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A multi-purpose liquid scinfillator-based neutrino observatory
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JUNO is under construction in the Guangdong
province, in China, ~ 150 km from Guangzhou

Located at ~53 km from two nuclear power plants i Y . ‘_,U”f‘;rsggc’;”d
(NPP) fo maximize the sensitivity fo the mass oidering. : o Ve:';a' =
‘ shaft S

r

Slope tunnel. * - jyNO

Collaboration of 74 institutes in 17 countries, ~700 collaborators

“ o s Detector
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-t _, + Yangjiang NPP:
TAISHAN
NPP 4 TAO 6 x 2.9 GWth
YANGJ&SN'G | e Taishan NPP:
NPP 2 x 4.6 GWth
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JUNO main physics goals

Main physics goals
« 3o measurement of the neutrino mass ordering with

reactor anfineutrinos in ~6 years The detector location and design

- Measuring oscillation parameter with a precision < 0.5 % are Op’rlmllzled for the best
(sin®0,,, Am3, , Am3;) sensitivity fo NMO
JUNO requirements 1.0 1
+ Large signal stafistics _
« High energy resolution and highly controlled energy - @ Normal ordering
scale non-linearity for small spectral features 2 0.8r @ Inverted ordering 1
identification a
« Low background for low spurious events S e
« Low reacfor anfineufrino spectrum shape uncertainty o o6r %~ -
L ' B4
Normal Inverted § I L;_LU JUNO
el — | m3 S S 03
solar: 7.5x10° eV? U)m 0.4r g l i
m; > [ @,
atomospheric: N
24x107 eV? _ 0.2+ 10 15 .
atomospheric: |
mg—— 2.4x107 V2 L | L ‘ o
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T
‘ ’ L/E (Km/MeV)
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Detector structure and status
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JUNO detector solutions
JUNO features

« Large signal statistics
« Large active mass
+ Powerful anfineutrino source (NPPs)

« High energy resolution
+ High photomultipliers coverage

< ﬁ/v , /
g 4

L7 S . A LA DT « High photomultipliers efficiency
Lo PRSE, SA LN « High transparency of the liquid scintillator (LS)
; EWIERS i
b/ U// e - Low background
- 4 ,/ % - Accurate materials selection

LS purification

« Clean environment control
+ Cosmic muons veto

« Underground experiment

gl 1 ! AN » Low reactor antineutrino spectrum shape uncertainty
A « Satellite detector (TAO)
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JUNO

detector structure
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43,5 m - Acrylic sphere: 35,4 m
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« Top Tracker:
- 3 layer of plastic scinfillators from OPERA
- Top area coverage ~60 %

- Central detector:
- ~ 20000 t of liquid scintillator in acrylic vessel

- 17612 large PMTs (20-inch)

- 25600 small PMTs (3-inch)

- ~ 78% PMT coverage

- Earth magnetic field shielding coil

« Water Cherenkov Detector:
& _ 2400 20-inch PMTs
- 35 000 t ultra-pure water
- Muon detection efficiency > 99%
- External radioactivity shielding
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Why JUNO is different

JUNO is the biggest LS-based
ever build with unprecedented

characteristics
< IR A :’§<
T T R PMTs Light :
W Sl . E resolution
TR Y Mass (1) coverage | collection b /VE)
) ) AN (%) (pe/MeV) j
: 3 / ?4/ LAV Daya Bay 20 (x8) 12 % ~160 ~8%
- 77
B Borexino 300 30 % ~450 ~5%
KamLAND 1000 34 % ~250 ~6%
SNO+ 780 50 % ~520 ~6%
:
JUNO 20000 78 % ~1600 ~3%
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Detector construction: Stainless steel truss

Assembly precision
<3 mm

Bottom SS structure and liffing
platform for acrylic panels installation:

May 2022 SS structure completed:
June 2022

INFN of Milano-Bicocca ANDREA BARRESI 6/9-11-2023 9




Detector construction: Acrylic sphere

Inner diameter: (35,40 £ 0,04) m

Thickness: (124 = 4? mmo , Connected to the SS truss
High fransparency: > 96 % in pure water via 590 connecting bars
High radiopurity : U,Th, K < 1 ppt o B i \

# of panels: 256
Total weight: 600 t

Already installed
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Detector construction: Photomultiplier tubes

Hamamatsu NNVT HzZC
20" 20" 3"
12612 (CD) +
Number 5000 (CD) 2400 (veto) 25600 (CD)
Change collection Dynode MCP Dynode
Detection efficiency 28.5% 30.1% 25%
Dark count rate (kHz) 17.0 31.2 0.5
Transit fime (Ns) 1.3 7.0 1.6
1000 All PMTs are produced,
[ ALL:Mean=29.6%, STD=2.6% [ ALL:Mean=27.6kHz, STD =15.7kHz .
1 NNVT:Mean=30.1%, STD=2.8% 200 - [ NNVT:Mean = 31.2kHz, STD = 15.8kHz tested and instrumented
_ 800 | 1 HPK:Mean=28.5%, STD=1.7% iz | [ HPK:Mean =17.0kHz, STD =9.7kHz With Wai_erproof poi,ﬁng
= N
0 T 150 +
g 001 Sios |
” v Acrylic cover
Z 400} g 1007
5 S 75+
H# #*
200 50 :
s | SS protfection
0 L L 0 o 8 1
20 25 30 35 40 0 20 40 60 80 100
PDE Corrected [%] DCR [kHz]
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Detector construction: Photomultiplier tubes

PMTs installation is ongoing

Clearance: 3 mm
Assembly precision: < Tmm
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Detector construction: Electronics

High reliability (no access after installation)

Electronic Noise Level [LPMT]

Underwater electronics is used to « High precision e F
improve the signa-to-noise ratfio for ~ +  Large dynamic range §'F Preliminary = TR
better energy resolution * Stand high rafes for short times (Supernovae) 2 Hop —— 1245 channels tested in June
@ 120 J Total
o -
g 100 Average 2.8 ADC
= L (Amplitude of SPE ~ 70 ADC)
80—
LPMTs: SPMTs: s0F-
3 PMTs connected to 128 PMTs connected to  “F
20—
= underwater box one underwater box - o
% ""22 24 26 28 3 82 34 236 038 4
Noise level [ADC]
Electronic noise level SPMT p.e.
Front-end bellow with @ 1000 T B IR 02 D8 08 B o
coaxial cable (1.5 m) | Front-End board ® 900 BEEEE 3184 channels tested in June
/ = 5
PMT F;'O"tt'e”_d and read-out / UnderWaterBox & 800 F &= 672 channels tested in April
electronics / -
heat sink ~_ -.; 700
Back-end bellow with 600
Ethernet cables 8 o
(30 - 100 m) Under-water connectors £ 500 3
Toward PMTs > 400 Entries 3184
= M 2.762
- 300 E StZaSev 0.8572
"~ High voltage splitters 200 Entries 572
3 M 2.933
' Global Control Unit 100 IE StzaSev 0.8064
g, 0 il el s e T e ) e I
B " heat sink O 2 4 6 8 10 12 14 16 18 20
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Detector construction: Liquid scintillator

Composition:

o (10™ cm?)

10‘3E v

103}

v,+C (CC )
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Fy ot

Linear alkyl benzene (LAB)

- Highest cross section:
| |~ CC on hydrogen (proton)

Mass ratio: 88% C - 12% H

CHg

Q Y

PPO (2,5 /L) —— ———  bis-MSB (3 mg/L)

Atomic density ratio: 37% C - 63% H

H,C
/Q

——

Ve+p—> e +n

ppo absorption
— == bis absorption

:Ié 1.00 .r’. /"
o - ‘. /
> .l %
50754, S
= 1. ; r
o] LA { .
£ 0.50 AN
AN Il
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Detector construction: LS purification and filling

LS is the most critical component for radiopurity: U,Th < 1 ppq. K < 0,1 ppq for NMO ] o
Its optical properties play a crucial role for energy resolution: — Dedicated purification
light yield ~10 000 photons/MeV with >20 m @ 430 nm attenuation length system

B e

L aF

Underground
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Detector construction: OSIRIS

Online Scintillator Infernal Radioactivity Investigation System

* Online monitor of LS radiopurity during filling Sensitivity:
« 20tLS+550tH,0 « Few days: U/Th (Bi-Po) ~ 1x10-"°g/g (reactor baseline case)
* Measure of U-Th using Bi-Po coincidence + 2-3 weeks:U/Th (Bi-Po) ~ 1x10-"*17 g/g (solar ideal case)

and 14C, 219pg, 85Kr

Water Tank:

P — Under commlssmmng
i o
9m x 9m, 550m3 ‘

Head Tank
\ Calibration Unit \&‘

pr— -
——

\.
4x Top

Muon Veto PMTs —————— ™% e

optical separation

Steel Frame with —»I
7m x 8m

Inner PMT Array:

17t of scintillator
3mx3m

8x Ground =" Tl 1 Lo
Muon Veto PMTs —>@ (il 1| | . Tor laRae

The design and sensitivity of JUNO’s scmt///ator rad/opur/ty pre- detector OSIRIS. Eur. Phys J.C81,973(2021)
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Energy calibration

« Multiple calibration systems with multiple sources:

[@f@ Astomatic Calibration Unit + 1D Automatic calibration unit
a— S— « 2D Cable loop system + Guide tube calibration system
ROV guide ra
Calibration house N « 3D Remotely operated vehicle
entral cable
~ — - « Auxiliary systems: Ultrasonic sensor system, LS transparency monitor
§ « Scan ensure energy scale, non-uniformity and non-linearity characterization
T T« ———13 »  3"PMTs used fo correct 20" PMTs non-linearity
? Non-linearity calibration curve
?

"l

T T T T T T T T T T T T T T T T T B

—— JHEP03(2021)004
2.9% @ 1 MeV — Now

S
s JUNO Simulation Preliminary
o
— <)
W
e %
Source .
o —— Now/JHEP03(2021)004
"\\0\0 TR ' I IR TR T I T N |
\ \?ﬁe‘ ) 2 4 6 8 10
2
o

W

AURORA

~ Resolution [%]
N

O

I_IIII\I\\II

Ratio

o
(o]

Visible Energy [MeV]

True gamma energy [MeV]

er 2
& o(E) _ a 5 C\2
e T = (— ,E) + b + (E)

Calibration strategy of the JUNO experiment. J. High Energ. Phys. 2021, 4 (2021)
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TAO satellite detector

Taishan Antineutrino Observatory
Precise measurement of non-oscillated anfineutrino
spectra with high energy resolution (fine structure)

Provide a reference spectrum for JUNO and nuclear

databases

Sensitive fo light sterile neutrino

ACU

Plastic
Scintillator
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- 3" PMT
— Water Tank

| Acrylic
Vessel

— SS Tank

L Insulation (PU)

Bottom Shield
B (Lead)

| Top Shield (HDPE)

Detector features:

« Baseline ~ 30 m (near Taishan-1 NPP core 4,6 GWth)

2,8 1t GA-LS (1t Fiducial volume)

«  ~94% coverage with SiPM
« Cooled at-50 °C (low SiPM dark rate)

« High E resolution: <2% @ 1MeV

« High statistic: 30x JUNO rate
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0.06

Relative Uncertainty
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B
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N

Reactor antineutrino spectral shape uncertainty

| —— DYB-based (Phys. Rev. Lett.123, 111801)

[---- JUNO Yellow Book (J. Phys. G: 43 030401) B

—— 3-years-TAO-based (arXiv:2005.08745) 7
—— b6-years-TAO-based (arXiv:2005.08745)

Model-based (Phys. Rev. Lett. 112, 202501) 4

_

T T S R R T |

2 3 4 5 6 7
Visible Energy [MeV]
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JUNO physics opportunities
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NMO with reactor antineutrino

Main physics goal of JUNO: Neutrino Mass Ordering via reactor anfineutrino spectrum measurement (IBD inferaction)

0 5 x10°
< F -ﬁb’?; Py5. = 1—cos® (013) sin” (26,2) sin® (—Aml?L> 120} 2000 days of data taking  —— No oscillations
'%2 5 C 1 2 o 1E ! Only solar term
=0 s & 2 ! —— Normal ordering
= E 1 3 — cos? (f12) sin? (26;3) sin® (%) 100 —— Inverted ordering
z2F 1 ¢ 2 -
S ross section —16 5 . . . Am3,L s 80} I
!%l sE ¢ ! 1 © — sin? (#y12) sin? (2613) sin® ( 4;2 ) E
§ | :_ __4 JE 60 - SiIl2 2601,
“F i + JUNO will be able to discriminate the fwo 2 w0 l §in2 20,3
05 R oscillafion patterns (phase difference) _ ; '
oF . thanks fo its high energy resolution. 20 2 e =] “j
1 10 C . Amj, Amz,
V. energy (MeV) + Defermination of NMO @ > 3¢ in 6 years R DUT R
0 1 2 3 4 5 6 7 8 9
- Ey, (MeV)
Vet p— e+n . p s |
e ® hg)r:gilae :c;?ggu’rrino energy: Selection criferia:
n .. ;,' delayed “\,»' -4 . . .
oY =26 J, Ey ~ Ege + Aty + T, Prompt energy: [0.7, 12] MeV
e {Zn‘l v + , * Delayed energy: [1.9,2.5] U [4.4,5.5] MeV
F * rompt Y 2.2 MeV . . : . ,
p ‘\\ ch“_ E:ls Delayed s|gna| T|me dlffereﬂCe < -I MmSs
neutron capture: 2.2 MeV (H) « Distance between prompt-delay signal
V(1L keV)< -~ @---+7 G11 keV) or 4.9 MeV (C) within ~200 ps vertexes: < 1.5 m
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IBD Background

Background Rate (day~!') Rate Uncertainty (%) Shape Uncertainty (%)
Geoneutrinos 1.2 30 5
. World reactors 1.0 2 5

Main bCICkgI‘OUhd Accidentals 0.8 1 negligible

9Li/®He 0.8 20 10
sources for IBDs Atmospheric neutrinos 0.16 50 50
Fast neutrons 0.1 100 20
13C(a,n)160 0.05 50 50

' —— Geoneutrinos : — °Li®He

i = Accidentals == c(a,n)®0

= Global Reactors —— Atmospheric NC
: ; = Fast Neutrons

Event selection for background reduction:

* Muon veto for cosmogenic background
« FV cut + IBD cuts for accidental coincidences

Efficiency (%) IBD rate (day)

Events/0.02 [MeV 'day ]

15 2 25 3 35 s IBDs 100 o57.4

Visible Energy (MeV) .
' _ : : : FV cut 91.5 52.5

0.06 R S PP PP TP PEL SEP PP P PPPPECPPEEPPRCEPPEL SPEE, EECPREEPPED PR— T TP~ 1t e,
coal EoSgnel IDB selection 98.1 51.5
NS 7 1 A AN . NS S — Muon veto 916 47.1
ey e s e T Combined 82.2 47.1

2 4 6 8 10 12

Visible Energy [MeV]
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NMO - Sensitivity

Axﬁﬂn
Reactor v, signal IBD event number (x10°) el
0.0 0.5 1.0 1.5 2.0 2.5 3.0 Statistics 113
L T T T | T T T ‘ T T T | T T | T T | T T T | T T //
6 - ) . ) ) "‘-,::_ — Stat.+Flux error -0.6
: JUNO Simulation Preliminary 2= ]
- 5 o L e . Stat.+Backgrounds -1.4
5 B """"__"""_"_i"""_"""""_":::::’:’—'f;"t ___________________ ] Stat.+Nonlinearity -0.4
B 40 i ,—:::::’/ \: Stat.+Others <-0.05
4 T TT T T sssssssssse—- ': """"""""""""""""" _\
i ' ] Total 9.0
3 :_ _:_39'_ __________ el N S S _: JUNO Simulation Preliminary ¢ 2 4 6 8 10 12
Z . L me—— NO: stat. only i
, _ NMO @ > 3cin6years NO: stat.+all syst. _
- T Y |0: stat. only i
. i —— 10: stat.+all syst. | Main updates from JUNO yellow book (PG 43:030401 (2016))
1 | | | | | | || | | | | | | | | | | | | | | | | 1 ]
10 2' le 6 é 1|0 1|2 1'4 1|6 1|8 20 ° 2lessreactor cores (36 -> 26,6 GWth, lower signal rate)

JUNO exposure [yearsx26.6 GWq,]

Sensitivity can be improved:
Combination of reactor and atmospheric neutrino analysis
Combination with long baseline neutrino beam experiments

60 m less overburden (30 % higher muon flux)
Improved detection and muon veto MC efficiencies
Higher energy resolution (3% -> 2,9 %)

TAO reference

INFN of Milano-Bicocca
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Sensitivity to oscillation parameters

. . . . . . x10°
Other main physics goals of JUNQO: precise oscillation parameters measurement o[- 2000 days of data taking  — o osciations
« JUNO will observe simultaneously fast and slow — : Only solar term
. _ _ _ B A in? (boob sin? Ami, 1L Lok —— Normal ordering
oscillations (first experiment) Py, = 1—cos™ {15) sin” (RO12) sin® | — = —— Inverted ordering
« The probability depends on Am?,, Am3,, 64,. 0 2 3 ~
e y aep 12 31 V12,013 — cos? (1)) sin? (05} sin? (Azléll ) 2 aof
JUNO allows high precision measurements of 9 g |
2 2 o : — sin? (B12)[sin? (2613 sin? Ay ] g % sin® 26
Am?%,, Am3,, sin?0,, (< 1% in 2 years) 12 7718 1E 5 | 12 »
100 days 6 years 20 years “oao0r l sin” 203
102H Y I ] i
g i i — Stat.+syst. ] Lok v _}‘ ‘ )
........... | ey am [ Ant,
................ i | ® 1mi * Am3; | < [ >
S LT ' i « sin’6; % sin?63 | %1 2 T3 Ta s e 7 s o
o B ] Ey. (MeV)
S
o
o ! PDG JUNO JUNO
L 100 it 5.
& 1O 2020 NUt32 150 days 6 years
[
= sin?0,5 3.2% 2.6% 48% 12%
& 107 | B — 7 sin26, 4.2% 4.0% 1.9% 0.5%
| | AmZ, 2.4% 2.8% 1.0% 0.3%
102 L L ] Am2, 1.3% 1.1% 0.8% 0.2%
102 103 104 10°

] JUNO Data Taking Time [days]
Chinese Phys. C 46 123001

T
23
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Solar neutrinos

JUNO can measure solar neutrino inthe ES channel: e +v—-e~ 4+ v

107
12 .
11%” pp (20.6%) « The only reakime probes for the sun core
100 Be (+6%) * Neufrinos are produced in sun fusion reactions: pp chain
9

» ::88 o >\L‘3”(\ﬂ“/") (99%) and CNO cycle (1%)
E, 107 el ] « Can be used to measure the sun composition (metallicity)
X 10° H J °B (+12%)
= |
40 : :

10° == > A very low background level (LS radiopurity

10° I hep (£30%) and cosmogenic ''C) and accurate

102 | knowledge is required

1 | 1 1 : 1 LAl l i I I 1 1 1 1 1 11 1 I \ |
107 1 10 Different background scenarios:
Neutrino Energy [MeV]
10X Borexino Phase-| 0[ L Borexino Phase-1ll
- IBD contamination ([AEA i contamination
— , , e »
MLALMUIM requlrement : Borextino Phase-|
for NMO measurement EaseLLVbe contamination
10715 g/g 238U-232Th 1076 g/g 238U-232Th 107 g/g 238U-232Th ~10719 g/g 238U-232Th
arXiv:2303.03910v1 1076 g/g “K 107 g/g 4K 108 g/g 4K ~1017 g/g “°K
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Solar neutrinos 7Be, pep, CNO

Background scenarios: « 7/Be:<2,7% (Borexino) in 1-2 years

— min. requirement for NMO (U-Th 10" g/g) pep: <17% (Borexino) in 6 years for IBD scenario and 1-2 years in other
— 10 x Borexino Phase-l (U-Th 107 g/Q)

— Borexino Phase-l (U-Th 107 g/g) okg scenarios |
— Borexino Phase-lll (U-Th 109 g/Q) « CNO: <20% (Borexino) in 2-4 years based on bkg scenario (except IBD)
Exposure [kton y] Exposure [kton y] Exposure [kton y]
0 20 40 60 80 100 0 20 40 60 80 100 0 50 40 60 80 100
077 71— 1 71> 10°F i T T T e — —— ——

—_
(]

With pep-v constraint

pep-v rate relative uncertainty [%]

—
(=]

Be-v rate relative uncertainty [%]
CNO-v rate relative uncertainty [%]

7
—
<
o=
r\)_
_h_
G)_
m_
—
o
O—L
m.;
S
o
fos)
=)
o
N
o
o
[e0]
—
o
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Solar neutrinos éB

8B neutrino main channel:ES e~ +v—-se~ +v
Also visible via NC/CC on 3C (200t):v, + *C » e~ + ®N and v, + *C - v, + 13C

Model independent measurement of 8B neutrino flux (~5%) and oscillation parameters Am3,, sin?8,,

10

Expected events in 10 yrs after cuts

(]

arXiv:2210.08437v1
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1500}

Ay?
B ONCO

1000}

—
<

35 4 45 ]
- a
— Total = m% 8
—v,-13C CC ] =
—v-e ES = E:T.
—v-BCNC _ 6

Am

Reactor ES+NC
— Radioactivity & Isotope

R 4

2 14 16 18 20

LIy
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Atmospheric neutrinos

« One of the first measurement with a LS detector (the current are mainly based on Cherenkov detectors)
» Detection via CC (pand e) and NC (all)

« u/e flavor separation based on 3" PMTs hit-time and LPMTs waveform features

« Measurement of 6,5

+  Complementary measurement of NMO with matter effect (~ 1-1,8c in 10 years) Yellow book (2016)
« Validation of cross-sections in sub-GeV energy range 3.0 ———————1——————— :
[ ----emee Electron neutrinos -------- Point-like
[- - --Muon neutrinos  ----Track-like

T A0TE 25 Electron+Muon Point+Track

W - [

w - ! 20 [ Normal Hierarchy

o [ e B ST e E ~ 1

5 10212 Z :

> = > 15

@ — = L

<) ~ @  JUNO - This work (5 yrs) v, e [

G B ¥  Super-Kamiokande 2016 v, $ 1.0 F

¥, 100 Frejus 1995 v, Tt
E =ee==== HKKM14 v, Flux (w/0 0SC.) /-
- HKKM14 v, Flux (w/ 0sc.) 0.5 L’

10'45— § JUNO - This work (5 yrs) v, 00:-', N T T T T T
- #F  Super-Kamiokande 2016 v, ' 2 4 6 8 10 12 14 16 18 20
I Frejus 1995 v, o
— HKKM14 v, FIux (w/o 0sc.) Livetime (year)
1075 HKKM14 v, Flux (w/ 0scC.)

T T 1 L | . ol . More realistic sensitivity study with reconstruction
-1 -0.5 0 0.5 1 S 2 performance and combined with reactor anti-nu

log, (E /GeV) :
Eur. Phys. J. C(2021) 81:887 105 v are in progress.
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Supernova neutrinos: Core collapse and diffuse background

Core collapse SN 10° ————— —r———————
- o - - [ 2CNC, EY'= 15.1 MeV
+ Core-collapse SN emits ~99% of the energy via neutrinos 4 .
- . th_ -
« SN rate: ~3 per century 107 ¢ bene, L IBDEV=18MeV 3
. . L 3¢ N, ah_ = 1
« Multi-channel detection -> all flavor A “D g E;":;,?;ey EV'= 7.5 MeY, )
+ Determination of time evolution, energy spectra and flavor content [ :

+ Expected rafe @ 10 kpc: 5000 IBD, 2000 pES, 300 eES, 300 NC, 200 CC

Ey dN/dE,
=

Diffuse SN neutrino background

+ Infegrated flux from past SN in the visible universe (SN rate: ~10 per second)
« Provide information about the star formation rate L r
+  Many background sources (reactor IBD, atmospheric ...)

=
T
\

, 0.1 =
+ Expected rate: 2-4 per year (IBD channel in 10-30 MeV) 0.2 1 10 50 100
+ Expected discovery potential: 3c in 3 years E.[MeV]
_ — i —10*
<, r I ARV I I I 14 i ggigg;:'f;\ﬂ,',?yf?;a)'c"f - 1snev | oo % FV1 ]
§ 4r L — R.,(0)— 2¢10" yr' Mpc? [ 15Mev | [ BH:027 S 10° —DSNB -
= 3 nE By’ S0%—30% C onev | Eeieo — =lqgizlicté)lflev
52 C [ C 102 =1 Fast neutron s
< 5 - L C — = Atm-v CC
= 1 - C [ C ) mm Atm-vNCw/ !Cc ]
= E oy o - I - I - 10 B Atm-v NC w/o ''C -
S . N - r r ~ 3
G 04 'z 4L L; - v 1
X 03t s F F F =
0.2 4 - - 710!
F §
0.1 oy, f22=27% E _ __ 1072
005:...%0?1‘.5(.2?1?)..|...|...|...|.: 1] ' PP PP IPIPIPE I IR I NPT IR PP B S | [ 1
. 10 12 14 16 18 20 2 4 6 8§ 1o 12 14 16 18 20 10 20 10 20 1073 . — ————
<E )[MCV] Rumling time [yr] 10 15 20 25 30 12 14 16 18 20 22 24 26 28
V.
JCAP10(2022)033 A Prompt Energy [MeV]
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Geoneutrinos

« Geoneutrino are produced from B decays of radioactive nuclides in the earth crust and mantle
« Expected rate at JUNO: 400 events/year via IDB

« Current world sample (KamLAND+ Borexino): ~200

« High background from reactor antineutrino

« Geological study of the local crust is crucial to separate the mantle contribution (ongoing)

« The knowledge of the reactor spectrum shape is crucial (TAO)

« Expected results: - i
« Precision measurement of % 800 Dataset
total geoneutrino signal ot ~ Geoneutrino Luminosity & e —— Fit result
fixed U/Th ratio: ~8% in 10 é : 23| | Series c
years (15% KamLAND) 3 . : 6001
. 0 Th Series -
* Precision measurement of U = ane 500 F
and Th components: 2 a0
) = Reactors
6 years 10 years - 300
22Th: ~40%  ~35% 200
W TR A Geoneutrinos
231; ~35%  ~30% 55 3 55 &
232Th+238U‘ 18% 15% Antineutrino Energy [Me''] 100 _
. ~ o P~ o i
11 May 2006 OF 1T ST Geonouming - Iinesiy -2 0 [ - ~ ™ 1 s ¥ o ~ —————
22Th/238Y ratio: ~70%  ~55% £ * & 8

Energy [MeV]
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Proton decay

Huge mass of LS provide high sensitivity to proton decay: p - v+ K+

> K*t4+ ¥V
P Y Triple delayed coincidence — background suppression

Prompt pulse
— K* > v, +p* socf
T =|12.4ns . . _ - —4— sim. Data
Delayed pulse pr et +vetyy 250;— — Bestfit = 10*
e Kt ot + o } ZI]Uf— **“ K" dep. pulse é
L 8.4x10 ®ns Z ot ~ ST dep puise g
i 0 — 2y w 1501 [ ATme= 118ns AT,.= 116ns =
T=26ns N CE E,=119.6 MeV E = 146.3 MeV £ 10%
s M. 100 xgmdf - 16701145 % l,"
- , e B £
Time-of-flight-corrected Hit Time 50 4 3
= 3 R gy | |
= Wils Ft;:t:\;lt:l:tf‘:;"&%‘ bk By Wl Lor =
220 I B "20""20 60 80 100 120 140 S 10%
200 T (ns) &
180 + 350F
160F- Ho(T~2.2 pis) 200k - sim. Data 0 27ATTE T8 0 12 14 16 18 20
140 E — Bestfit Running Time (Year)
1203— 250;_{ S K dep. pulse
100E- N 2 2005 § R dep. pulse Expected sensitivity in 10 years:
- w i
F K & 150} Ta= 1805 AT,y 00ns 9.6 - 1033 y @90% CL
60 (T~1 2 ﬂS) E i E,= 1489 MeV E =230.2 MeV
405 €+ 100N yoindf = 262.1/146
20E- _’_,_l’lnl'il_mr soEkii M, Super-K result:> 5.9 - 1033 y @90% CL
0_ Ll 1 Lol - ..E._:t;t :LE::{-{_‘ ~. s o N
1 10 10 10° G200 60 80 100 120
. hit time (ns) T (ns)
arXiv:2212.08502v3
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Summary

« JUNO is a neutrino observatory with unprecedented features

« Rich physics program in particle and astroparticle physics

« Main goal: determine the neutrino mass ordering at > 3o in 6 years

«  Measurement of oscillation parameter at sub-percent level

«  Measurement of other neutrino sources: solar, atmospheric, supernova and geo neutrinos
« Other physics topic (e.g. proton decay)
- Data taking start in 2024

Thank you
for your attention!
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Oscillation parameters precise measurements

Am?2 10 (%) Am?2 10 (%) sin26;, 10 (%) sinZ6; 10 (%)
21 31 3
Statistics 0.16 Statistics 0.17 Statistics 0.34 Statistics 8.94
Reactor: Reactor: Reactor: Reactor:
- Uncorrelated 0.01 l - Uncorrelated <0.01 | - Uncorrelated 0.10 - - Uncorrelated 2.53 -
- Correlated 0.03 | - Correlated 0.0 i - Correlated 027 | - Correlated 683 |
- Reference spectrum 0.07 - - Reference spectrum 005 [N - Reference spectrum 0.09 - - Reference spectrum 3.48 _
- Spent Nuclear Fuel 0.07 - - Spent Nuclear Fuel <0.01 - Spent Nuclear Fuel 0.05 . - Spent Nuclear Fuel 1.55 .
- Non-equilibrium 014 | - Non-equilibrium <0.01 | - Non-equilibrium 010 [ - Non-equilibrium 2.65 |
Detection: | Detection: Detection: | Detection: |
- Efficiency 0.2 [l - Efficiency 0.00 i - Efficiency 023 [N - Efficiency 581 [N
- Energy resolution 0.01 ' - Energy resolution <0.01 I - Energy resolution 0.01 I - Energy resolution 0.39 '
- Nonlinearity 0.05 [l - Nonlinearity 0.04 (W - Nonlinearity 0.00 (WM - Nonlinearity 209 |HE
- Backgrounds 0.18 _ - Backgrounds 0.04 - - Backgrounds 0.20 _ - Backgrounds 4.89 _
Matter density 0.01 i Matter density 0.0 | Matter density 0.07 [l Matter density 098 |
All systematics 0.27 _ All systematics 0.08 _ All systematics 0.40 — All systematics 8.16 —
Tota 032 || [ o o1s || [ o 052 || [ o 21 |
0.0 0.2 0.0 0.1 0.0 0.2 0.4 0 5 10
% % o %
. - p=0.044
—— PDG2020 precision 2760 .
—— JUNO 6 years . . ]
S [ 1
1 0 T T T T I T T T T T T T T T T I T T T LI T T T T T 'l ‘ T T l | T f“‘_'n 75 C t
fffffffffffffff T T T £
8; ; N ] L _ L ! | N b
L i L i L ] L 1 I ] - p=0.033 p =-0.056 -
i ] i ] L ] B i i i F ]
- . - - - | - i i : ~0.310 ‘ ] JUNO 6 years
o 6 N 7 C ] N 7] B | i B T r . il . 1 mem 68.27%C.L.
> L 4 L i L i L 1 i | @ g, r T b 95.45% C.L.
g L 1 L 1t 1L \ i i 0-305¢ 1 | 99.73% C.L.
SRR R VB 5 i i R V2 B i i P I & i i A ashe e Best
N, S 1B /] EPITT VIR APy e e ot
Lo\ Y N /A L\ ;o - p=0 p=-0. 1 p=-0 E
k g : Y & 3.0¢ T E
2- N VA B Y A B Y s P 1 ]
i 3 / ] I N, 7 ] K N, 7 ] 225+ - E
“““ T RV A [Ty R Ay F=- N R i o F i E
() DMt IR\ Y AP BT Loy oMt |y L S [ E.; 2.0 £ e E
250 255 260 725 7.50 7.75 0.28 0.30 0.32 2.0 2.5 V150 + .
2 -3 2 2 =5 2 in2 im2 -2 & R S L A S I T
Amz,[1077 eVe] Am3,[107> eV] sin“612 sin“013[1077] 252 254 75 76 03050310
Am3, [1073 eV?]  Am3, [107° eV?] sin26;;
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Spectral contribution to Ay2

JUNO 6 years
- I T T T 1 ] T T T T ] T 1 1 T I T T T T [ T T T 1 [ T T T 1 1 1 T | 1 ' T T
500 - —— Reactor ¥, signal: NO -
400 - —— Reactor v, signal: 10
E) - —— Total background -
2 300 &
£200 4
@] [ il
= : ]
100 =
OF T .
1.0 7
0.8 } IO best-fit to NO Asimov data
SHEE “ r R(/ (TT,—D’z in each bin I
(6 E ”r k T, = D:)? E
0.4 g i —— Best-fit '21( 7 Y of Ay, -
L = 4
i f -
0.2 er -
ol |
0.0 1 | 1 1 1\ VAl | | | | T R | (VDY

2 3 4 5 6 7 8
Visible Energy [MeV]
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Top tracker for muon veto

N 0.10F 5 : .
< .ﬁ" ; JUNO preliminary
I Lo o 5
© 008+ %
Cos
0.06> 3
SR
004 % '
002: i
WCD + CD \ NI
AD 000662 04 06 08 10 T2 T4 16 T8 20

Opening Angle true-reco (°)

Plastic scintillator from the OPERA experiment

About 60% coverage on the top, three layers to ensure precise tracking and reduce accidental coincidence
High XY granularity (2,6x2,6 cm?) and angular resolution (0,2° median)
Provide well reconstructed muon sample for other system

The Top Tracker support bridge is ready for production.
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Radiopurity requirements

Highest radiopurity requirement for inner material
All materials must be

selected for their radiopurity Radius
Material Mass Radius 28y 227y WK 210pL/22Rp S0t
- (t) (m) (ppb)  (ppb)  (pPb) (mBq/kg)
Liquid scintillator Om - i -15
LS reactor 20000 0177 107% 10% 1077 10~ B pphb I ppq > 1 0 glg
LS solar - 104 10 1079 10 ppb I 108 Bq/ kg (238U)
Acrylie vessel 530 17.7-17.8  0.001 0.001 0.001 I 17.7m 1
puic " / / / Acrylic nodes 285  17.8-17.9  0.001 0.001 0.001 17.82m ’“ppT > 10 g/g
Calibration parts  0.04 15 45  0.02 | 10° Bg/ kg (238U)
(, SS structure I
truss 1000 20.0-20.05 1 3 0.2 20
bars 65  17.9-200 0.2 0.6  0.02 1.5 I
oy LPMT glass |
/ NNTV 84.5  19.2-19.8 200 120 4
Hamamatsu 33.5 19.2-19.8 400 400 40 I
a‘ ) (a Y J veto (NNTV) 16.0  20.2-20.8 200 120 4 I
' I » — e —— LPMT cover 19,50 m ~ ppb /ppm
(8 R IDI0 IR A\ . acrylic 110 19.2-194 0003 001 001 i
2 & Ss 150 19.4-19.8 04 2.5 012
) 2 I
. » LPMT rcadout
: divider 0.6  19.8-19.9 3000 5000 100 I
) potting 245  19.7-19.9 70 50 I
UwB 100 20.1-204 30 200 5 20
O w SPMT glass 2.6 193194 400 400 200 I
SPMT readout I
divider 0.15 19.4 3000 10000 200
potting 51 194195 100 30 20 l
UWB 11 201204 30 200 5 20
Water 335000 17.8-21.8 10mBg/m? * 21,75 m
Rock 10000 30000 5000
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Radioactive background budget

o s e
_ Target impurity concentration Singles g =
Material | Mass o7y, | WK 1 200pp | WGo | ALL | FV = F
[t | [ppb] | [ppb] | [pPb] | [ppb] | [mBq/kg] | [Hz] | [He] 3
LS-reactor | 20000 | 107¢ | 107¢ | 1077 | 107 2.5 | 2.2 -
Acrylic 610 | 1073 | 107* | 1073 84 | 04 -
65 02 | 0.6 | 0.02 1.5 ol
SS structure 159 | 1.1 -
1000 1 3 0.2 20 -
33.5 | 400 | 400 40 -
PMT glass | 100.5 | 200 | 120 4 26.2 | 2.8 0 1000 2000 3000 4000 5000 6000
2.6 | 400 | 400 | 200 r’ [m’]
PMT readout 1122 gi ;ig 152 12 3.4 | 04
Ot 5 T 03 Accidental rafe (IBD like signals)
Sum 59 | 72 Roee lepd] Fiducial volume radius [m]
acc
E>0.7 MeV (lBD CUT) ‘ 170 171 172 17.3 17.4
FVcut'17.2 m Eyp, — 0.7 MeV | 020 041 0.89 20 49
-15% compared to the design Ey =08MeV | 019 0.38 0.83 19 46
Ey, = 0.9 MeV | 017 035 078 1.8 4.3
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Experimental hall cleanliness

Clean environment during installation is crucial
Temperature conftrol: . Class 100 k in WCD

(21+1) °C « Class 10 k between PMTs and acrylic sphere
« Class 1 kinside the acrylic sphere

al N /\,»/ f [{/\5 W,
h 8 AR VT RIS A ¢ .
A P ‘%’W\"?"- v\ ,
o 10° \.\ J v L'“\," - V ‘UM'{ 0| h" | |
& Fl\) L= = AR "{ v
= \Y | \"j VAR
3 | G e
5 L Our requirement ! |
2
0 |
| “bottom ofp‘oo,’ Finish thorou.gh
ol =—=top ol Poc, cleaning onsite
107 1 ! 1 :) L
\\,,9 rb\b. &\\ o 'S\'b\ 8 h\,bo
& & &£ ¥ & &
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LS filling and CD commissioning

1. Filling water pool and CD with ulfro-pure water (UPW) at the same level
2. LS-UPW exchange

Water filling LS exchanging

- Overflowing tank

CD and water poolare
filling simultaneously.

Overflowing tank

Requirement:
Rnin water< 0.2 Bq/m?®
Rnin air<10 Ba/m?

p(LS)<p(water)

Time: ~6 months
Pure Water(100m?3/h)

Time: <2 months
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CCSN online monitor

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

- == Patton 15Mg, 10 - == Patton 30Mg, 10 GarEhing T
- Patton 15Mg, NO -~ Patton 30Mg, NO —= 11Mg, |0 == 27My, |0 == 13My, |0 == 30M,, IO
> 0f : - —— 11Mp, NO = 27Mg, NO =—— 13My, NO == 30Mo, NO
e T : (\ :‘\\ al 0 l
Q ! L \ ek I
O : % 4 ] '
o= 08k I N O :
@ - I \ t 0.8 "
- I \!
T i I i v :
o [ ! = |
<06+ | I\ Q |
L ! i < 0.6 '
¢ ol ) !
=1 _“c’: \ |
] gl A
- | |
0.4 %’: 8: \\ 0.4 i
D! > \ '
m! > 1
: ! " Online SN monitor
0.2r 0.2
' I l N ' FAR: 1/month
Online preSN monitor _ _ ;= i !
FAR: 1/month i pl LT Y r -
e I R N T I W L T I 000 ~""To0 200 300 400 500
(?.00 0.25 050 0.75 1.00 125 150 175 2.00 :
Distance [kpc] Distance [kpc]
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Dark matter search

Spectra of signal and background after PSD
== Total —— DM Signal ——— Atm-v NC

! BN DSNB prediction —— Atm-v CC (7o + p) | « From dark matter self annihilation
£ 102 —— Atm-v CC (% + 120)— « Detection in IBD channel in 15-100 MeV
% ; — :ast lt\lerutron energy range
S eacke ‘ « PSD for atmospheric neutrino rejection
C
g3 OF [
= 1) : '
ES _
5T XXV, Jag=5, 90% CL
g_._g 10° - Eagﬁl\le[t) ?:,ollaboratnon (4.53 years) ﬁ,ros'l',",fgf if,ﬁ:oiing (eltoa)llears)
g nl .
-y 10724
) s Il
3 [
&S 107 _ i
i T L JUNO, with SK-DSNB upper bound (10 years, this work)
1b 0 20 o0 é - N. F. Bell et a/
Visible Energy [MeV] Y 10-25 I e agil) . for Hyper Kamiokande (10 years).
% E JUNO, DSNB model (10 years, this work)
¥ : C. A. Arguelles et al.
e . - for Super Kamiokande (15.94 years) e
Expected sensitivity in 10 years:
(ov) = 1.1-107%°¢cm3s71 10251 |
E 1 | | | | | | | | |

10 20 30 40 50 60 70 80 90 100
my (MeV)
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Sterile neutrino at TAO

« Very close fo the Taishan NPP core (30m)
« High statistics (30x JUNO)
« High energy resolution (2% @ 1 MeV)

Sensitivity at the am? region of 0.05 - 1 eV?;

complimentary to the longer baseline experiments
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