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JUNO physics
“Neutrino Physics with JUNO,” J. Phys. G 43 (2016) no.3, 030401
“JUNO Physics and Detector,” Prog. Part. Nucl. Phys. 123 (2022), 103927

Neutrino Mass Ordering (NMO)
Precision measurement of oscillation
parameters
Atmospheric neutrinos
Geoneutrinos

Supernova (SN) neutrinos

Diffuse SN neutrino background

Solar neutrinos

Nucleon decay & Exotic searches

energy resolution for a visible energy Evis can be written as an approximate formula

σEvis

Evis
=

√√√√( a√
Evis

)2

+ b2 +
(

c

Evis

)2
, (2)

where the a term is the statistical term driven by photostatistics, the b term is dominated by the position
non-uniformity, and the c term represents the contribution of background noises. For the neutrino mass
ordering determination, it was found that the impact of the b term is 1.6 times larger than that of the
a term, and the impact of the c term is 1.6 times smaller than that of the a term [9]. Therefore, an
effective energy resolution can be defined as σeff/E = aeff/

√
E(MeV), with

aeff ≡
√
a2 + (1.6× b)2 +

(
c

1.6

)2
. (3)

Detailed studies on the effective energy resolution that could be achieved with the JUNO detector
calibration strategy can be found in Ref. [3], taking into account the non-uniformity, vertex smearing,
PMT quantum efficiency variation and charge resolution, energy nonlinearity, and PMT noises, etc. For
the nominal setup, the a term is 2.61% (the 2.73% mentioned above corresponds to the statistics at the
detector center while the p.e. yield increases with radius of the vertex), the b term is 0.82%, and the c
term is 1.23%. Thus, an effective energy resolution of 3.02%/

√
E(MeV) is expected for the JUNO MO

determination in simulations.
As a multiple-purpose detector, JUNO is sensitive to a range of neutrino sources beyond the reactor

antineutrinos. The expected signal and background estimates for various researches and the corre-
sponding physics potentials will be reviewed in Section 2. The expected neutrino signal rates and major
background sources are summarized in Tab. 2. Only the MO determination requires a 3% energy reso-
lution. The |∆m2

32| measurement benefits moderately from a high energy resolution. All other studies
are not sensitive to the energy resolution. Solar neutrino studies require a U/Th radiopurity of the
LS of 1× 10−17 g/g. Reactor and Geoneutrino studies require 1× 10−15 g/g and other studies are not
sensitive.

Research Expected signal Energy region Major backgrounds
Reactor antineutrino 60 IBDs/day 0–12 MeV Radioactivity, cosmic muon

Supernova burst 5000 IBDs at 10 kpc 0–80 MeV Negligible
2300 elastic scattering

DSNB (w/o PSD) 2–4 IBDs/year 10–40 MeV Atmospheric ν
Solar neutrino hundreds per year for 8B 0–16 MeV Radioactivity

Atmospheric neutrino hundreds per year 0.1–100 GeV Negligible
Geoneutrino ∼ 400 per year 0–3 MeV Reactor ν

Table 2: Summary of detectable neutrino signals in the JUNO experiment and the expected signal rates
and major background sources.

2 Physics with JUNO

2.1 Neutrino mass ordering
JUNO determines the NMO using the oscillation interplay between ∆m2

31 and ∆m2
32 at a medium

reactor baseline (∼53 km). The reactor antineutrino survival probability Pν̄e→ν̄e is shown in Eq. 1.

10
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JUNO requirements
Large statistics

▶ Large target mass
▶ Powerful nuclear power plants (NPPs)

⋆ Particularly for NMO and precision measurement of oscillations

Very good energy resolution
▶ Very high PMT coverage
▶ High transparency of LS
▶ High PMT efficiency

Low background
▶ ∼700 m rock overburden
▶ Veto system with >99.5% efficiency
▶ Material screening
▶ Attention to installation procedure & clean environment

⋆ For solar ν tighter radiopurity requirement

Precise reference spectra of NPPs
▶ Particularly for NMO and precision measurement of oscillations
▶ Satellite detector→ JUNO-TAO

J. P. A. M. de André for JUNO Int. Conf. on the Physics of the Two Infinities March 28th, 2023 4 / 23



JUNO site

~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

Vertical tunnel

Assembly hall & Slope tunnel

JUNO

Civil construction finished: 12/2021
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The JUNO detector

Jiangmen Underground Neutrino Observatory

2

Huge mass: ~20 kton Liquid Scintillator (LS)

Underground: ~700 m overburden
Unprecedented energy resolution: 3% / √E (MeV)
Energy scale precision: < 1%

arXiv:2104.02565

JPG 43 (2016) 030401

arXiv:1508.07166

Main physics goal:

ν Mass Ordering determination

↳ rich physics possibilities

Top Tracker (TT)

Calibration House
Water Cherenkov Detector (WCD)

Central Detector (CD) – ν̄ target

44
m

43.5 m (Acrylic Sphere: �=35.4 m)

Precise µ tracker
3 layers of plastic scintillator
∼ 60% of area above WCD

35 kton ultra-pure water
2.4k 20” PMTs
High µ detection efficiency
Protects CD from external radioactivity
& neutrons from cosmic-rays

Acrylic sphere with 20 kton liquid scint.
17.6k 20” PMTs + 25.6k 3” PMTs
3% energy resolution @ 1 MeV
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Installation status

12/11/2022

02/03/2023

Water pool liner:
installed

Supporting structure:
installed

Acrylic panels:
being installed!

PMTs:
being installed!
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The JUNO detector – CD & WCD PMTs
17612 (CD) + 2400 (Veto) 20” PMT

▶ 5k Hamamatsu (HPK) PMTs, 15k NNVT PMTs
▶ worst NNVT PMTs used in Veto

25600 3” PMT
All PMTs produced & tested & waterproofed
Electronics assembly ongoing

3 mm clearance between PMTs

Photon Detection Efficiency

arXiv:2205.08629

NNVT PDE requirement: 27%
NNVT PDE measured: 30%

▶ 11% more photons detected!

NNVT: North Night Vision Technology
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Measuring reactor ν̄e: Inverse Beta Decay (IBD)
Detected via IBD: ν̄e + p→ n + e+

▶ IBD used since discovery of ν̄
▶ Prompt+delayed signal⇒ large background suppression

Evis(e+) ≃ E(ν̄)− 0.8 MeV← used to as proxy for antineutrino energy
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Neutrino oscillations with Reactor Antineutrinos

Detected ν̄e energy 2–8 MeV
▶ Only sensitive to ν̄e → ν̄e

JUNO

?

DB/RENO/DC

Distance: selects “oscillation regime”
▶ JUNO at maximum ν̄e disappearance
▶ First experiment to see both ∆m2
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Expected reactor ν̄e spectrum in JUNO
“Sub-percent precision measurement of neutrino oscillation parameters with JUNO,” Chin. Phys. C 46 (2022)
no.12, 123001

2 4 6 8 10 12
Visible Energy [MeV]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

]
-1

da
y

-1
E

ve
nt

s/
0.

02
 [M

eV

IBD Signal

IBD + residual BG

1 1.5 2 2.5 3 3.5 4 4.5
Visible Energy (MeV)

4−10

3−10

2−10

1−10

]
-1

da
y

-1
E

ve
nt

s/
0.

02
 [M

eV

Geoneutrinos
Accidentals
Global Reactors

He8Li
9

O16,n)αC(
13

Atmospheric NC
Fast Neutrons

Energy resolution smears low energy oscillations
▶ critical importance of energy resolution
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JUNO-TAO
“TAO Conceptual Design Report: A Precision Measurement of the Reactor Antineutrino Spectrum with
Sub-percent Energy Resolution,” arXiv:2005.08745

JUNO-TAO provides reference for
reactor spectrum

Better energy resolution than JUNO
(4500 PE/MeV)

JUNO-TAO detector:
1 ton fiducial volume Gd-LS detector

▶ 30 m from one of Taishan’s
4.6 GWth reactor core

▶ 30× JUNO event rate

10 m2 SiPM of 50% photon detection
efficiency (PDE) operated at −50◦C

▶ >95% photo-coverage

Executive Summary

The Taishan Antineutrino Observatory (TAO, also known as JUNO-TAO) is a satellite experi-
ment of the Jiangmen Underground Neutrino Observatory (JUNO) [1]. TAO consists of a ton-level
liquid scintillator (LS) detector at ∼ 30 meters from a reactor core of the Taishan Nuclear Power
Plant in Guangdong, China. About 4500 photoelectrons per MeV could be observed by instru-
menting with almost full coverage (∼ 10 m2) of Silicon Photomultipliers (SiPMs) of > 50% photon
detection efficiency, resulting in an unprecedented energy resolution approaching to the limit of LS
detectors. The detector operates at -50◦C to lower the dark noise of SiPM to an acceptable level.
The TAO experiment is expected to start operation in 2022.

The main purposes of the TAO experiment are 1) to provide a reference spectrum for JUNO,
eliminating the possible model dependence due to fine structure in the reactor antineutrino spec-
trum in determining the neutrino mass ordering [2]; 2) to provide a benchmark measurement to test
nuclear databases, by comparing the measurement with the predictions of the summation method;
3) to provide increased reliability in measured isotopic antineutrino yields due to a larger sampled
range of fission fractions; 4) to provide an opportunity to improve nuclear physics knowledge of
neutron-rich isotopes [3]; 5) to search for light sterile neutrinos with a mass scale around 1 eV;
6) to provide increased reliability and verification of the technology for reactor monitoring and
safeguard.

Figure 1: Schematic view of the TAO detector, which consists of a Central Detector (CD) and
an outer shielding and veto system. The CD consists of 2.8 ton gadolinium-doped LS filled in a
spherical acrylic vessel and viewed by 10 m2 SiPMs, a spherical copper shell that supports the
SiPMs, 3.45 ton buffer liquid, and a cylindrical stainless steel tank insulated with 20 cm thick
Polyurethane (PU). The outer shielding includes 1.2 m thick water in the surrounding tanks, 1 m
High Density Polyethylene (HDPE) on the top, and 10 cm lead at the bottom. The water tanks,
instrumented with Photomultipliers (shown by red circles), and the Plastic Scintillator (PS) on the
top comprise the active muon veto system. The dimensions are displayed in mm.

The schematic drawing of the TAO detector is shown in Figure 1. The Central Detector (CD)

7
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JUNO-TAO – Physics potential
“TAO Conceptual Design Report: A Precision Measurement of the Reactor Antineutrino Spectrum with
Sub-percent Energy Resolution,” arXiv:2005.08745

Precise measurement of ν̄e spectra

TAO energy resolution <2% @ 1 MeV

Sterile Neutrino searches
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Updates to reactor ν̄e analysis
Several updates since 2016

▶ better PMT detection efficiency
▶ lower radioactive background
▶ 2 less reactor cores at Taishan
▶ overburden reduced by ∼50 m
▶ improved algorithms for veto strategy
▶ ν̄e spectrum from JUNO-TAO
▶ . . .

Energy resolution update
JUNO Simulation Preliminary poster @ Neutrino 2022

10.5281/zenodo.6785356

10.5281/zenodo.6805544

10.5281/zenodo.6804557

1

2

3

Re
so

lu
tio

n 
[%

] JHEP03(2021)004
Now

2 4 6 8 10 12
Visible Energy [MeV]

0.9

1.0

Ra
tio

Now/JHEP03(2021)004

JUNO Simulation Preliminary

Note: not all analyses using new numbers yet!
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Neutrino Mass Ordering
See poster 10.5281/zenodo.6775075 from Neutrino 2022, paper in preparation
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6 years

Reactor only: 3σ in ∼6 years × 26.6 GWth exposure
Working into possibility to combine with JUNO Atmospheric result
Complementary to other experiments!
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Precision Measurement of Neutrino Oscillation Parameters
“Sub-percent precision measurement of neutrino oscillation parameters with JUNO,” Chin. Phys. C 46 (2022)
no.12, 123001
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Precision on ∆m2
31,

∆m2
21, and sin2 θ12

improved by 1 order
of magnitude!

https://doi.org/10.1088/1674-1137/ac8bc9
https://doi.org/10.1088/1674-1137/ac8bc9


Diffuse Supernova Neutrino Background
“Prospects for Detecting the Diffuse Supernova Neutrino Background with JUNO,” JCAP 10 (2022), 033
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▶ Reduced expected background
▶ Increase signal efficiency (50%→ 80%) w/ PSD
▶ Better DSNB model
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Core Collapse Supernova Neutrinos
See poster 10.5281/zenodo.6785184 from Neutrino 2022, paper in preparation

Capability to detect pre-SN neutrinos from close SN-candidates
>50% efficiency to detect CCSN up to 250–300 kpc

▶ For reference: Milky Way diameter ∼30 kpc; Andromeda galaxy distance ∼ 780 kpc
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Solar Neutrinos

  

7Be (±6%)

pep (±1%)

8B (±12%)

hep (±30%)

pp (±0.6%)

13N (±15%)

15O (±17%)

17F (±20%)

Nuclear fusion in Sun⇒ νe
▶ ν energy depends on

specific reaction
▶ Probe Sun composition

JUNO expected to be able to
measure 8B, 7Be, pep, CNO

▶ Main limitation from
radioactive backgrounds
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Solar Neutrinos: 8B @ JUNO
“Feasibility and physics potential of detecting 8B solar neutrinos at JUNO,” Chin. Phys. C 45 (2021) no.2,
023004 and “Model Independent Approach of the JUNO 8B Solar Neutrino Program,” arXiv:2210.08437
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Solar Neutrinos: 7Be, pep, CNO @ JUNO
“JUNO sensitivity to 7Be, pep, and CNO solar neutrinos,” arXiv:2303.03910
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Other topics in JUNO
Geo ν̄

Visible energy [MeV]
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Figure 9: (a) The energy spectra of prompt IBD candidates from geoneutrinos (red), reactor antineutri-
nos (orange), and other non-antineutrino backgrounds (accidental in blue, 9Li-8He in green,13C(α, n)16O
in small magenta) for one year of data-taking after the selection cuts [9]. (b) The expected 1σ uncer-
tainty for geoneutrino measurement in JUNO with a fixed chondritic Th/U ratio as a function of live
time [118].

JUNO [118]. The theoretical spectral shapes are used for geoneutrinos [120]. The first method did not
consider the shape uncertainty of spectral components, while the second one did. The two methods
gave compatible results. After 1, 3, 5, and 10 years, the first (second) method estimated the precision
of geoneutrino measurement with a fixed chondritic mass Th/U = 3.9 in the fit as 17(13)%, 10(8)%,
8(6)%, and 6(5)%. The results of the second method are shown in Fig. 9(b). After several years of
measurements, JUNO also has the potential to constrain the Th/U ratio in the observed geoneutrino
signal [118, 9].

2.7.2 Refined crustal models and expected signal for JUNO

The fact that geoneutrinos signal produced by U and Th in the continental crust within ∼100 km of
the detector equals the whole mantle signal [119] illustrates the importance of refined geological models
around JUNO. Involving the advanced know-how of the geophysical and geochemical communities, the
South China Block surrounding JUNO can be characterized in terms of density, crustal layers thickness,
and chemical composition.

The JULOC (JUNO Local Crust) [121] and GIGJ (GOCE Inversion for Geoneutrinos at JUNO) [122]
models provide information about the thickness and density of the upper, middle, and lower crust
around JUNO. JULOC, a 3-D comprehensive high-resolution crustal model around JUNO, uses seismic
ambient noise tomography [123] in the input and covers an area of 10◦ × 10◦ around the detector. For
the South China block, the crustal structure is pretty uniform. No significant large-scale velocity and
density anomalies are found in the JULOC model. The density uncertainty is less than that of the global
crustal model. According to GIGJ, a 6◦×4◦ refined geophysical model obtained by a Bayesian inversion
of gravimetric data of GOCE satellite (Gravity field and steady-state Ocean Circulation Explorer),
the overall thickness uncertainties of upper, middle, and lower crustal layers are 2%, 3%, and 1%,
respectively [122].

On the basis of compiled U and Th abundances data from over 3000 rock samples, the JULOC model
suggests that the local upper (middle and lower) crust has higher (lower) average U and Th abundances
than the global average. The estimated crustal geoneutrino signal by JULOC is (38.3 ± 4.8) TNU, to
be compared with (28.2+5.2

−4.5) TNU [119] based on a global crustal model [124]. The significant increase

24

Also potential to constrain Th/U ratio

Nucleon decay

liquid scintillator. The K+ meson has a lifetime of 12.4 nanoseconds and can quickly decay via the
following major channels:

• K+ → µ+νµ (63.43%),

• K+ → π+π0 (21.13%),

• K+ → π+π+π− (5.58%),

• K+ → π0e+νe (4.87%),

• K+ → π+π0π0 (1.73%).

We mainly consider the two most important decay modes: K+ → µ+νµ and K+ → π+π0. In either
case there is a shortly delayed (∼12 ns) signal from the daughter particle(s). If the K+ meson
decays into µ+νµ, the delayed signal comes from µ+, which has a fixed kinetic energy of 152 MeV
as required by kinematics. Then the decay µ+ → e+νeνµ happens about 2.2 µs later, leading to the
third long-delayed signal with a well-known (Michel electron) energy spectrum. If the K+ meson
decays into π+π0, the π+ deposits its kinetic energy (108 MeV) and the π0 instantaneously decays
into two gamma rays with the sum of the energies equal to the total energy of π0 (246 MeV). The
delayed signal includes all of the aforementioned deposited energies. Then the π+ meson decays
primarily into µ+νµ. The µ

+ itself has very low kinetic energy (4.1 MeV), but it decays into e+νeνµ
about 2.2 µs later, yielding the third long-delayed decay positron signal. The simulated hit time
distribution of a K+ → µ+νµ event is shown in Figure. 10-2, which displays a clear three-fold
coincidence.

Figure 10-2: The simulated hit time distribution of photoelectrons (PEs) from a K+ → µ+νµ event
at JUNO.

If a proton decays in a carbon nucleus, the nuclear effects have to be taken into account. In
particular, the binding energy and Fermi motion modify the decaying proton’s effective mass and
momentum, leading to a change of the kinematics of the decay process. In Ref. [405], the limiting
values for the ranges of the kinetic energy of K+ are calculated to be 25.1—198.8 MeV for protons
in the s-state and 30.0—207.2 MeV for protons in the p-state. The K+ meson may also rescatter
inside the nucleus, producing the intranuclear cascades. This possibility has been discussed in
Ref. [406].

In summary, the signatures of p→ K+ν in the JUNO experiment are:

• A prompt signal from K+ and a delayed signal from its decay daughters with a time coinci-
dence of 12 ns.

164

Triple coincidence signature from
p→ ν̄ + K+

Other nucleon decay modes also being
investigated

Among other topics discussed in J. Phys. G 43 (2016) no.3, 030401 and
Prog. Part. Nucl. Phys. 123 (2022), 103927
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Conclusions
JUNO will have unique properties: large target mass & good energy resolution

▶ JUNO-TAO for reference reactor spectrum
▶ Very large photo-coverage & high LS light yield
▶ Comprehensive calibration strategy→ clear path to 3% energy resolution
▶ Strict radiopurity requirements

Precision oscillation measurements with reactor ν̄e flux
▶ First simultaneous observation of solar and atmospheric oscillations in same experiment
▶ Measurement of NMO not relying on matter effects⇒ 3σ in ∼ 6 years (reactor only)
▶ < 0.5% precision on sin2 θ12, ∆m2

21, and ∆m2
32

Rich physics & astrophysics program beyond reactor-ν̄ analysis
▶ DSNB discovery possible within JUNO
▶ CCSN field of view extended to ∼300 kpc
▶ Improved precision in Solar ν studies, particularly for some radiopurity scenarios
▶ . . .

Detector construction progressing well⇒ data coming soon!
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Backup
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Measuring NMO with reactor neutrinos
method: S. T. Petcov, M. Piai, Phys. Lett. B 533 (2002) 94; formulas: S. F. Ge, et al, JHEP 1305 (2013) 131

Orderings: Normal→ +; Inverted→ − Normal Inverted
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NMO via combined fits of JUNO and other experiments
Intrinsic differences between νe → νe and νµ → νµ, precise measurements of ∆m2

obtain different best-fit values for ∆m2
31 when wrong ordering assumed

▶ JUNO independent of δCP , θ23, and doesn’t rely on matter effects
Dedicated studies performed with external priors and with other experiments

▶ IceCube [1306.3988] & [1911.06745], accelerators [2008.11280], KM3NeT/ORCA
[2108.06293]

1% prior on ∆m2
µµ

6

(From J. Phys. G 43 (2016), no.3, 030401)

2.7− 2.6− 2.5− 2.4− 2.3−
]2 eV-3 10× [31

2m∆

0

50

100

1502 χ∆

True Normal Ordering (test IO)
Combined JUNO+ORCA

ORCA

JUNO
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Precision Measurement of Neutrino Oscillation Parameters: σ
“Sub-percent precision measurement of neutrino oscillation parameters with JUNO,” Chin. Phys. C 46 (2022)
no.12, 123001

1  (%)
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The JUNO detector – inside Water Cherenkov Detector

Liner

16 m support columns

24/01/2022

35 kt ultrapure water

2400 20” MCP PMTs

µ det. eff. > 99.5%

passive shield for
radioactivity

222Rn < 10 mBq/m3

Keep temperature
@ (21± 1)◦C
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The JUNO detector – CD Support Structure

04/03/2022

Acrylic Sphere
supported by 590
connecting bars
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The JUNO detector – CD Support Structure and Lift Platform

02/05/2022

Acrylic Sphere
supported by 590
connecting bars
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The JUNO detector – CD Support Structure and Lift Platform

Platform to install Acrylic Sphere

Assembly of SS finished
now

Starting to install acrylic
sphere
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The JUNO detector – Acrylic Sphere
Assembly test in factory

265 acrylic plates

thickness: 124±4 mm

radiopurity: U/Th/K < 1 ppt

Each plate:
▶ polished
▶ cleaned
▶ PE protective film added

PE film to be removed
after installation
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The JUNO detector – Liquid Scintillator

Eur. Phys. J. C 81 (2021) no.11, 973
?
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The JUNO detector – OSIRIS
“The design and sensitivity of JUNO’s scintillator radiopurity pre-detector OSIRIS”, Eur. Phys. J. C 81 (2021)
no.11, 973

Monitor LS radiopurity during
before/during filling
Few days: U/Th ∼ 10−15 g/g
(IBD requirement)
2–3 weeks: U/Th ∼ 10−17 g/g
(solar “ideal” case)
Can also measure 14C, 210Po, 85Kr
Start commissioning in July
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Radiopurity control

LS recirculation impossible
▶ Need to reach target radiopurity from start!

Clean evironment during installation
▶ Class 100k in WCD
▶ Class 1k inside Acrylic Sphere!

Careful screening & handling
of all materials

▶ Overall 15% noise reduction
from design

▶ “Radioactivity control strategy
for the JUNO detector,” JHEP 11
(2021), 102
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The JUNO detector – Top Tracker
arXiv:2303.05172

20 m

47 m

3
m

6.7 m 6.7 mTT wall

Refurbished from OPERA experiment
All plastic scintillator modules already in China
New supporting structure designed
Finishing up electronics development/firmware
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Preliminary

Very precise µ tracking
▶ 2.6× 2.6 cm2 XY granularity
▶ 0.2◦ median angular resolution

Provide well reconstructed µ
sample for other systems
Study cosmogenic backgroundsJ. P. A. M. de André for JUNO Int. Conf. on the Physics of the Two Infinities March 28th, 2023 36 / 23
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Calibration strategy
“Calibration Strategy of the JUNO Experiment,” JHEP 03 (2021), 004

Requirement: control energy scale, detector
response non-uniformity and energy non-linearity
1D, 2D and 3D scan systems
Many radioactive sources used
3” PMTs: correct any intrinsic 20” PMT non-linearity
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Photomultiplier Tubes

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

Hamamatsu NNVT HZC

Quantity 5000 15012 25600

Charge Collection Dynode MCP Dynode

Photon Detection Efficiency 28.5% 30.1% 25%

Mean Dark Count Rate 

[kHz]

Bare 15.3 49.3
0.5

Potted 17.0 31.2

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

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

Coverage 75% 3%

Reference arXiv: 2205.08629 NIM.A 1005 (2021) 165347

14Jie Zhao Neutrino2022

All PMTs produced, tested, and instrumented with waterproof potting

12.6k NNVT PMTs with highest PDE are selected for light collection from LS 

and the rest are used in the Water Cherenkov detector.

Instrumented with 

waterproof potting

Photon Detection Efficiency

Dark Counting Rate



3 20-inch PMTs connected to one underwater box 128 3-inch PMTs connected to one underwater box

Electronics 

Electronics assembly ongoing
15Jie Zhao Neutrino2022

Underwater electronics to improve signal-to-noise ratio for better energy resolution

1 GHz waveform digitization, expected loss rate < 0.5% in 6 years



Calibration 
JHEP 03 (2021) 004

Uncertainty < 1%

Cable system finished prototype test

16Jie Zhao Neutrino2022

1D,2D,3D scan systems with multiple calibration sources to control the energy 

scale, detector response non-uniformity, and < 1% energy non-linearity

Shadowing effect uncertainty from Teflon 

capsule of radioactive sources: < 0.15%



Radiopurity control

Singles (R < 17.2 m, 

E > 0.7 MeV)

Design 

[Hz]

Change 

[Hz]

Comment 

LS 2.20 0

Acrylic 3.61 -3.2 10 ppt -> 1 ppt

Metal in node 0.087 +1.0 Copper -> SS

PMT glass 0.33 +2.47 Schott -> NNVT/Ham

Rock 0.98 -0.85 3.2 m -> 4 m 

Radon in water 1.31 -1.25 200 mBq/m3 -> 10 mBq/m3

Other 0 +0.52 Add PMT readout, 

calibration sys

Total 8.5 -1.3

Reduced by 15% compared to the design. Ref: JHEP 11 (2021) 102

17Jie Zhao Neutrino2022

Liquid Scintillator Filling

✓ Recirculation is impossible at JUNO due to its large size 

→ Target radiopurity need to be obtained from the beginning

✓ Strategies:

1. Leakage (single component < 10-6 mbar∙L/s)

2. Cleaning vessel before filling

3. Clean environment

4. Water/LS filling

Radiopurity control on raw material:

✓ Careful material screening

✓ Meticulous Monte Carlo Simulation

✓ Accurate detector production handling



Update of energy resolution
Change Light yield in detector 

center [PEs/MeV]

Energy resolution Reference 

Previous estimation 1345 3.0% @1MeV JHEP03(2021)004

Photon Detection Efficiency (27%→30%) +11% ↑

2.9% @ 1MeV

(Poster #519)

arXiv: 2205.08629

New Central Detector Geometries +3% ↑ Poster #184

New PMT Optical Model +8% ↑ EPJC 82 329 (2022)

Poster #815

23Jie Zhao

Positron energy resolution is understood:
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Neutrino2022

• Scintillation quenching effect

• LS Birks constant from table-top measurements

• Cherenkov radiation

• Cherenkov yield factor (refractive index & re-emission probability) is re-constrained with Daya Bay LS non-linearity 

• Detector uniformity and reconstruction

• Photon statistics • Annihilation-induced 𝜸s

• Dark noise
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Photon statistics

• Scintillation quenching effect

• LS Birks constant (kB) 
• Cherenkov radiation

• LS refractive index 

• LS re-emission probability

• Cherenkov yield scale factor (fC）
• Detector uniformity and reconstruction

• Annihilation-induced 𝜸s

• Dark noise

• kB & fC are key parameters to predict 

energy resolution

• Firstly attempt to constrain kB & fC with Daya Bay LS non-

linearity

• Strong correlation between kB and fC

• Solved by combining a series of table-top measurements 

on scintillation quenching effect

• kB of LS is determined to be 12.05 × 10−3g/cm2/MeV

• Re-constrain fC with Daya Bay LS 

non-linearity

• fC is determined to be 0.517

𝑘𝐵 = 12.05 × 10−3g/cm2/MeV
Reproduce Daya Bay LSNL

Electron data

Positron energy resolution
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PMT PDE

• Averaged PDE:27.0%→30.1%

• 27.0% is based on the original 

requirement of QE~30%, CE~90%

• 30.1% is the selected mean PDE, 

from PMT mass testing system

arXiv:2205.08629

New Geometries New PMT Optical Model

• Reflections on them are taken

into consideration

• Yield 2.7% more photons

Poster #815

Optical Processes in PMT

• Reflection on photocathode

• PDE angular response

• Multiple reflections inside 

PMT

◆ Multilayer thin film theory

◆ Experimental tests

◆ GEANT4 simulation

Light yield evolution
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