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@ JUNO: a multipurpose neutrino experiment

Jiangmen Underground Neutrino Observatory

e Proposed as a reactor neutrino experiment for mass ordering in 2008

PRD78:111103,2008
PRD79:073007,2009

e Driving the design specifications: location, 20 kton Liquid Scintillator, 3% energy resolution,

700 m underground

e Rich physics program in solar, supernova, atmospheric, geo-neutrinos, proton

decay, exotic searches

e Approved in 2013. Construction in 2015-2024
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Supernova v
5-7k in 10s for 10kpc

Solar v
(10s-1000s)/day

36 GW, 53 km

Reactor v, 60/day LS
Bkg: 3.8/day

» 20k ton

Atmospheric v
several/day

Cosmic muons
~ 250k/day

0.003 Hz/m?
215 GeV
10% multiple-muon

\ Geo-neutrinos

1.1/day




JUNO collaboration

69 institutions, >600 collaborators
Asia: China (27), Taiwan, China (3) Thailand (3), Pakistan, Armenia
Europe: Italy (8), Germany (6), France (5), Russia (3), UK (2), Belgium, Czech, Finland, Slovakia
America: Brazil (2), Chile (2), USA (2)
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JUNO Site
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The JUNO detector

Calibration room

Central detector
SS latticed shell
Acrylic sphere
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Liquid scintillator
20 kton

LS Filling room

Top Tracker

PMT

17,612 20" PMTs +
25,600 3" PMTs:
coverage 78%

Water Cherenkov
35 kton pure water

2,400 20" veto PMTs




e ©41.1 m Stainless
Steel structure

e Assembled by
120,000 bolts with
>(0.45 friction

e High accuracy to
satisfy the PMT
clearance (minimal
3 mm)

e Completed in 2022
except bottom
4 layers, to be
finished this month




Acrylic sphere

e ©35.4 m acrylic sphere, thickness 12 cm, 263 panels upto 3 m x 8 m

P BN 5 ] 2 = | Ll R 5. 0 W 7 feuik
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ot N

e A special production line for e Built from the top to bottom, e Acrylic sphere finished
low backgrounds acrylic layer by layer, 23 layersintotal  ~,ncstruction last week.
panels (<1 ppt U/Th/K) e All panels in the same layer

e Processed while maintaining were bonded together
nigh transparency (>96%)




Inside the detector




@ Photomultiplier tubes (PMTs)

e 20-inch PMT: 15,012 MCP-PMT (NNVT) + 5,000
Dynode PMT(Hamamatsu)

e 3-inch PMT: 25,600 Dynode PMT (HZC XP72B22)

e Instrumented with waterproof potting (failure rate <
0.5%/6 years) and implosion protection

Developed by

LPMT (20-in) | SPMT (3-in)

» Chinese
Hamamatsu| NNVT HZC institutes and

Quantity 5,000 15,012 25,600 industries
Charge Collection | Dynode MCP Dynode
Photon Det. Eff. 28.5% | 30.1% 25%
Dy?gﬂ'g] r&”eg\‘i for [0, 100] PEs [0, 2] PEs

Coverage 5% 3%

Reference Eur.Phys.J.C 82 NIM.A 1005

(2022) 12, 1168 (2021) 165347
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PMT installation




@ Electronics

e 20-inch PMT electronics: 20012 channels

e Dynamic range: 1- 4000 PE, Noise: <10%
@1 PE, Resolution: <10% @1 PE, <1% @100 PE

e 1 GHz FADC in an underwater box (3 ch./box),
connected to PMTs by water proof connectors

e Failure rate: < 0.5% / 6 years

e 3-inch SPMT electronics: 25600 channels

e 200 underwater boxes, each for 128 PMTs read
by ASIC Battery Cards (ABC), each with 8
CatiROC chips

e 35% electronics installed in the detector, to  20-inch PMT 3-inch PMT

be finished in November. underwater box:; underwater box:
3 channels 128 channels

12



Commissioning

e Lights-off tests during installation

e Performances of PMTs and
electronics are good

Working in the dark .

Event rate vs. location
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Liquid scintillator

e LAB + 2.5 g/L PPO + 3 mg/L bis-MSB ¢ All 60 ton PPO delivered, U/Th <01ppt
e Attenuation length: LAB > 24m, LS >20m ¢ Bis-MSB complete production soon (< 5 ppt)
e Minimum U/Th requirement (for NMO) < 1e-15 g/g,  Plants commissioned individually and jointly

aiming at 1e-17 g/g for solar and future Ovp[3 ¢ 20 kton LAB to be delivered, U/Th ~ 1 ppq

5000 m?3 LAB storage tank 1) Al, O, for optical transparency 2) Dlstlllatlon for radlopurlty
ICP-MS & sensitivity sub-ppq level (10-1¢ g/g)

1800 m SS

. ™ 85% Comm|SS|on|n :
/ \\ 'K pipes to
) ouse (I o
s — o underground
4 .*"' £ - “ i
e g |
Rt T rivgiom — ' -
Monitoring pre- 4) Gas strlpplng to  3) Water extraction to remove 14

detector (OSIRIS) remove Rn and O, radioactive impurities



@ Veto detector

e Water Cherenkov + Top tracker

e \Water Cherenkov detector
e 35 kton water to shield backgrounds from the rock
e Instrumented w/ 2400 20-inch PMTs on SS structure

e Water pool lining: 5 mm HDPE (black) to keep the
clean water and to stop Rn from the rock, will cover
w/ tyvek

¢ 100 ton/h pure water system installed. Requirement: A= =EE=— .
U/Th/K<10%4 g/g and Rn<10 mBg/m3, attenuation Veto 20-igchtiy MT ; i W
length>40 m, temperature controlled to (21+1) °C - 3 3

e Top tracker (to be installed) | NIMA 1057 (2023) 168680
e Refurbished OPERA scintillators

e 3 layers, ~60% coverage on the top
e AO~0.2°, AD ~20cm
e Earth Magnetic Field compensation coil




@ JUNO-TAO

e Main goal: Measure the reactor neutrino spectrum (as a reference to JUNO)
e Better resolution to reduce fine structure effects and spectrum uncertainties
e Improve nuclear database

e10 m? SIPM + 2.8 ton Gd- AP () ey
loaded LS @-50°C . T ‘ -- N (Rl
g s ST Detector B
e 700k/year@44 m from the core BB s AU o Mkl
(4.6 GW), ~10% bkg | e A 1 T N ccoGus

e Energy resolution: <2%/~E,
4500 p.e./MeV

e Installation in the Taishan
Nuclear Power Plant in 2024

16



Neutrino mass ordering
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e A fundamental property of nature B '
e Disappearance of reactor electron %
antineutrinos at 50-60 km: interference c 05
between AmZ;; and Am2,, k-
?
© 00 . .

e Very unique approach, independent on R D . . . :
923 and CP phase Neutrino energy [MeV]

Expected antineutrino spectrain JUNO
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Signal and backgrounds

Design Now e rAINO 6.5 years x 26.6 GW, e

. A —— Reactor U, signal: NO E

Thermal Power 36 GW,, 26.6 GW,,, (26%.) i —— ReactorT. signal: 10 1

C 103 prr—r T

Signal rate 60 /day 47.1 /day (22%) > 00F g 102f Beckgroundspectra 13

5 ~ < 300 S 101 P i w————

Overburden 700 m 650 m N Residus background 3 100 AV

Muon flux in LS 3 Hz 4 Hz (33%1) =00 - Ei?&ef:;'cﬁs — fi;ii?g;ns T T pa E
Muon veto efficiency 83% 91.6% (11%T) 100 7| M mm uitre Newtrnos Reconstructed Eneray [MeV]

Backgrounds 3.75 /day 4.11 /day (10%7) EIIB_ BAARARRS: - .

Energy resolution 3.0% @1MeV 2.95% @ 1MeV (2%T) £ — Coor 11 o0 Asimov data ]

005 Vi _

Shape uncertainty 1% JUNO+TAO E o Bestfit ST ofagz, ]

%DD_.-\I . h:uﬂﬂf?\M/{\ﬂAlMﬂuu|||I||||||J|_:|lul ......... i

S| 4 6 8 10 12

30 NMO sens. Exposure <6 yrs X 35.8 GW,,, ~6 yrs X 26.6 GW,,,

Reconstructed Energy [MeV]

S/B=47.1/4.1 Sensitivity mostly from 1.5-3 MeV
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@ Energy calibration and resolution

e Four systems for 1D, 2D, 3D scan with multiple sources

e Energy scale and non-linearity will be calibrated to <1%
using y peaks and cosmogenic 1°B beta spectrum

["spool 1
l Automatic Calibration Unit

=

Calibration house e \] H E P 03 (202 1) 004

Central cable

| spaol
Side cable ll

source storage

B | a8 r

' A

. , 'lﬁ i 1{!‘_%"]’1 iEL
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o Calibration house

All systems ready for installation

arXiv:2405.17860 (2024) For positron
2 2
o 2.61% 1.20%
= + (0.64%)2 +
Evis Vs EviS
Yy } |
Photon Constant Dark noise,

Annihilation
-induced ys

Expected energy resolution: 2.95% @1MeV

statistics term

\c\'_?\‘ 3
;‘ u —— totalPE
2 u . —e - Scint. Stat.
%* 2.5 :— \ X — - Scint. Quench.
2 - \ \ Cherenkov
; 2 \\ —e - Covariance
oh N \\‘ Summation
5 - .
S L5« \,\‘ .
F o\ S
1 n \ —— — T T
E \ ~ T ——
O : 1 | | 1 | 1 l I
0 2 4 6 8 10



Mass ordering sensitivity

¢ JUNO NMO median sensitivity:
36 (reactors only) @ ~6 yrs x 26.6 GW,,, exposure

¢ Combined reactor and atmospheric neutrino analysis in progress: further
Improve the NMO sensitivity (see next page=> )

Reactor V. signal IBD event number (x10%) Reactor U, signal IBD event number (x10%)
0 50 100 150 200 250 300 0.5 1.0 15 2.0 2.5 3.0
FT T T T [ T T T 1T [ T T T T [ T T T T [ T T T T [ T T T T ] 3 I Y :""""""H"""""""“H‘
6 1 [Parameter shift: 16 _20¢ ]
i -7 [ +3c0of PDG2020 ] NE T ]
- S e 1 I~ . L —— . ] JUNO exposure:
5 - 1  —3cof PDG2020 5 glo R S . — Resolution: 2.8% | == "6 yearsx26.6 GWy,
B L _ L —— —— Resolution: 2.9%
B r 1 —— Resolution: 3.0%
- L 1 I R A -
C C N 4 4.0 E I | | I \/ | I | I = il | = 4.0
5 1T 1 e 3 R i i
- | i I [SEIE 350 ' ER 132
B ]k ] 34 - 1343
r 1 C ] =33 o-"" Y 1332
o 1 E 12 S31: 2 E - 1318
= . = . 5305 * 3 Al 33.05
- —— NO: stat.+all syst. {4 + 1 5295 v = _ 4295
L — 10: stat.+all syst. {4 - 11 ﬁ %g: ’ \,6'0 ................. :z \\_\ :%§§
s NO: stat. only 1 ] %g 3 g0 E AN :%g
- 10: stat. only 1 r %‘3‘: 7’ E AR :%‘31
O_III|III|III|III|III|III|III|III|III|III_ _||||||||||||||||||||_0 225_ _E i -\\ _522
0 2 4 6 8 lo 12 14 16 18 20 NH Nm E ﬂ 215 o Ll TN I T N T \él L1 \:\ 1 1 ‘I \é 2.1
JUNO and TAO DAQ time [years] § § 22 20576 8 10 12 14 16 18 20 10 20 20
% % JUNO exposure [yearsx26.6 GWin] [Ax2]
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Atmospheric Neutrino

e JUNO will be the first to study atmospheric neutrino oscillation with liquid scintillator:
e/u separation, v/v separation, v energy (instead of lepton energy), track direction in LS

2000 . NC . 1400 1 EEE NC . 1400 1 - NC [ s
LB L - -, : | v, T H
1750 " V# I I ke 1200 Vo l/)u II ke 12001 w l/e I I ke 800 by ye II ke
O 1500 w—. i, o - .9 - L] -
g 150 - g 1000 = v, g 10004 == v, g w00 | = ve
2 1000 Work in progress 2 ] Work in progress 2 =of Work in progress > |Work in progress
@
=] £ 600 £ 600 & 4001
g™ £ 2 £
< 0 < 400 I < 4004 dzoo-
250 200 200
0 ) ; ‘ o - . S Sy o , ' . - - o
1.5 2.0 25 3.0 35 1.0 4.5 15 2.0 25 3.0 35 40 4.5 L5 2.0 2.5 3.0 3.5 40 45 1.5 2.0 2.5 30 35 1.0 4.5
log(L/E[km/GeV]) log(L/E[km/GeV1) log(L/E[km/GeV]) log(L/E[km/GeV1)

e Improving the reconstruction and
PID algorithm, as well as =l
sensitivity T

e Plan to install all spare PMTs on
top wall of the water pool to
improve PID and direction \
reconstruction |
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.) Oscillation parameters precision measurement 3

_ _ . ¢ R . _—_
Pe =) =1— sin? 26‘13({3052 612 sin” As; + sin”® 032 sin” As2)

— cos” 613 sin® 2615 sin? Ay Chin. Phys. C46 (2022) 12, 123001
100 -f;o;ears of data taking —— No oscillations 0.2 1031![;;"' A Gye'?rs' o YEI?E:' ]
i —~- Only solar term 0.2 »- I I o ::::-:,T.,T:t
sol =—— Normal crderir?g _0.182’ B A e e s B I . | ® Lm3 * Am3 ]
R I —— Inverted ordering % oteELY : g 101} ‘ ........ i < sin’t; % 5"12313_E
2 ol '% IRV ALY i - s £ b
E i 8 oadd £ 100 s
g %ooa 2
| =
I T S S pE= : 107k e i |4 S
Ev, (MeV) Visible Energy [MeV] 10 JUNO Data Taking Time [days] 10
Central Value PDG2020 100 days ( Gyears ) 20 years
ﬂ'm,%l (%1077 eV2] 2.5283 +0.034 (1.3%)  +0.021 (0.8%) +0.0047 (0.2%) | +0.0029 (0.1%)
Am2, (x1075 ev?) 7.53 40.18 (24%)  +0.074 (1.0%) | £0.024 (0.3%) | +0.017 (0.2%)
sin2 1 0.307 +0.013 (4.2%)  +0.0058 (1.9%) \£0.0016 (0.5%)) +0.0010 (0.3%)
sin? 013 0.0218 +0.0007 (3.2%) +£0.010 (47.9%) +0.0026 (12.1%) +0.0016 (7.3%)

sin2204,, Am5,, |Am3,4|, leading measurements in 100 days; precision <0.5% in 6 years
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Geoneutrinos

287 —  29Pb 4 8a + 68" + 67,
22Th —  29Pb 4+ 6a+48" + 40,
YK — YCa+ 8" + 7

STotal = Scrust T ScLm + SMantle

* Crust: high U & Th

* CLM (Continental Lithospheric Mantle):
relatively low U & Th

« Mantle: very low U & Th, large volume

Events per 1 MeV

e 400 evis/year largest
detection rate

e Unprecedented
precision ~8% in 10y

e U/Th separation and
crust/mantle separation
possible

6 years of data taking
Geoneutrinos

- With oscillations

10000 - No oscillations

8000 A

6000 A

4000

2000 A

1.5 2.0 2.5 3.0 35 4.0
Es, (MeV)

Expected geoneutrino precision*
(assuming Th/U mass ratio fixed to 3.9)

1 year ~22%
6 years ~10%
10 years ~8%

Phys. Rev. D 101, 012009
Borexino 17% with 8.9 years

KamLAND 15% with 14.3 years
Phys. Rev. C, 80, 015807

6 years 10 years
o Th: ~40%  ~35%
- ~35% ~30%
22That%l): ~18% ~15%
232Th/2%8 ratio: ~70%  ~55%
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‘) Solar neutrinos: B

CPC 45, 023004 (2021) Astrophys. J. 965.2: 122 (2024)

e JUNO is able to

] ®eg =5.25x 10 cm™2s™!  Am3, =7.5 x 107> eV? sinZ61> = 0.307
detect neutrinos 7 5‘E::::::::::::::::::::::::::::::::::::::._.:::::: """ - :::::"""::::::::...:::::::::::::::::::::::::::::::::::::::::::::é 1
" Tl z I > V]
from nuclear fusion FJUNO Nep i H
. h 10[~—6 y reactor ¥ (30) ]
In t e Sun g :—IOySBsolarv ES —_——y ' - 4 L -
8 _
u—; o
— ES +NC — —_— -
=6 -
014 < [ | '
.\ === Nominal - ™ ES +NC+CC —e— —— ——
0121 +lo 4 = e
% 010 F mm 30 i 1i T
ém_ I T T T N TN TR £ AT T
£ 0.15 0.2 0.25 03 0.35 0.4 0.45 2468 -10% 0 10% -30% 0 30% -10% 0 10%
g 0.06 sin2912 sz Relative 8B flux uncertainty Relative Am3; uncertainty Relative 5in%@;5 uncer tainty
= 0.04 |
002 F
e 60,000 ES and 600 NC/CC on **C
120 b
- S~ .l
ol e The largest **C ES+NC+CC sample, B flux can be model-
0 2 4 6 8 10 12 14 16

Independently measured to 5% in 10 years (SNO 3%)

Energy spectrum : 2
of 8B Neutrinos e Independent measurement of sin“260,,, Am3,
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‘) Solar neutrinos: 'Be, pep, CNO

o JCAP10,022(2023) T
e Medium energy (~1 MeV) Sensitivity results .., o e ion - o st eyt
. . Exposure [kton y) Exposure [kton y] Exposure [kton y]
e Detection largely replies on S w0 g W0 W w0 W 0 @ m
the radiopurity of the liquid = TBe-v ;

scintillator

p.e.
800 1000 1200 1400 1600 1800 2000 2200 2400

7Be-v rate relative uncertainty [%]
pep-v rate relative uncertainty [%)]
CNO-v rate relative uncertainty [%]

T | | T | | | | CNO-v
7 7 210 ; 210
h Tpeey e Po L T T o e T e e e
10° Ny 28 chain - C Time ] Time ] ime
5 =0 if;zTh chain __ dataset e i : _
¢ 100 N K Sensitivity study with different bkg. assumptions
3 Wt - .
B 103E \ B W YA : 15 e With <10* U/Th
e " ) € II;jlin g- o 17g/g Borexino in ~2y
156'5"'0'6‘6'7'%' 08091 SN .1.3..14‘.115‘3. VZ\rN lov%.bk 1019 g/g e CNO better than Borexino
~ Energy[Mev] y & &/8 in ~0y
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Supernova neutrinos

e 3 detection channels sensitive to all flavors e Diffuse Supernova Neutrino Background‘
e Excellent capability for early warning S/B ratio_impro_ved_ from 2 to 3.5 with Pulse
o 220~400 kpc with 50% probability Shape Discrimination
o pre-SN 1.6 (0.9) kpc e Using the reference model:

P R p 3o in 3 years and >5¢ in 10 years
e 10~30 ms for typical 10 kpc

o - == R (0)=0.5x10" il Mpe™ B ] L _
104k . SN@10 kpc 14 = (——="RO - x10"yr Mpc ) Reference mod — [SMeV [ = DBIL0.40
> —— IBD. 10 IBD. NO [ =TT C 1sMev | | oBH 027
% | ’ ' 12 8yt 50%—30% [ 12 MeV [ BH: 0
= . I - = eES, 10 = eES, NO - EE 5, 30%—20% - -
s b —= PpES, 10 —— pES, NO T 10F - -
i ©, C C [
E 103 > B C I [
= £ - -
© 2 " [
'z '_i '_I
2 - r
107} ol o
[ 1 L 1
10-T 160 ot 102 2 4 6 8 10 12 14 16 18 20 10 20 10 20

Evis [MeV] Running time [yr]
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Partial Lifetime Sensitivity (Year)

Nucleon decays

Target mass: 20 kton LS = 1.45 x 1033 free protons, 5.30 x 1033 bound protons/neutrons

"y

o
®

o
T
o

p - U K" triple coincidence

Neutron invisible decays

n - inv (1?2C - 11C")
nn - inv (12C - 10C*)

' 1 I T | T Ll T | T 1

= JUNO Sensitivity (n — inv)
¥¢  SNO+ Upper Limit (n — inv)
= JUNO Sensitivity (nn — inv)

Yv  KamLAND Upper Limit (nn — inv) :

—

o
[
r2

t/B(p > 7 K*) > 9.6 x 1033 yrs/ 10 yrs
Best limit: 5.9 x 1033 yrs from Super-K

— 10*
1(]33?
L. — -
ﬂ =
L =~
= o 107k
= .g E
: :
] !
1 = 10
t
(3]
| o
- 1(]3“ |
£ 1.n 1 100 1ot
T O T WO N T PR TINS T TP U . . L. 100 SRR 1(]29 T B ‘!}
0 2 4 b g 10 12 14 16 18 20 ‘

Running Time (Year)

CPC 47, 113002 (2023)

4 1 | L {i L
Running time [yr]

An order of magnitude improvement to the
current best limits in 2 years data taking

arXiv: 2405.17792
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@ Summary

e JUNO is building the largest (20 kton) liquid
scintillator detector in the world.

e Detector installation to be finished in 2024
and data taken starts in 2025 after 2 months
of water filling and 6 months of liquid
scintillator filling.

e Precision measurement of neutrino
oscillation parameters followed by mass
ordering determination through reactor
antineutrinos.

e Rich physics potentials with solar, geo-,
supernova, atmospheric neutrinos and
nucleon decays.
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