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2. Jiangmen Underground Neutrino Observatory @

Civil construction finihed in Dec, 2
Detector construction finished in Dec, 2024
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Reactor

physics

~5000 IBDs for

~60 IBDs per day Several per day Hundreds perday .o\ @10 kpc

Several IBDs per
day
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Neutrino oscillation & properties

Neutrinos as a probe
IBD: inverse beta decay ve+p — e +n

CCSN: core-collapse supernova
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Requirement for rich physics program @

Example: Precision Neutrino Oscillation Measurements

105 For reactor neutrinos Detector properties
100F :
L 6 years of data taking —— No oscillations
L A m? ~ == Only solar term ' ' I
gol | ¥ n— —— Normal ordering
—— Inverted ordering
> Uy 0
= gl |”
g Large target mass Very high PMT Satellite detector Good overburden
Q Vs — . 9 (20 kton LS) coverage (78%) (TAO) (~650 m)
2 sin”® 2601
S 40t
o |
i A Powerful nuclear Highly transparent Highly-efficient vetc
20f .l . reactors (26.6 GW,,) S system (>99.5%)
I 5 - — — -
e Amgl >! Am31
| DTN N T T T T | Highly efficient . .
0 1 2 3 E;le (Mea | 6 PMTs (PDE~30%) Material screening
For solar neutrinos: tighter requirements on Liquid Scintillator radiopurity Clean installation
(U/Th ~ 1015 g/g) by 1~2 orders of magnitude.
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JUNO detector design

« Two-layers structure for simplicity and cost: stainless steel frame + Acrylic tank

« Water as VETO and Buffer(instead of oil) = radiopurity control of water

Calibration

Central detector

» Steel structure

* Acrylic sphere + 20kt
Liquid scintillator

17612 20” PMT

e 25600 3” PMT

Jie Zhao
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VETO system (for cosmic muon detection)
* Top Tracker: plastic scintillator

* Water + 2400 20” PMT

* Earth Magnetic Field shielding coils

el LTI
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Acrylic tank is supported by D = 40.1 m stainless steel structure via 590 Connecting Bars
Assembly precision: <3 mm for each grid. The final radius deviation -13 mm (0.06%)
Connected by 120,000 sets of special rivet bolts: high strength, high consistency, no welding.
2022.1~2022.6, pillar and shell most finished. 2024.11, bottom 4 layers of SS shell finished.
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LS container:
Inner diameter: 35.40£0.04 m
Thickness: 124+4 mm

Light transparency > 96% @ LS
Radiopurity: U/Th/K < 1 ppt
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Central detector (acrylic tank)

-~ N :"‘ - :.-ur . o g —
- l\. -

23 layers/263 spherical panels + top and bottom chimneys were bonded onsite (finished in Oct. 2024).
v' Atotal of 21 cyclic operations for the construction, each lasting 20-30 days, with a total bonding length reaching 2 km.
v' Developed large-volume injection, polymerization and annealing technology. The final fitting result of the diameter deviation: -23mm (0.06%)
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Central detector (acrylic tank)

» Final checks of the acrylic tank inside and outside.

« Moisture spray over two days reduced dust levels
inside CD air from ~10,000 to ~100.

« Two weeks high pressure water jet to remove the
protection film and clean the inner acrylic surface
by 3D rotating nozzle. Check water cleanness until

satisfactory.
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Veto detector

Water Cherenkov:

v' 40 kt pure water for backgrounds shielding & tagging + 2400
20" PMTs + Tyvek for light reflection

v" 100 t/h pure water production system

v" Pool lining: 5 mm HDPE for clean water and Rn prevention

v" Pool cover by using 0.6 mm vulcanized fabric

Top tracker: refurbished OPERA plastic scintillators
Earth magnetic field compensation coil

Jie Zhao HQL2025
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PMT testing

All PMTs were produced, tested, and instrumented with waterproof

, O — .
l . B o Em SCTYC LPMT (20-inch) SPMT (3-inch)

Hamamatsu  NNVT HzZC

Quantity 5000 15012 25600

Charge Collection Dynode MCP Dynode
Photon Detection Efficiency 28.5% 30.1% ] 25%
Mean Dark Count Rate ~ Bare 15.3 49.3 05

[kHz] Potted 17.0 31.2 '
Transit Time Spread (o) [ns] 1.3 7.0 1.6
Dynamic range for [0-10] MeV [0, 100] PEs [0, 2] PEs
Coverage 75% 3%
Reference EPJC 82 (2022) 12,1168  NIM.A 1005 (2021) 165347

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

and the rest are used in the Water Cherenkov detector.
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PMT installation

Synergetic 20-inch and 3-inch PMT systems to ensure energy resolution and charge linearity

Clearance between PMTs: 3 mm - Assembly precision: <1 mm

17612-16 LPMTs installed for CD, 2400-1 LPMTs installed for VETO, 25600-13 sPMT installed for CD

Jie Zhao HQL2025 13



Electronics

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

, UnderWater Box
Front-end bellow with

coaxial cable (1.5 m) heat sink e

PMT Front-end and read-out
Slectronice Under-water connectors
Back-end bellow with Toward PMTs
Ethernet cables [

(30 - 100 m)
"~ High voltage splitters
" Global Control Unit

" heat sink

Jie Zhao HQL2025 14
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2024/F12 220 B ,‘ ._::ﬁ‘ 2

v" Filling started on Dec. 18, 2024, and finished in 45 days. No light and gas leak. Keep the temperature uniformity 21.1°C+0.5°C
v" Liquid and air pressure were kept the same between the inside and outside of the acrylic tank. Water pipes and acrylic tank “breath” with N,

v Stress of the detector structure closely monitored, in good agreement with expectations

- Efficiency [%] | Attenuation length [m] | U/Th [101° g/g] | ?*?Rn [mBg/m3] | ?2Ra [mBq/m?]

Design 99.5 30-40
Reached 5 99.99 >60 <0.4 <5 <0.01
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Liquid scintillator (20 kton) @

Four purification plants + LS Mixing + QA/QC + high purity N, and water production plant
to guarantee radio-purity and transparency ReC|pe LAB + 2. 5g/L PPO +3 mg/L b|s MSB

NIM.A 908 (2021) 164823

& SS pipes to
S i undergroun
e
o > IR, x b N
C::\ g = =5 Ls
ASEL > —
Chimney z R e — — Y y
— D .){7" Acrylic Sphere
: e —
Water ___H- 7/ . C\/’" SS Structure
i I XS
i i Ul  CDPMTs
111172 D Dl il &
M %1‘ ] 5 ;— VETO PMTs
T } £ -
; i Connecting Bars
11\ 1 P
’(_% e /A Supporting Legs
. - &‘ ‘J'ﬁ‘—h
e 2 5

Samples tested by ICP-MS every week for radiopurity, verified by NAA and other methods
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Liquid scintillator filling

Simultaneous water extraction and LS filling

2024, Dec 18 Start of Water Filling
Comprehensive QC/QA program for LS production,
measured for batches: 2025, Feb 1 End of Water Filling
Radiopurity by ICP-MS every week: U/Th < 1x10% g/g Water Phase
222Rn in fresh LS, monitored by CD: <1 mBg/m3 2025, Feb 8 Start of LS Filling

222Rn leak < 0.5 mBg/h
Frequent radiopurity monitoring for N, and water

Weighted averageiieasrulr:i’cmiscu)kauilnsngth > 20m Mixed Phase

1t it ki —

%ﬁ ﬁ{@ ! } ! i i 2025, Aug 22 End of LS Filling

| Attenuation length

t Weighted average: 20.6m 2025, Aug 23 Replace 100t old LS

( : 1 Full detector calibration
) 2025, Aug 26 Start of Data Taking
- 08:00

Sampling time
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' VETO Water:

=  U/Th<0.4x10-%® g/g, 2?°Rn<10 mBg/m?3, ??Ra<1 mBg/m3

Acrylic, water, PMTs, steel and LS are clean and water shielding 10
works : 5l

=  Single rate <7 Hz for R<17.2m & E>0.7MeV (design 7.2Hz) =

=  Good enough for reactor neutrinos N 0 B
LS cleanness is very close to other solar neutrino experiments -5

= 238 < 3x1017 g/g (low radon area in a small fiducial volume) ~10
< 1x1016 g/g (fitted plateau from full detector radon decay)

=  232Th < 1x1016 g/g (R<13m)

A clean detector

(17.6m<R<17.69m; 0.7<E<6MeV)

10t

% 210pg < 1x 105 [cpd/ki] TR Ty = S8 D 1o
Radiopurity control of raw material: Radiopurity control during installation :
v’ Meticulous Monte Carlo Simulation for > Leak check of all joints (each < 108 mbar-L/s) for 222Rn and 85Kr
proper distribution of radioactivity budget » Cleaning and washing of all pipes & vessels to remove dust (by
v’ Careful material screening check water/LAI?: cleanness) \/ . _
v Accurate detector production handling » Clean room environment during installation \
» Acrylic Surface treatment and protection(Rn daughters) v
Better than spec. by 15% ! JHEP 11 (2021) 102 | | > LS filling scheme: water replacement and water washing V
Recirculation probably impossible, unlike Borexino, KamLAND, SNO+,...
Jie Zhao HQL2025 20



Calibration

1D, 2D, 3D scan systems using laser/e*/y/n sources + n/o. background events
Calibration position performed

Source at CD center
spool repool el B 11§ SO, Aoy NSRS SO, R st SO S P S
Automatic Calibration Unit - AT w O L Preliminary! : P
*. E\.. . | y. ] ____—-vﬂ—,' ]
ROV guide rail £ Sape Tt I ! ! C .)O =z
Calibration house / Lo, h o £ T .
fa A ) \ " ! ! ) O
Central cable ’ A ‘ "'. ACU Points ( \
i | _ : B Ry 1 E
Side cable : E E f "’: be ® CLS Points (AmC) Lg
- - s : : K1 |4 anmes [ . 1€
8 ‘\q“ CD boundary (r=17.7m) :‘ Sl ngle_f)/ ﬂ
. A . 1N,
1- II-I‘— 3 A multi-y’s 49
A = L
o . Non-model line ol
oo, | [l ” Bridge Bl i I
hS | )
AURORA & y (m) |
% g P SN L |
. AmC (n-H Capture) at CD Center Al s 0 [ b i T Ep—— o
2 ! T T ! T & | & i i T
s~ © ] H |
@ sl x%/ndf = 236/190 _@ SR i
< 10° (== = = 9 i | i
= : : w: 3969 o: 119 = A - 0 9 4 6
o . 7 } Delay Rate: 70.6 Hz g ]
| | (Full LS Filled) E Effective Gamma E [MeV]
% s § 0T 8  Prelimi B (E,s- scaled from total charge)
% <« B : ¥ refiminary 0 vis * g
%, & o : o
%, % @) o
%46/ ob@“ 101
%,
0 L] o Ld
S, & Energy Non-linearity is known to < 1% !
» <°°\Q\\\ 0L i i
1
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Uniformity and light yield @

For R<16m, residual energy non-uniformity scanned along the Z-axis is <0.5%

Light yield is >1600 PE/MeV for 68Ge, >1800 PE/MeV for neutron, better than expectations
(difference due to non-linearity, Chinese Phys. C 49 (2025) 013003 )
Edge effects still exist, more calibration data and software work needed
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Energy Resolution

Energy resolution for alpha from 24Po is ~3% @0.92MeV

Energy resolution for ®8Ge is ~3.4% @ 2x 0.511 MeV, already close to but slightly worse than the
expectation of 3.1%

Further improvement are coming: more calibration data, noise/flasher removal, reconstruction
and fit, ...

Energy Non-uniformity and Resolution of *'*Po 68e at CD Center
] 1 ¢  —— Fit Result: 427/366 @
&5 L1 Al c 11— ,,,,,,, MC-based 1 %
Lﬂg HOH ] % | : MC-based 2 O
1ok | @ 1> | } v ~1.08 MeV g
@ & '—0—0—0—|—0—'+._._| 1 @Q § . /I e” 0 MeV Peak: =
[ | | | | b+ ] ,%.. = 102 A, "' ot 0067 o008 ~
[ I g L ¥ A o/E: 3.42 % %
— 4 E i § O k) \ § § wul
o T Ho i1
>, s - ot} 10% - ’vﬁl*’*g’ L— 4 ﬂﬂl" u “ll‘h'. '1;@:\'&1;‘ ””””
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Summary and outlook

» After 17 years efforts, from idea to construction, JUNO detector is fully completed,
despite numerous challenges

» Initial testing and performance studies show that key specifications have been mostly met

» We are excited to have started the physics data taking:

e Results from reactor and astrophysical neutrinos will come soon

Physics Sensitivity

Neutrino Mass Ordering 30 (~10) in 6 yrs by reactor (atmospheric) v,

Neutrino Oscillation Parameters Precision of sin?8,,, Am3,, |Am3,| < 0.5% in 6 yrs
Supernova Burst (10 kpc) ~5000 IBD, ~300 eES and ~2000 pES of all-flavor neutrinos

Diffuse Supernova Neutrino Background 30 in 3 yrs

Solar neutrino Measure Be7, pep, CNO simultaneously, measure B8 flux independently

Nucleon decays (p — VK) 9.6x1033 years (90% C.L.) in 10 yrs

Geo-neutrino ~400 per year, 8% measurement in 10 yrs

Jie Zhao HQL2025 24



