15% of the total candidate sample

− Correlated  signals from decay of long-lived 9Li/8He

− Geoneutrinos: emitted from the decay of U and Th in the Earth

− Neutrinos from other nuclear power plants (World reactors)

β − n

• Main backgrounds: 

Nearly all backgrounds are assessed 
using data-driven methods

The JUNO physics program 

Barbara Caccianiga ``First results of the JUNO experiment on neutrino physics’’   

JUNO has a rich physics program concerning neutrinos

Study  neutrino properties: NMO + best precision on θ12, ∆m2
12, ∆m2

13

Neutrinos from different sources (Sun, Earth, ,SN…) as probes

(Global  map)ν̄e

Signal IBD events: approx. 48 cpd 
after efficiency correction

irreducible!

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Oscillation Fit

43

Fit/ 
minimize

Data

Detector 
response

Shapes

Rates

sin2θ12, Δm221 freeEnergy non-linearity

Energy resolution

Unoscillated 
spectrum

Apply 
oscillations

Backgrounds

Huber-Mueller model

Reactor data
(fission fractions, 
power, distance)

Model

Data-driven or 
analytical/MC

SM2023 model at 3σ significance in the 4 to 6 MeVenergy
range using the method from Ref. [43].
The total IBD yield can be considered as the combination

of the four major isotopic yields from 235U, 238U, 239Pu, and
241Pu. Each nuclear isotope yields unique ν̄e spectrum and
flux due to different fission yields and beta decay branches.
With the burning of reactor fuel, the fraction of isotopes
evolves, inducing an evolution of the total IBD yield. The
effective fission fraction Fi viewed by one AD is defined as

Fi ¼
X6

r¼1

Wth;rfi;r
L2
r
P

i fi;rei
=
X6

r¼1

Wth;r

L2
r
P

i fi;rei
ð2Þ

to study the IBD yield evolution. In commercial reactors,
during one fuel cycle, the 235U fraction decreases mono-
tonically, and the 238U fraction remains approximately
constant, while the 239Pu and 241Pu fractions both increase
monotonically. Based on the data from all near ADs, the
average effective fission fractions of the four isotopes are
determined at Daya Bay to be F̄235∶ F̄238∶F̄239∶F̄241 ¼
0.564∶0.076∶0.304∶0.056.
The F239 is chosen to represent the fuel evolution status.

In the following analysis, the F239 is first calculated on a

weekly basis; then 20 groups are defined based on the
weekly F239 values; the IBD data is then categorized into
the 20 groups, leading to an evolved IBD yield with F239.
The evolution of the IBD yield rate can be approximated
with a linear relation with respect to F239, where the slope
dσf=dF239 is determined to be ½−1.96% 0.11ðstatÞ %
0.07ðsystÞ& × 10−43 cm2=fission.
The evolution of the total IBD yield spectrum sf enables

a decomposition of the isotopic spectra, denoted as si,
according to the following χ2 analysis:

χ2 ¼ χ2ðsf;F; si; ϵÞ þ χ2ðs238; s241Þ: ð3Þ

The χ2 analysis constructs for each F239 group the differ-
ence between measured total spectrum (sf) and correspond-
ing prediction that is the combination of isotopic spectra
(si) according to the effective fission fractions F. The ϵ
represents nuisance parameters encompassing systematic
uncertainties from the reactor, detector, and background
[43,45,56]. The evolution of isotopic fission fractions is
degenerate because the 239Pu and 241Pu fractions evolve in a
similar manner, and the 238U fraction is stable during the
fuel burning. In order to reduce the degeneracy and extract
the 235U and 239Pu spectra, external constraints based on the
HM model are introduced on the 238U and 241Pu spectra
through χ2ðs238; s241Þ, given that 238U and 241Pu are minor
contributions at Daya Bay. The external constraints are
loosely set by considering enlarged uncertainties with
respect to the HM original ones. The shape uncertainty
of the 238U spectrum is set to be 10%–35% in 0.7–8 MeV,
and the rate uncertainty is set to be 10%, which covers the
uncertainties from data and also the difference between the
data and model [33]. The uncertainty of the 241Pu spectrum
is set to be 7%–35% for the shape, and 10% for the rate.
Consistent results are obtained when the SM2023 model
replaces the HM model in the χ2ðs238; s241Þ term.
The extracted 235U and 239Pu spectra, i.e., s235 and s239,

are shown in Fig. 2. The 235U and 239Pu spectra reach an
unprecedented precision of 3% and 8%, respectively, in the
3 MeV region, leading to a 15% improvement compared to
previous Daya Bay results [22]. The statistical uncertainty
still contributes more than 50% for both spectra.
The 235U spectrum measured at Daya Bay differs from

the HM model with a deficit below 4 MeV with more than
4σ significance. However, it differs from the SM2023
model most notably with an excess between 5 and 7 MeV,
which reaches about 3σ significance. The SM2023* model,
despite showing agreement with the STEREO 235U spec-
trum [27], disagrees with the Daya Bay 235U spectrum
above 5 MeV as illustrated in Fig. 2. The precision of the
Daya Bay 239Pu spectrum is insufficient to differentiate
between models.
In terms of the shape-only comparison, the Daya Bay

235U and 239Pu spectra differ from both the HM and
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FIG. 1. The total IBD yield spectrum measured at Daya Bay is
shown as the black points in the top left panel, in comparison with
the HM (red) [31,32] and SM2023 (blue) [36] models. The ratio
between data and HM model is shown in the bottom left panel, as
well as the ratio of SM2023 to HM. The top right panel compares
the total flux measured by Daya Bay to the HM (6.15% 0.15),
SM2023 (5.92% 0.19), and KI [34] (5.90% 0.14) in units of
10−43 cm2=fission. The KI spectral shape is consistent with the
HMmodel and omitted from the lower panel for clarity. The error
bars in the data points represent the square root of the diagonal
elements of the covariance matrix for the total spectrum,
incorporating both statistic and systematic uncertainties. The
error bands for different models reflect the uncertainties inherent
to each specific model.

PHYSICAL REVIEW LETTERS 134, 201802 (2025)
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Daya Bay data TAO data JUNO data
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Oscillation Fit

44

• JUNO data are fit simultaneously with data 
from Daya Bay near detectors and TAO
− Detector response accounted for individually for 

each detector

• Both solar oscillation parameters are 
estimated with world-leading precision

Δm2
21

sin2 θ12

7.388 ± 0.078 eV2

0.3036 ± 0.0064

1.1 %

2.1 %

Result Precision

− Results are still statistics dominated, but 
efficiency and background uncertainties are 
starting to become important

(for more details on the latest JUNO results, please see 
Yifang Wang’s talk at Neutrino 2026)

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Solar Oscillation Parameters
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Good agreement with previous results!
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Geoneutrino Results
• Reminder: geoneutrinos are ’s emitted by the decay 

of radioactive isotopes in the Earth
ν̄e

• These neutrinos cannot be distinguished on an 
individual basis from reactor antineutrinos

geoneutrinos

− Provide a direct probe of the Earth's radiogenic heat 
production 

− Unique information about the composition and 
thermal evolution of our planet

− They are mixed with reactor ’s in our spectrum, but 
have a distinctive spectral shape and energy range


− The fit is able to disentangle the amount of 
geoneutrinos in our spectrum with some uncertainty 
(currently 15%)

ν̄e

• JUNO collects more geoneutrinos every year than all 
the geoneutrinos ever detected by other experiments

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Geoneutrino Results

• In our most recent measurement, we are seeing 
a very clear geoneutrino signal 

• Need more JUNO data and refined 
geological models to elucidate 

• Higher than expectation from existing 
geological models, but still with limited 
statistical significance

− World-leading precision of 15%

• Geoneutrino rates are normally reported in 
Terrestrial Neutrino Units (TNU):
− 1 TNU = 1 IBD per 1032 free protons per year with 

100% detector efficiency

− Corresponds to 73 ± 11 TNU

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Atmospheric Mass Splitting Δm2
31

48

• JUNO’s current measurement of  has degeneracies due to the low statisticsΔm2
31

− Multiple minima will disappear as more data are accumulated, leaving only the one minimum
− For now, Daya Bay’s measurement is used as an external constraint so the fit focuses on the “right” minimum

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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• The error bars are determined using the 
Feldman-Cousins method

 Mass SplittingΔm2
31

− World-leading precision between 1.0 and 1.1%

[-1.05%，+1.00%] [-1.00%，+1.08%]
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• We can further exploit this measurement to 
shed light on the mass ordering (next slides)
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Constraining the Mass Ordering
Basic principle: Measurements of  from  

disappearance and /  disappearance expected 
to align for the right mass ordering but not for the 

wrong one

Δm2
31 ν̄e

νμ ν̄μ

Cartoon is just for illustration purposes, but 
inspired from current situation

Reactor 
NO

Reactor  
IO

Δm2
31

Accelerator 
NO

Accelerator 
IO

Δm2
31

Good 
alignment 

for NO

Not so good 
alignment 

for IO

 evidence 
     for the NO
→

• Have 3 independent analyses that yield consistent results 
(independent reconstruction, fiducial volume, selection, 
background assessment, and oscillation fitters)

• Comparing our measurement with that of accelerator experiments 
provides additional information on the mass ordering
− Adopt estimate from NuFit for long-baseline (LBL) experiments for this comparison
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But they do for the normal 
ordering (NO)

Measurements do not align so 
well for the inverted ordering (IO)

Constraining the Mass Ordering

 Normal mass ordering favored at → Δχ2 = 4.86

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Mass Ordering Significance
• Use two approaches to calculate the significance of the observed NO preference:

Frequentist Approach

− Relies on the generation of many pseudo-
experiments


− Normal ordering favored at 2.3σ

Bayesian Approach

− Relies on Μarkov Chain Monte Carlo

− Normal ordering favored with Bayes factor 

of 10.18

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Looking Forward 
Prospects for JUNO and Other Experiments 
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Oscillation Physics with Reactor ν̄e′￼s

5.4 Results

With the nominal configuration, statistical methods, and uncertainty sources described in this
work, we numerically calculate JUNO’s expected NMO sensitivity for the Asimov dataset assum-
ing JUNO and TAO start data taking simultaneously. Because the three analysis groups produce
consistent |��

2

min
| estimations within a relative 0.5% di↵erence, only one result is shown here.

|��
2

min
| is slightly less than 9 for 6 years of reactor antineutrino data at JUNO for both the

normal and inverted mass orderings. After 7.1 years of data taking with an assumed 11/12 duty
factor for the reactors (an exposure of 6.5 years ⇥ 26.6 GWth), JUNO has a median NMO sen-
sitivity of 3� (3.1�) for the normal (inverted) mass ordering. Figure 7 shows the median NMO
sensitivity as a function of JUNO and TAO data-taking times for both NO and IO hypotheses
and for the cases with and without all systematic uncertainties. We find that the sensitivity is
primarily driven by statistical uncertainty, resulting in ��

2

min
approximately following a linear

function of exposure. This relationship enables converting variations in ��
2

min
into the corre-

sponding adjustments of data-taking time required to reach a median NMO sensitivity of 3�.

Figure 7: NMO discriminator ��
2

min
as a function of JUNO and TAO data-taking times for both

NO (red) and IO (blue). The horizontal black dashed lines represent 3�, 4�, and 5� significances.
The solid lines are for the cases of full systematic uncertainties, and the dashed lines are for the
statistical-only case. The 11/12 reactor duty cycle is considered in the conversion of exposure to
the data-taking time. We can observe that, after 7.1 years of data taking, JUNO can determine
the neutrino mass ordering with 3� significance when NO is true. If IO is true, it is 3.1� under
the same exposure. We assume that JUNO and TAO begin data taking at the same time. The
right panel shows the sensitivity dependence on the true values of the oscillation parameters,
evaluated by shifting the values 3� (of PDG2020 [13]) from the nominal values. The results are
presented for the normal ordering for the exposure needed by JUNO to reach 3� sensitivity.

The analysis is performed with the Asimov data produced with the oscillation parameters
from PDG 2020 [13]. Note that the previous published sensitivity [47] of JUNO was based on
PDG 2014 [91]. To demonstrate the e↵ect of the variation in the oscillation parameters on the
NMO sensitivity, another study is performed by generating Asimov data with the oscillation
parameters shifted from the nominal values described in Section 1. We scan the oscillation
parameters within ±15% to cover the 3-sigma region around their central values. We find that
|��

2

min
| is positively correlated with sin2 ✓12, sin2 ✓13, and �m

2
21

and anti-correlated with �m
2
31
.

The right panel of Figure 7 shows the impact of the oscillation parameter true values on the
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Roughly one order of magnitude improvement over 
existing precision for 3 parameters with 6 years of data! 

Δm2
21sin2 θ12 Δm2

32 sin2 θ13

* from PDG 2025
Unique measurement at 3σ significance with 

about 7 years of data


JUNO-only NMO sensitivity:
 Sensitivity to , ,  and 
Δm2
21 sin2 θ12 Δm2

31 sin2 θ13
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• Rich scientific program spanning a wide range of sources and research topics

A Multi-Purpose Observatory for Neutrino 
Physics and Astrophysics

The JUNO physics program 

Barbara Caccianiga ``First results of the JUNO experiment on neutrino physics’’   

JUNO has a rich physics program concerning neutrinos

Study  neutrino properties: NMO + best precision on θ12, ∆m2
12, ∆m2

13

Neutrinos from different sources (Sun, Earth, ,SN…) as probes

• JUNO has unique features that make it extremely well-suited for other physics goals 

More information in backup; can discuss as needed
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LiquidO: a New Approach
• In conventional scintillator detectors like Daya Bay and 

JUNO, the light travels through transparent volumes to 
photosensors in the periphery

• New detector concept: opaque medium traversed 
by dense array of fibers

See arXiv:2503.02541 for the latest results from a prototype Each of these panels assumes a 1cm fiber 
pitch, one pixel per fibre, 2MeV of energy

Positron

so-called “light ball”

Comm. Phys. 4, 273 (2021)

Key Advantages:
− Event-by-event ID of events 

that are currently 
indistinguishable in traditional 
liquid scintillator detectors 
( , , )e− e+ γ

− High affinity for loading 
thanks to the opacity

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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CLOUD and SuperChooz
• Demonstrator called “CLOUD” funded: ~30 m from CHOOZ reactor in France

Jeff Hartnell, LiquidO, Feb. '24 16

CLOUD
5-10 tons LiquidO-Tracker Inner Detector
 Opaque scintillator + 10,000 fibres+SiPMs
 ~1.8 m diameter, >200 PE/MeV design, sub-ns timing

• There is a proposal for a next-generation  reactor experiment called SuperChoozθ13
- Soon to become the most poorly known mixing angle 
- LiquidO technology, ~10 kton mass, ~1 km baseline from Chooz reactors 

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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CEvNS at Reactors
• An exciting new program using CEvNS at reactors is 

well underway

arXiv:2203.07214 and arXiv:2203.07361

Global Landscape of Reactor Neutrino Experiments

- Pro: very high cross-section (can be orders of 
magnitude higher than IBD)

- Con: very difficult to detect (only signal is low-
energy recoiling nucleus) 

• The race is on! 
- Vibrant effort in many reactors throughout 

the world with different technologies
- The CONUS+ experiment has reported a 

 observation (Nature 643, 
1229-1233 (2025))
3.7σ

• Search for deviations from Standard 
Model, hidden sector particles & 
interactions

P. Ochoa-Ricoux, International Neutrino Summer School 2026

https://arxiv.org/abs/2203.07214
https://arxiv.org/abs/2203.07361
https://www.nature.com/articles/s41586-025-09322-2
https://www.nature.com/articles/s41586-025-09322-2
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Summary & Conclusions

Stay tuned!

• More to come! Anticipate some exciting results (and maybe some surprises?) 

− Designed primarily for reactor antineutrino oscillation physics, but also has a rich program with 
neutrinos from other Earthly and cosmic sources

• JUNO has released new oscillation results with 207 days of data
− World-leading precision on ,  and sin2 θ12 Δm2

21 Δm2
31

− Preference of 2.3σ for the normal mass ordering
− Geoneutrino flux measured to 15%

Support from NSF is 
gratefully acknowledged
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• Nuclear reactors are excellent neutrino sources
• Reactor neutrino experiments have made key contributions to experimental neutrino physics
• JUNO is the largest reactor neutrino experiment ever constructed and features the best 

energy resolution ever achieved in a detector of its kind 

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Thank you 
for your 
attention!
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Backup

P. Ochoa-Ricoux, International Neutrino Summer School 2026



JUNO Project
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• Collaboration established in 2014

• Now > 650 collaborators from 74 
institutions in 17 countries/regions



IBD Rate vs. Time
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Good correlation between predicted and expected reactor IBD rate after background subtraction

χ2/n.d.f. = 40.1/37



Energy Resolution for 214Po and IBD nH
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Supernova (SN) Neutrinos

- Order of 104 detected events for SN @ 10 kpc

• Able to determine flavor content, energy spectrum 
and time evolution of supernova (SN) burst neutrinos

- Sensitivity to pre-SN neutrinos up to ~1.6 (0.9) kpc 
for normal (inverted) ordering

• Also have leading sensitivity to diffuse SN 
neutrino background (DSNB)

- Expected detection significance of 3σ after ~3 
years of data for nominal model

- Provide leading constraint if DSNB is not observed

- 3 detection channels sensitive to all flavors, low 
threshold ~0.2 MeV 

JCAP 01 (2024) 057

JCAP 10 (2022) 033
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https://iopscience.iop.org/article/10.1088/1475-7516/2024/01/057
https://iopscience.iop.org/article/10.1088/1475-7516/2022/10/033


• Solar neutrinos in JUNO:

- Will collect large sample of high energy 
(8B) neutrinos
- Precise measurement of the flux

- Good sensitivity to solar neutrinos below 
1.5 MeV (7Be, pep and CNO)

- Measure osc. parameters with solar and reactor 
neutrinos in the same detector

- Unique assets:
- Large size, low threshold, and high resolution
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Solar Neutrinos
Detection channel: νx + e− → νx + e−

Sensitivity (10 years) 
φ8B   :  5% 

  :  8%
:  20%

sin2 θ12
Δm2

21

- Expect results to be world-leading once 
enough data are collected

High Energy (8B)Low Energy (7Be, pep, CNO)

Sensitivity (6 years) 
7Be  :  ~0.3% 
pep  :  ~4%
CNO:  ~12% 
(low background  

10-17gU,Th/gLS scenario)

- Day night asymmetry (2-3σ in 10 years)

http://cpc.ihep.ac.cn/article/doi/10.1088/1674-1137/abd92a
https://arxiv.org/abs/2303.03910
https://iopscience.iop.org/article/10.3847/1538-4357/ad2bfd


Figure 9: Expected JUNO sensitivity to the total geoneutrino signal, assuming a fixed chondritic
Th/U ratio, as a function of the total geoneutrino signal. The solid blue, orange, green, and red
curves represent exposures of 1, 3, 6, and 10 years, respectively. The vertical yellow shaded area
indicates the 1ω range from Table 2, encompassing the spread of di!erent BSE models as well as
various predictions for the lithospheric contribution.

band across various geological models, JUNO would achieve a precision of about 18%, comparable
to existing geoneutrino measurements by Borexino and KamLAND, after roughly 3 to 6 years. For
an intermediate signal of 40 TNU, falling well in the yellow band of expected geological predictions,
the uncertainty improves more significantly: from 22.7+6.7

→4.3% after 1 year to 14.3+2.5
→2.0% at 3 years,

11.0+1.5
→1.2% at 6 years, and 9.3+1.1

→0.9% after 10 years. At the high end, assuming a total signal of
60–70 TNU, the uncertainty can be reduced further, reaching values as low as 5.4% in 10 years.

This level of precision will enable JUNO to distinguish between competing models of Earth’s
radiogenic heat production and to contribute substantially to our understanding of the Earth’s
internal composition.

21
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Fig. 8 The PSD (left) and MVA (right) separation capabilities for nn → inv. The left plot is normalized to unity to highlight the performance of
the PSD, while right plot show the BDTG performance and the vertical axis represents the event number over a period of 10 years

Fig. 9 JUNO sensitivities to n → inv and nn → inv as a function of
the running time at 90% C.L. SNO+ and KamLAND give the current
best upper limits in the search of n → inv and nn → inv based on
experimental data, respectively

nn → inv after 10 years of data taking at the 90% C.L.:

τ/B(n → inv) > 5.0 × 1031 years,

τ/B(nn → inv) > 1.4 × 1032 years.
(6.3)

The predicted sensitivity of n → inv (nn → inv) is almost
one(two) orders of magnitude better than the SNO+ (Kam-
LAND) results. In Fig. 9, we plot the JUNO sensitivity as a
function of the running time. It is found that JUNO with two
years of data, will give an order of magnitude improvement
compared with the current best limits: τ/B(n → inv) >

9.0 × 1029 years and τ/B(nn → inv) > 1.4 × 1030 years.
To ensure the reliability of the results in Eq. (6.3), we

use the analysis method in Sect. 5.1 (Sect. 5.2) and the cor-
responding multiplicity cut strategy to study nn → inv
(n → inv). It is found that different analysis methods

only slightly influence the final sensitivities. In addition, we
have also varied the MVA cuts to investigate the sensitiv-
ity changes. The predicted sensitivities are not significantly
affected by the MVA cut value when it falls within the range
of [0, 0.5]. To assess the impact of Atm-ν NC as the main
background on the predicted sensitivities, we enlarge their
nominal values and uncertainties. We observe that for both
decay modes, escalating the Atm-ν NC uncertainty to 150%
marginally affects the predicted sensitivities. Given that Atm-
ν NC is one of the main backgrounds for both analyses, the
sensitivity is expected to change by about 10 and 20% when
doubling the nominal value of the Atm-ν NC event rate,
respectively.

7 Conclusion

In conclusion, we have investigated neutron invisible decays
in the JUNO LS detector. The triple coincidence character-
istic arising from the invisible decays of s-shell neutrons in
12C has been briefly described, providing insight into the
development of dedicated selection criteria applied to the
signal sample generated with the full simulation. To cor-
rectly select triple coincidence signals from the experimental
data and minimize the influence of the uncorrelated single
signals, we have developed two muon veto strategies and
implemented two types of multiplicity cut methods tailored
to the characteristics of both the signal and backgrounds.
On the other hand, we have conducted a detailed estima-
tion of all potential backgrounds, which have been classified
into six categories: IBD+Single, Isotope(9Li/8He)+Single,
FN+Single, 13C(α,n)16O+Single, Accidental backgrounds,
and Atm-ν NC events. It is observed that the IBD+Single
and Atm-ν NC events are the dominant backgrounds. To
suppress backgrounds further, we employ pulse shape dis-

123

Geo-neutrinos and Nucleon Decay
• With 1-2 events per day, will collect largest 

available sample of geoneutrinos in ~1 year

- Precision of ~8% in 10 years with fixed Th/U 
mass ratio (current precision is around 15%)

- Separation of U and Th components with 
unprecedented precision

• Competitive sensitivity 
to nucleon decay, 
particularly in modes 
where LS enables 
triple coincidence

CPC 47, 113002 (2023) 



example
p → ν̄ + K+

Invisible 
decay modes



sensitivity
p → ν̄ + K+

Current best limit:  
(SuperK, 90%)

5.9 × 1033 y

EPJC 85, 5 (2025)

Sensitivity to total geo-  signal, fixed Th/U ratio:ν

ar
Xi

v:
25

11
.0

72
27

68
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https://link.springer.com/article/10.1140/epjc/s10052-024-13638-0
https://arxiv.org/abs/2511.07227
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Fig. 8 The PSD (left) and MVA (right) separation capabilities for nn → inv. The left plot is normalized to unity to highlight the performance of
the PSD, while right plot show the BDTG performance and the vertical axis represents the event number over a period of 10 years

Fig. 9 JUNO sensitivities to n → inv and nn → inv as a function of
the running time at 90% C.L. SNO+ and KamLAND give the current
best upper limits in the search of n → inv and nn → inv based on
experimental data, respectively

nn → inv after 10 years of data taking at the 90% C.L.:

τ/B(n → inv) > 5.0 × 1031 years,

τ/B(nn → inv) > 1.4 × 1032 years.
(6.3)

The predicted sensitivity of n → inv (nn → inv) is almost
one(two) orders of magnitude better than the SNO+ (Kam-
LAND) results. In Fig. 9, we plot the JUNO sensitivity as a
function of the running time. It is found that JUNO with two
years of data, will give an order of magnitude improvement
compared with the current best limits: τ/B(n → inv) >

9.0 × 1029 years and τ/B(nn → inv) > 1.4 × 1030 years.
To ensure the reliability of the results in Eq. (6.3), we

use the analysis method in Sect. 5.1 (Sect. 5.2) and the cor-
responding multiplicity cut strategy to study nn → inv
(n → inv). It is found that different analysis methods

only slightly influence the final sensitivities. In addition, we
have also varied the MVA cuts to investigate the sensitiv-
ity changes. The predicted sensitivities are not significantly
affected by the MVA cut value when it falls within the range
of [0, 0.5]. To assess the impact of Atm-ν NC as the main
background on the predicted sensitivities, we enlarge their
nominal values and uncertainties. We observe that for both
decay modes, escalating the Atm-ν NC uncertainty to 150%
marginally affects the predicted sensitivities. Given that Atm-
ν NC is one of the main backgrounds for both analyses, the
sensitivity is expected to change by about 10 and 20% when
doubling the nominal value of the Atm-ν NC event rate,
respectively.

7 Conclusion

In conclusion, we have investigated neutron invisible decays
in the JUNO LS detector. The triple coincidence character-
istic arising from the invisible decays of s-shell neutrons in
12C has been briefly described, providing insight into the
development of dedicated selection criteria applied to the
signal sample generated with the full simulation. To cor-
rectly select triple coincidence signals from the experimental
data and minimize the influence of the uncorrelated single
signals, we have developed two muon veto strategies and
implemented two types of multiplicity cut methods tailored
to the characteristics of both the signal and backgrounds.
On the other hand, we have conducted a detailed estima-
tion of all potential backgrounds, which have been classified
into six categories: IBD+Single, Isotope(9Li/8He)+Single,
FN+Single, 13C(α,n)16O+Single, Accidental backgrounds,
and Atm-ν NC events. It is observed that the IBD+Single
and Atm-ν NC events are the dominant backgrounds. To
suppress backgrounds further, we employ pulse shape dis-
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Proton Decay

69

• Competitive sensitivity, particularly in modes where LS 
enables triple coincidence signal

CPC 47, 113002 (2023) 
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Detect de-excitation of the excited nucleus

p → ν̄ + K+

https://iopscience.iop.org/article/10.1088/1674-1137/ace9c6
https://link.springer.com/article/10.1140/epjc/s10052-024-13638-0
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Diffuse Supernova Neutrino Background (DSNB)
• DSNB = cumulative flux of neutrinos and antineutrinos 

emitted by all core-collapse supernovae (SN) 
explosions throughout the history of the universe

• Faint signal, very hard to detect

• Unique probe of SN physics and cosmic history, 
including:
- Average core-collapse SN energy spectrum

- Cosmic star formation rate

- Fraction of failed (black-hole forming) SN

• A 2.6σ significant observation has just been 
reported at Neutrino 2026 by Super-
Kamiokande 

- In JUNO, expect 2-3 events per year (compared 
to about 50 reactor antineutrinos per day)

Large spread in 
prediction from 
models

https://indico.global/event/15740/contributions/155621/


71

JUNO and the DSNB
• JUNO is an excellent detector to search for the DSNB

Designed to for low-energy antineutrino 
detection, but also extremely large!

- High energy resolution and low threshold (resulting 
eg. in neutron tagging efficiency > 98%)

- Low backgrounds and with multiple rejection 
tools at its disposal (next slide)

• Strategy:

- Look in the 12-30 MeV energy range to avoid 
reactor antineutrinos and 9Li/8He background

- Rely on the IBD reaction, with its characteristic 
double-coincidence signal

End up with 2 main types of backgrounds:
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eventually 
capture

Atmospheric Neutrino 
Neutral Current (NC)  

interactions

10 20 30 40 50 60 70 80 90 100
Prompt visible energy [MeV]

1−10

]
-1

 M
eV

-1
 y

r
-1

Ev
en

t r
at

e 
[k

t

G

N1

N2

N3

N4

N5

typeModel-

G N1 N2 N3 N4 N5
typeModel-

0

1

2

3

4

5

6 ]
-1

 y
r

-1
Ev

en
t r

at
e 

[k
t

0

1

2

3

4

5

6

]
-1

 y
r

-1
Ev

en
t r

at
e 

[k
t

C11n+

B10n+p+

Be9n+2p+

Be8n+p+d+

Li6+αn+p+

others

+Xxν→C12+xνFinal-state of 

Figure 3: Left panel: event rates of the NC background as a function of the prompt energy using

six di↵erent neutrino interaction models. Right panel: event rates of the NC background for specific

channels with di↵erent final-state nuclei in the prompt energy range from 12 to 30 MeV.

most of the FN will be captured at the equator and upper regions of the LS. They can be e↵ectively

removed by a fiducial volume cut in terms of the vertical position Z and the horizontal distance to

the detector centre rXY. The spatial vertex distributions of the FN events are illustrated in the left

panel of Fig. 2, where the grey and blue points refer to the FN events of the whole prompt energy

range and within [12, 30] MeV respectively. We define two fiducial volume (FV) regions based on

the values of Z and rXY, where the first one (FV1), as shown in the left panel of Fig. 2, is defined

with R ⌘

q
Z2 + r2

XY
< 16 m, and the other (FV2) refers to the region with R > 16 m and Z < 16

m, rXY < 16 m. The right top panel of Fig. 2 illustrates the event rate of the FN background as

a function of the Z and rXY cut with the prompt energy of [12, 30] MeV, where the grey band is

the statistical uncertainty of the simulated data. The corresponding target mass is shown in the

right bottom panel of Fig. 2. Note that FV2 is designed to enlarge the e↵ective target mass but

still avoiding high FN rates. It will be shown in the next section that the e�ciencies of the PSD

and TC cuts are di↵erent for these two regions. Finally the energy spectrum of the FN background

is taken as flat in the selected prompt energy window from 12 to 30 MeV according to the detector

simulation outputs.

4.5 Atmospheric ⌫ NC background

The atmospheric neutrino fluxes at JUNO for the neutrino energies from 100 MeV to 104 GeV

have been calculated by the Honda group [39], where the flux uncertainty is less than 10% in the

energy range of (1 � 10) GeV, but gradually increases for both lower and higher energies [43, 44].

For the DSNB analysis, we have performed a systematic study on the CC and NC backgrounds

induced by atmospheric neutrino interactions on 12C. The CC background is negligible for prompt

energies below 100 MeV due to the suppression of neutron production. The general method of the

NC background calculation has been carefully studied in Ref. [31]. In this work the NC background

with the JUNO software framework using full detector simulation has been accomplished to study

properties of this important background.

Two widely-used neutrino generators GENIE [45] and NuWro [46] are used to model the NC interac-

tion between the atmospheric neutrinos and 12C, and TALYS [47] is employed to describe deexcitations

13

Atm-𝜈 NC Background

DSNB 2024Jie Cheng (程捷) 24

 NC interactions of atm. neutrino with 12C in LS: the most significant background source in the DSNB study

Analysis work Highlights reference

Flux calculation Optimization of low energy range, based on Honda flux calculation Paper in preparation

Model prediction v-12C interaction (GENIE, NuWro) + residual nucleus deexcitation (TALYS) Phys. Rev. D 103 (2021) 5, 053001
arXiv 2404.07429

Uncertainty estimation in-situ measurement (~15% @ 10 yrs JUNO data) Phys. Rev. D 103 (2021) 5, 053002

Background suppression Pulse shape discrimination (PSD) & triple coincidence (TC) cut (11C delayed 
decay)

Eur. Phys. J. C 84 (2024) 5, 482

 is dominantn + C11

(Illustrations 
from Jie Cheng)
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• Use mainly two approaches to further mitigate 
DSNB backgrounds
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Figure 7: The prompt energy spectra of the reference DSNB signal with RSN(0) = 1.0 ⇥

10�4 yr�1Mpc�3, hE⌫i = 15MeV, and fBH = 0.27 versus all the backgrounds before (left) and

after (right) the background reduction techniques. The upper and lower panels are shown for the

regions of FV1 and FV2 respectively.
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- Pulse-Shape Discrimination (PSD): exploit 
differences in time profiles between particles
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Figure 5: The averaged true (black) and reconstructed (red) profiles of the photon emission time

(PET) are illustrated for both the DSNB signal (solid) and NC background (dashed). The upper

panel is shown for the normalized time profiles and the lower panel for the relative ratios of the

DSNB signal and NC background.

GENIE and NuWro is mainly driven by the di↵erent branching ratios of the 11C channel. In the

following calculation, we take the NC background uncertainty as 35% for the first 3 years of data

taking, and an uncertainty of 25% (15%) after three (nine) years.

5 Background suppression

In this section we discuss the background suppression strategies for the DSNB sensitivity study.

Firstly, we follow the muon veto strategy as studied in Ref. [18], where the e�ciency of the live

time can reach 93.6%. Secondly, since di↵erent types of particles depositing energies in LS will

have distinct photon emission time profiles, the PSD technique will be powerful to distinguish the

backgrounds with di↵erent profiles of time distributions. Here we present our detailed simulation

on the PSD e�ciency, and apply for the suppression of the FN and atmospheric ⌫ NC backgrounds.

Finally as mentioned before, the atmospheric ⌫ NC background associated with the final-state nuclei
11C is the most significant background, which undergoes a �+ decay with a lifetime of 20.39 min

and a decay energy of 1.98 MeV. Therefore we make an additional TC cut to e↵ectively reduce this

category of the NC background.

5.1 PSD cut

In organic LS, the fluorescence time profile is characterized by typical decay time constants ranging

from several ns to several hundred ns. The probability of photon emission as a function of time is

described by the weighted sums of exponential functions of several components. The time profiles

of di↵erent kinds of particles are featured by the distinct time constants and the corresponding

weights, which are the foundation of the PSD technique. During the full detector simulation of

the signal or background events, an optical photon starts from the emission time in LS, to the

photon propagation before detected by one specific PMT, then it is converted to an electrical signal

to be read out and reconstructed. The simulation is based on the JUNO o✏ine framework, and

includes a full chain of the event generator, detector simulation, electronics simulation, waveform

15

Average 
Photon 

Emission 
Time (PET)

- Triple Coincidence (TC): exploit decay of 
resulting 11C nucleus

Expect efficiency uncertainty to improve with 
time as studies are done on natural and 

artificial calibration samples

reference DSNB model

Before Bg. Suppression After Bg. Suppression

Background Suppression

Triple-coincidence (TC) Cut 

DSNB 2024Jie Cheng (程捷) 38

⚫ TC cut 
 Relies on the three-fold signature of the 11C NC channel

• Prompt signal: a fast neutron recoil
• Delayed signal: neutron captured on hydrogen
• Delayed decay signal from unstable 11C nucleus

 Apply time and distance ∆𝑅𝑝𝑑 cuts between the third delayed signal 
and the prompt one

► Accidental background (mimicking 
a third signal)
✓ cosmogenic 11C
✓ natural radioactivity
Due to high level of natural 
radioactivity background in FV2, TC 
cut cannot be applied

► Study impact of the different TC 
cuts on sensitivity to DSNB➔
select optimal cut setting

Increase ∆𝒕

Uncertainty on this 
background also 
expected to decrease 
with time with in situ 
measurement (PRD 103, 

053002 (2021))

Almost 2 orders of 
magnitude 
improvement in S/B JC

AP
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0 
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 0
33

Signal efficiency of ~80% with 
background inefficiency of ~1% 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053002
https://iopscience.iop.org/article/10.1088/1475-7516/2022/10/033
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Figure 9: DSNB discovery potential (�) at JUNO as a function of DSNB model parameters for ten

years of data taking. The bottom left plot shows the plane of (RSN(0), hE⌫i, with fBH = 0.27, the

bottom right plot shows the plane of (fBH, hE⌫i) with RSN(0) = 1.0⇥ 10�4yr�1Mpc�3 and the top

left plot shows the plane of (RSN(0), fBH) plane with hE⌫i = 15 MeV. The blue, yellow and red

curves stand for 3�, 4� and 5� confidence levels respectively. The black stars of better than 5�

discovery potential show the locations of the reference DSNB model.
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Figure 8: DSNB discovery potential (�) at JUNO as a function of the running time. The reference

DSNB signal model is represented with black solid line in the left panel and black circle points in

the middle and right panels respectively. In the left panel, the model variations with represented

SN rates from 0.5 to 2.0⇥ 10�4yr�1Mpc�3 are adopted by using short dashed and long dashed lines

respectively. The dark grey and grey regions are illustrated for di↵erent choices of the systematic

uncertainty of the NC background. In the middle and right panels, the model variations for the SN

average energy from 12 to 18 MeV (middle) and the black hole fraction from 0 to 0.40 (right) are

illustrated for 10 and 20 years of data taking.
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- Expected detection significance of 3σ after ~3 years 
of data for nominal model

- Provide leading constraint if DSNB is not observed

JCAP 10 (2022) 033

Black stars show the 
reference DSNB model

Discovery potential as a 
function of three DSNB 
model parameters (10 

years of JUNO data)

Better than 5σ discovery potential for 
broad region of parameter space

https://iopscience.iop.org/article/10.1088/1475-7516/2022/10/033


Liquid Scintillator (LS)

• Using a recipe inspired from Daya 
Bay’s experience

LS Recipe optimized with a 
decommissioned Daya Bay detector

- No doping, large fluor concentration

2.5 g/L PPO

3 mg/L 
bis-MSB

• Main requirements: high light yield, high 
transparency and high radiopurity

NIMA 998, 164823 (2021)
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https://www.sciencedirect.com/science/article/abs/pii/S0168900220312201?via=ihub


Key Feature: Energy Resolution

- Lots of PMTs!! 
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- Tuned and highly transparent 
liquid scintillator

- PMTs with almost double the 
detection efficiency compared to 
the previous generation

Summarizing the previous 
slide, we need:

Need to minimize 
residual effects 
after calibration

- Comprehensive 
calibration system 
allowing to position 
sources everywhere inside 
and around the detector 

- Works in sync with 
small PMT system, 
which serves as 
linear reference

JHEP 2021, 04 (2021)

Two types of 20-inch PMTs packed 
as tightly as possible, with 3-inch 
PMTs in the space between them

What it takes: high light yield and comprehensive calibration

https://link.springer.com/article/10.1007/JHEP03(2021)004


Calibration System
• JUNO also needs to keep the systematics under control

- Have an comprehensive calibration program 
consisting of 4 mutually complementary systems: 

- 1D: Automated Calibration Unit (ACU) deploys 
radioactive and laser (1ns, keV-TeV range) sources 
along the central axis 

Goal is to keep the energy scale uncertainty < 1%

- 2D: Cable Loop System (CLS) to scan vertical 
planes 

- 2D: Guide Tube to scan the outer surface of the 
central detector (where the CLS cannot reach) 

- 3D: Remotely Operated Vehicle (ROV) operating 
inside the LS to scan the full volume

JHEP 2021, 04 (2021)

+ sPMT system
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https://link.springer.com/article/10.1007/JHEP03(2021)004


Liquid Scintillator (LS)

• Using a recipe inspired from Daya 
Bay’s experience

LS Recipe optimized with a 
decommissioned Daya Bay detector

- No doping, large fluor concentration

2.5 g/L PPO

3 mg/L 
bis-MSB

• Main requirements: high light yield, high 
transparency and high radiopurity

NIMA 998, 164823 (2021)
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https://www.sciencedirect.com/science/article/abs/pii/S0168900220312201?via=ihub


Muon Veto System
The CD is immersed in a cylindrical, 
instrumented water pool:

Some details about the water pool:
- 2,400 20-inch PMTs

- 35 kton ultrapure water with a 
circulation system

- Detection efficiency > 99.9%

Double-
purpose: 

Shield central detector against 
radioactivity from rock and 
neutrons from cosmic rays

Reconstruct and veto cosmic-
ray muons

Critical to keeping the cosmogenic 
backgrounds under control

- 5 mm HDPE lining to stop Rn from rock

Also have a top tracker:  
- 3-layers of plastic 

scintillators
- Reuse of OPERA’s 

target tracker

and a magnetic field 
(EMF) shielding 
system
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Detector Construction (Video)
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