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Jiangmen Underground Neutrino Observatory @

Jiangmen Underground Neutrino Observatory
(JUNO)

Approved in Feb. 2013. Ground-breaking in 2015.
Construction to be completed in 2024.

JUNO Physics and Detector,
arXiv:2104.02565

A multiple-purpose neutrino experiment with rich

physics programs: Acrylic Sphere:
» Reactor v: Oscillation, spectrum ITDh:iglfferzs:lZcm
» Atmospheric v
SS Lattice:
ii‘c’g’}\r‘ v ID: 40.1m
OD: 41.1m
: 17612 20-in PMTs
igSNkB (aI:zt;\ supernova relic v) 55600 2.1 PMTS
ark matter
>geo-vs Water pool:
ID: 43.5m
» Nucleon decay Height: 44m
> 0v otential (future upgrade Depth: 43.5m
BB P ( PE ) 2400 20-in PMTs




A multi-purpose observatory @

Mass Ordering

Reactor

NEY

physics

~5000 IBDs for
CCSN @10 kpc

~60 IBDs per day Several per day Hundreds per day Several IBDs per

day

—i--------------------—---------------------I

Neutrino oscillation & properties

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

CCSN: core-collapse supernova



JUNO Location

/. Yichen’s talk on TAO

/ AY

®_ JUNO

! . Taishan NPP
,/ ~52.5 km -~
;RS kmM o xas6w,,
Yangjiang NPP K \‘_,.\0 TAO
6X2.9 GW,, - o ‘94\
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8 reactors
26.6 GW,,,

P Vertical tunnel: [
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JUNO Collaboration

Country Institute Country Institute Country Institute
Armenia | Yerevan Physics Institute China Tsinghua U. Germany U. Tuebingen
Belgium Universite libre de Bruxelles China UCAS Italy INFN Catania
Brazil PUC China USTC Italy INFN di Frascati
Brazil UEL China U. of South China Italy INFN-Ferrara
Chile SAPHIR China Wu Yi U. Italy INFN-Milano
Chile UNAB China Wuhan U. Italy INFN-Milano Bicocca
China BISEE China Xi'an JT U. Italy INFN-Padova
China Beijing Normal U. China Xiamen University Italy INFN-Perugia
China CAGS China Zhengzhou U. Italy INFN-Roma 3
China ChongQing University China NUDT Pakistan PINSTECH (PAEC)
China CIAE China CUG-Beijing Russia INR Moscow
China DGUT China ECUT-Nanchang City Russia JINR
China Guangxi U. China CDUT-Chengdu Russia MSU
China Harbin Institute of Technology | Czech Charles U. Slovakia FMPICU
China IHEP Finland University of Jyvaskyla Taiwan-China | National Chiao-Tung U.
China Jilin U. France IJCLab Orsay Taiwan-China | National Taiwan U.
China Jinan U. France LP2i Bordeaux Taiwan-China | National United U.
China Nanjing U. France CPPM Marseille Thailand NARIT
China Nankai U. France IPHC Strasbourg Thailand PPRLCU
China NCEPU France Subatech Nantes Thailand SUT
China Pekin U. Germany |RWTH Aachen U. U.K. U. Liverpool
China Shandong U. Germany | TUM U.K. U. Warwick
China Shanghai JT U. Germany | U. Hamburg USA UMD-G
China IGG-Beijing Germany | GSI USA UC Irvine
China SYSU Germany | U. Mainz

= 74 Institutes

> 700 collaborators
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Detector construction status @

« Acrylic panels
 All the panels installed
* Whole sphere is finished (Oct. 2024)
« Stainless Steel structure
* Finished in June 2022 2 RAiESheS
bl + N ii%eta s SS Structure
+ 20012 20” PMTs + 25600 3” PMTs [ /A I A R Eaaaatass |
_ R poiisinniin e Y cDPMT
* Production and performance test done AR B :
i VETO PMTs
« 95% LPMTs and SPMTs installed , = 12l _
N ' ) Connecting Bars
] ] ] ] QI\\\‘L\‘h\" I KRR ‘,l = [ .
 Liquid scintillator (20 kt) ‘ A\MT\_'.\ 'I' S /S| Supporting Legs
i é%y_{i |m\§§~:%}k$ 7
« Purification plants finished onsite construction 7t i
« Under commissioning now

Yufeng Li SPCS2024 7



Acrylic vessel is supported by D = 40.1 m stainless
steel structure via 590 Connecting Bars

Assembly precision: <3 mm for each grid
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The SS structure has been
finished in June 2022

The platform to install the acrylic vessel



LS container:
Inner diameter: 35.40+0.04 m

Thickness: 124+4 mm
Light transparency > 96% @ water
Radiopurity: U/Th/K < 1 ppt

265 pieces
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LS container:
Inner diameter: 35.40+0.04 m

Thickness: 124+4 mm

Light transparency > 96% @ water

Radiopurity: U/Th/K < 1 ppt

265 pieces , " ﬂt

BT

~z v/® ®/®
&7 = s ! T

Yve e/e e |
o - L 1

n/v al," e ® @
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Central detector (

acrylic vessel)

Just finished (Oct. 2024) !




Veto detector (Water Cherenkov) @

~650 m rock overburden (1800 m.w.e.) > R, =4 Hzin LS, < E,> =207 GeV

Earth magnetic shielding coils

/ []

88% of veto PMTs installed Ultra Pure Water system

35 kton of ultrapure water serving as passive shield and water Cherenkov detector.
v' 2400 20-inch MCP PMTs, detection efficiency of cosmic muons larger than 99.5%
v' Keep the temperature uniformity 21°C+1°C

v" Quality: 22°2Rn < 10 mBg/m3, attenuation length 30~40 m 1



All LS related systems finished assembly, joint commission on

A TT

~_ |
Cal. House [ l
— =
H A h N
J T =
Cover _—1 A .
Chimney << GNP
Water i 3
M i :
I 5
L B
Lt d
3 ™3 z,ﬂs‘ :

LS
>
Acrylic Sphere
| —SEePeT
SS Structure _
i R UGG
[ CDPMTs
VETO PMTs

Supporting Legs
o

Liquid scintillator (20 kton) @

NIM.A 908 (2021) 164823

U

/Al O, to improve transparencyy

going

SS pipes to
underground

Connecting Bars

- Gas stripping to remove
‘OSIRIS for LS qualification Rnand O

12
85%



Online Scintillator Internal Radioactivity @
Investigation System (OSIRIS)

A 20-t detector to monitor radiopurity of LS before and Eur.Phys.J.C 81 (2021) 11, 973

during filling to the central detector

v' Few days: U/Th (Bi-Po) ~ 1 x 107" g/g (reactor baseline case)
v' 2~3 weeks: U/Th (Bi-Po) ~ 1 x 1077 g/g (solar ideal case)

v" Other radiopurity can also be measured: 4C, 219Po and 8Kr .

A
\

Possible upgrade to Serappis (SEarch for RAre PP-neutrinos In Scintillator): arXiv: 2109.10782

v A precision measurement of the flux of solar pp neutrinos on the few-percent level i



Photomultiplier Tubes

Photon Detection Efficiency (PDE)

[ ALL:Mean=29.6%, STD=2.6%
1 NNVT:Mean=30.1%, STD=2.8%
800} [ HPK:Mean=28.5%, STD=1.7%
x
N
o
Q 600 -
@
S
= 400
Y
(@]
$#
200 +
O 1 1
20 25 30 35 40
PDE Corrected [%]
Dark Counting Rate
[ ALL:Mean = 27.6kHz, STD = 15.7kHz
200 [ NNVT:Mean = 31.2kHz, STD = 15.8kHz
[ HPK:Mean =17.0kHz, STD =9.7kHz
_ 175t
N
T 150 +
= )
5125 i Instrumented with
= 100 | waterproof potting
S 75
3
50
25 +
0 1 n. L
0 20 40 60 80 100
DCR [kHz]

All PMTs produced, tested, and instrumented with waterproof potting

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 ~ Bare 15.3 49.3 e
[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 arXiv: 2205.08629 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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Eur.Phys.J.C 82 (2022) 12

Synergetic 20-inch and 3-inch

PMT systems to ensure energy

resolution and charge linearity

Clearance between PMTs: 3 mm =2

Assembly precision: <1 mm
w/ protection cover (JiNsT 18 (2023) 02, P02013)




Front-end bellow with
coaxial cable (1.5 m)

Front-end and read-out

Fls elactronics

Back-end bellow with
Ethernet cables

3 20-inch PMTs connected to one underwater box (UWB)
il li}{ e ” : i ~90% UWSBs are installed !

Electronics

Underwater electronics to improve signal-to-noise ratio for better energy resolution
1 GHz waveform digitization, expected loss rate < 0.5% in 6 years

| Front-End board

UnderWater Box

heat sink

Under-water connectors
Toward PMTs

~ = High voltage splitters
Global Control Unit

" heat sink

16



Calibration

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

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

Automatic Calibration Unit

ROV guide rail

Central cable

spool
Side cable

ail

source storage

©
Source

Shadowing effect uncertainty from Teflon
capsule of radioactive sources: < 0.15%

Installation in progress

Residual bias [%]
o
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True gamma energy [MeV]

1.07
1.06

1.05E-
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uf .04

«-hw‘l .03

uf1.02
1.01

1
0.99
0.9

Inherent nonlinearity
— Best fit
Uncertainty

3 4 5 6
True electron energy [MeV]
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Reactor Antineutrino Oscillation & Detection

P;, .5, = 1 — sin’ 26;3(cos” 6y sin® A3y + sin? 6y sin? Asy) — cos® 63 sin? 26, sin® Ay, Inverse beta decay reaction
(matter effect contributes maximal ~4% correction at around 3 MeV, arXiv:1605.00900, arXiv:1910.12900) 1_)e —|— p —> €+ —|— n
022__ ......................................................................
— 107 . . - r :
0.2 T Seonedinos | — e w0 | Relative rate Shape
018 tob N T N . — Giobal Reacors — Amospheric NG | Event type Rate [/day] | uncertainty | uncertainty
. — : . : —Fasl Neulrons .

E 01465 AN X N Reactor IBD signal] 60 =» 47 - -

% 0.14F+ Geo-V's 1.1 1.2 30% 5%

CET 012; ............................................................... ACC'dentaI Slgna|S 09 9 08 1% negl|g|b|e

% 01E 10 Fast-n 0.1 100% 20%

£ 0.08H ;

c - oH arX|v 2204 13249 °Li/ ®He 1.6 9 0.8 20% 10%

Lﬁ 006; .................................................................................. —_— |BD Slgnal ................ 13C 160 0 05 500/ 500/
0.04 : : : IBD + residual BG ) : > :
N1 2 OO SN DU, NSO SRS S, Global reactors 0210 2% 5%

0 s : ——— Atmosphericv's | 0=» 0.16 50% 50%

2 4 G 8 10 12 )
Visible Energy [MeV] JUNO physics book (. phys. G43:030401(2016)) = updated values
@ 2 fewer reactor cores in Taishan © Signal and backgrounds now assessed with full JUNO simulation
© Better muon veto strategy ® Slight less overburden
© Improved energy resolution: © Lower radioactivity background based on latest measurements
(o) (0) . . _
3.0% @1MeV = 2.9% @1MeV on material radiopurities

19
Yufeng Li ICRC2023



arXiv: 2405.17860

Light yield in detector

center [PEs/MeV]

Energy resolution

Energy resolution

Reference

Previous estimation 1345 3.0% @1MeV JHEP03(2021)004
Photon Detection Efficiency (27%—2>30%) +11% T arXiv: 2205.08629
New Central Detector Geometries +3% T 2.9% @ 1MeV
New PMT Optical Model +8% T EPJC 82 329 (2022)
Positron energy resolution is understood: < o JHEP03(2021)004 |
2 2 =3 3 —— Now h
0 a 2 ¢ .S i ; . .
= + b + ( ) 5 F JUNO Simulation Preliminary |
Evis Eyis Evis ° 27
2
/ \ _ ‘Il—.|..|.|...|...|...
« Photon statistics e o Annihilation-induced ys o L L
~~ + Dark noise 2 \
- Scintillation quenching effect e | —— NowlJHEPO3(2021)004 "~ = = —0 ]

» LS Birks constant from table-top measurements
* Cherenkov radiation

o
©

2 4 6 8 10 12
Visible Energy [MeV]

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

« Detector uniformity and reconstruction

20


https://arxiv.org/pdf/2405.17860

Neutrino Mass Ordering

arXiv: 2405.18008

x103
Reactor v, signal IBD event number (x10°) 1007 ¢ : L
L 6 years of data taking —— No oscillations

OJI_OI T T |0|.5| T T Illlol T T |1|.5| T T |2|.0| T T |2.|5| T T |3|.0| T T I_ I Only SOIarterm
6 : : _— i T i —— Normal ordering

: . JUNO Simulation Preliminary e 80r — Inverted ordering
oY N U A S o P i 3

- | 60 -

- 40 i T
4 __ _________________________ __ 8

- . hd

[ 30 i g 4or
3 T B S S B N >

i ey A NO: stat. only 1

- —— NO: stat.+all syst. - 20F
2 JUNO+TAO 0. -

- W Lo === . stat. only ] L Am2

i —— 10: stat.+all syst. < 21
l =0 e b b e b e b e b e e e 0Ll— 1 ’I uuuuuuuuuuuuuuuu

0 2 4 6 8 10 12 14 16 18 20 0 1 2 3 4 5 6 7 8 9

JUNO exposure [yearsx26.6 GW;] Es, (MeV)
JUNO sensitivity on NMO: 3o (reactors only) @ ~6 yrs * 26.6 GW,,, exposure

Combined reactor + atmospheric neutrino analysis is in progress: further improve the NMO sensitivity
21


https://arxiv.org/abs/2405.18008

Neutrino oscillation parameters @

arXiv: 2204 13249, Chin. Phys. C 46 (2022) 123001
Precision of sin226,,, Am3,, |Am3,| < 0.5% in 6 yrs

_I ' ' I I I I | I I_
,'g' - p=0.044 b - Central Value PDG2020 100 days ( Gyears ) 20 years
e 1 TAmE (x107% &V?) 9.5283 $0.034 (1.3%)  £0.021 (0.8%) |=0.0047 (0.2%)| =0.0029 (0.1%)
5o . 1 Amg, (x107° v2) 7.53 +£0.18 (24%) 40074 (L0%) | £0.024 (0.3%) | +0.017 (0.2%)
=75 1 sin261 0.307 +0.013 (4.2%) £0.0058 (1.9%) \£0.0016 (0.5%)) £0.0010 (0.3%)
<L i sin? 013 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) +0.0016 (7.3%)
£ I ]
T —— 100days ~~ 6years  20years —
- p=0033 | p=-005 | 10%F — Swbesyst.
T 4 1T e ! ! ---++ Stat. only ]
~0.310| T ] JUNO 6 years T | L @ amy ok amE ]
T : . ] . ey foawer T ' L s % sin s
@ 0.305 T 5 95.45% C.L. S :
i ] ] 99.73% C.L. 15
- - *  Best-fit 3
3.5 —+—+—"}—+—+—+—+—+—+F—+++—+++t+++ -+t glot’
- p=0.006 E =-0. 069 + p=-0.032 | p i
q30¢ E3 I E 2 |
@) 0 (@)
F2.0F + - £ :
S z | ' : ' | _—
"Ll5E £ E3 E 0. Best measurement for the fOreseeabIe future
o b b 10° 107 107 105
252 254 75 76 0.305 0.310 JUNO Data Taking Time [days]
Am?Z, [1073 eV?]  AmZ2, [107° eV?] sin261,

The improvement in precision over existing constraints will be about one order of magnitude
Yufeng Li ICRC2023
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Produced in the core of the Sun through fusion reactions:

pp chain
pp-v pep-v
p+p—2H+e*+v. p+e+p—2H+v,
t 7
99.6% ] 0.4%
?H+p—>He+y
85% - 2x10%5% hep,v
! i
*He+*He—‘He+2p y | °*He+p—*He+e'+v.
pp-1 15%
‘He+*He—"Be+y
'Be-v 99.87% + 0.13%
- i
‘Be+e —"Li+V, Be+p—tB+y
! i
"Li+p—2*'He B-v *B—*Be'+e*+V,
pp-l !
*Be'+p—2°He
pp-li

Solar neutrinos

CNO cycle
|
2C+p— " N+y
!
BN—"C+e'+
!
BC+p—"*N+y
f
"“N+p—0+y "O+p—"*N+‘He
| }
O—""N+e*+ TF->170+e*+
! 1
“N+p—“*He+'2C O+p—""F+y
{ f
- . 5 18
99.96% 0.04% "N POy

The pp chain accounts for 99% of the total solar luminosity
The CNO cycle becomes dominant in heavier stars

—_
=

w

Solar neutrino flux (cm2

1013
1012
1011
1010
10°
108
107
108
10°
10*
10%
102

Solar neutrinos energy spectrum

Energy: 0 - 18 MeV

: 10 cm2 1
739[15%]T0talﬂux'6)(10 cm<s

pp [£0.6%]

pep [£1%] Plot from: Nature 562
(2018) 505-510
8B [+12%]
/
/

hep [£30%]

L I 1 1 L L M/\- 1 I L 1 L 1 1 1 L1
10! 1 10
Neutrino energy (MeV)

Solar neutrinos are helpful to probe:

*.
0‘0

/
0.0

Physical quantities of the Sun (i.e.
luminosity, metallicity)
Neutrino properties:

> 6,,and Am?,

> Matter effects on neutrino oscillations

24



JUNO: Feasibility (low energy part) @

J. Cos. Astro. Phys. 10 (2023

Solar neutrinos with energy < 2 MeV (’Be, pep and CNO) can be

detected only through elastic scattering (ES) with LS electrons: 6 years, Medium radiopurity scenario
p.e.
ES: v +e—wv +e X=e |, T 800 1000 1200 1400 1600 1800 2000 2200 2400
I I [ [ [
21OBi 210PO
""""" SSE(" 11
BACKGROUNDS Z5 chain - ©
Th chain
<+ External backgrounds: negligible with fiducial volume cut AN 0 —GaiEeL
L] . . . D_
<+ Cosmogenic backgrounds: "'C dominated, tagging with =
Three-Fold coincidence algorithm Eur. Phys. Journal C 81(2021) 1075 o A e
<+ Internal backgrounds: will drive the sensitivity to solar - \ '
neutrinos, different concentration scenarios studied: : .
0 s\ NBNw T
Borexino phase-Il 1080807 0809 T i1 12 18 14 15
Energy [MeV]
10 x Very Low
Medium 10 x Low Solar neutrinos contribution can be
extracted thanks to the different
High Minimum requirement spectral shapes of the species.

for NMO studies

25



JUNO: Feasiblility (low energy part) @?:\1)

Internal backgrounds scenarios J. Cos. Astro. Phys. 10 (2023) 022
Very Low Low — Medium —High
Exposure [kton y] Exposure [kton y] Exposure [kton y]
0,20.4.0.6,0.8,0.1?0 0 20 40 60 80 100 P20 4 60 8 100

-—
T T T1

With pep-v constraint

Be-y

! \}\ Borexino results

—
T 14

pep-v rate relative uncertainty [%]

Be-v rate relative uncertainty [%]
o
F
1

7
sk
<

CNO-v rate relative uncertainty [%)]

- l 1 1 1 Il l 1 L 1 ] 1 1 1 l 1 1 1 I Il | 1 [ L 1
1 I — 1 1 | I
10 0 2 4 6 8 10 0 2 4 6 8 10

Time [y] Time [y] Time [y]
JUNO can provide the most precise measurements within:

o
N
.
(o))
(0]

(-6 years, apart from High =
5 ¢ radiopurity scenario
~2 years ~4yeans; apark irorm No constraint on #'°Bi needed
High radiopurity scenario )
Separation of > N-v and °0-v

\_ possible with good radiopurity )
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JUNO:

Interaction channels of B-v:

ES: v +e v e

No threshold
All flavours & o(v“t) /o(v,)=1/6
Single events - continuous spectrum

CC: v +1C—e+BN

E, =2.2 MeV
Possible only with v,
Prompt: e; Delayed: >N decay

NC: v + 3¢ v + 13¢c*

E, = 3.685MeV
All flavors & equal o
Single events - monochromaticy

Feasibility (high energy ®B) @

Expected events in 10 yrs after cuts

Backgrounds:

Ap. J. 965 (2024) 12«

< Externals: can be neglected after FV cuts

o
*

*

&
*

*

Internals: unstable nuclei in 23°Th and #*®U chains with high Q values
Cosmogenics: can be reduced after Three-Fold Coincidences cuts

< Accidental coincidences (specific for CC)

10 years, single events
after cuts

1500

1000F

5’..3
i IIIIIII_r_ rrrm

ES signal

3.5 4 45

-5
IllIII

, —Total
Wy —v-13C CC
L —v-e ES
—v-*CNC
Reactor ES+NC =
— Radioactivity & Isotopeg]

: |lLLl'w|1 | !—

"6 8 10 12 14 16 18 20
Visible energy [MeV]

1 llllllll 1

lllll

Expected events in 10 yrs after cuts

10

10 years, correlated prompt
events after cuts

— N0 00

1 1 11

T T T T

Accidental from v-e ES

—— Muon-induced isotopes

1 L1 L [ | - 1 1 I

P IR S N S
14 16 18
Visible Energy [MeV]

6 8 10 12

27



Neutrinos from Sun (B8)

CC & ES: their event rate depends on the neutrino flux and on the v_ survival probability model
NC: it will allow a model independent measurement of ®(®B), first after SNO

Chin. Phys. C 45 023004 (2021) 1
Ap. J. 965 (2024) 122

— Simultaneous measurement of ®(¢B), Am?,,and sin’@,,

JUNO results with 10 years of data-taking

®sg=5.25x 10° cm~2s"1  Am3, =7.5x 105 eV? sin26y, = 0.307 Amz21 and sin291zwith 8B-v & reactor v,

< Z & By 8
] 3 i 5 > 6§ ......................................................... é
Z . v v < 4
NC * : :
[ JUNO )
101~—6 y reactor ¥ (30) Reactorv, 7
ES B . . L [—10yBsolary /30 contour 17!
N [ = o
ES+NC t —_—— —————— —_—— 8 : -
N BB 17
= - best fit g K
ES + NC + CC - —— — < 4 values o e
~ 5% ®(®B) ~20% Am?,, ~ 9% sin?0_, [ 18 Ty
L3 e S ot el v ol s ey la e sl s salassaslas 1 llllillll |
PrEaamon o Pragaon 015 02 025 03 035 04 045 2468
-10% 0 10% 30% 0  30% -10% 0 10% sin2612 A%
d(®B) Am? iy o< M8

Relative uncertainty

21
Relative uncertainty

Relative uncertainty

Potential to search for possible discrepancies
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Periodic modulations of Solar neutrinos
m Seasonal modulation

m Vacuum oscillation
m Eccentricity of the Earth’s orbit
m Day-Night Asymmetries
m Earth matter effects
m Solar gravity modes (or g modes)

m oscillations of the solar interior

JUNO, arxiv:2303.03910,
JCAP 10 (2023) 022

Periodic modulations of Solar neutrinos

Background scenario

Very Low Low

dashed: stat. subtr.
solid: LS

— Medium —High

— 10

S, -

. -

<

o)

Ko]

g

2 =

O C

'D -

S

>

£

=

E 10—1I\|III\‘I\IIII\IIIIII\‘I\IIII\\IIIIII‘\IIIII\\IIII

1 2 3 4 5 6 7 8 9 10
Time [y]
Background scenario
Very Low Low --x- Medium -=x- High
— 3
S
§ 2-5__;""‘ """ unuan L LT P T Mcsnasassssmannananas b
S & oy

< 2F

Q -

Q0 C

8 1.5

(&) n

e r

8 = Avveeenni .

g 052...* ..... Armmmns TSI L] L L N Av"rresssnsnnnnnnnnnnn A

E |

é ok | | Ll o
10 10° 10° 10*

Modulation period [h]






Multi-messenger Signals

Messengers from CCSN T I_'a rge liquid scintillator detgctors,
54 N T o like JUNO, has great potential on
592 | %\_ v: e detecting both pre-SN and SN v’s
P: \\ VX e——
% 0T 1H * —_— .
= = %‘,{‘A’ . e Pre-SN neutrinos
o, y ': e ~MeV neutrinos, much lower
2 1r luminosity than SN burst neutrino
= SBO .
e e visible ~days before core collapse
y - plateau ‘ for nearby galactic progenitors
=
P e SN burst neutrinos
— e Few tens of MeV neutrinos, last for
""" ~10s with burst, accretion and

cooling stages
e Background almost free for SN
burst neutrinos

9 6 3 0 2 0 2 4 6 8
Log (time relative to bounce [s])
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CCSN potential at JUNO .

10° 1 Ty ——
[ CNC, EP= 151 MeV 1
Multi-channel detection, all flavors 10* | oSy
5000 IBD, 300 eES, 2000 pES, N T T L ek ‘
200 2C CC, 300 12C NC @10 kpc F
Z 10° | e
. [ e ES T . y
m Early warning 10 bom "
- L. ‘ R S¥h2
m CCSN Characteristics A P57
Co L .
i i Rty A
m Time evolution & Energy spectra 01 1
m Total energy, luminosity . Fa VeV
Channel Tvpe Events for different (E,) values
m Neutrino properties S— T 19NV 14 MeV 16 MeV
, Ue+p—et +n CC 4.3 x 10° 5.0 x 10° 5.7 % 10°
m Mass ordering VA p—v+p NC 0.6 x10%  1.2x10° 2.0 x 103
m Absolute mass vtesvte _BS  36x102  3.6x102 3.6 x 102
_ v+ 2C 54 B NC 1.7 % 10° 3.2 x 107 5.2 % 10°
m New physics ve + 2C = e 4+ 2N CC 0.5 x 10? 0.9 x 102 1.6 x 10?
7.+ 20 et + 2B CC 0.6 x 102 1.1 x 10? 1.6 % 10°
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Early Warning :

* Prompt and Online monitor systems < o[ | 'l;m; '_.'é_e{elsf-'reltlliell _' E
designed for SN Early Warning > 10} 100 b | = £
— Non-stop, continuous monitoring even from 2 l ' 10 F ‘ : | E
the LS filling period ; 0.1 E UL B S
— Not affected by any Run Modes (physics, E 0.01 _—_ _ ‘ 0.1 0.2 9,3_5
calibration, diagnostic, etc) S_ﬁ 0.001 L
e[ T e e
* DAQ design can fulfil the requirements on ;E 0.12 - :ii:;ﬁiiiiﬁ lc-
SN data taking S 008 E '
— For >0.2 kpc CCSN: No (T, Q) data loss ; 0.04 _ 3
— For <0.2 kpc CCSN: acquire maxi. data as we can 4

— For each PMT channel, real-time waveform
processing at FPGA to extract (T, Q)
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Alert Capabillity

Garching Nakazato Garching
== LMg 10 == 27Mg, |0 == 13M, 10 == 30M,, IO —— 11Mg, 10 == 27Mg, 10 == 13M,, 10 == 30M,, IO
- = 11Mo,NO === 27Mo, NO [=== 13Mo, NO === 30Mo, NO o5 e NO === 27Mo,NO === 13Mo, NO === 30Mo, NO
. éle E : i
L qJ L
* Excellent capability of early ¢ ° 2.
508 B0
. i + =
warning éo_ﬁ 2 .
: CCSN alert
o CCSN 0_4: 021
* reach 240~ 400 kpc w/ 50% prob. 02 Prompt monitor ) oal i
* alertin10™30ms O'Oc;‘ 900 200 300 400 500 A S ——
. 0 100 200 300 400
° pre_SN . Distance [kpc] Distance [kpc]
] === Patton 15Mo, 10 === Patton 30Mo, IO —— Patton 15M,, 10 —— Patton 30Mo, 10
* reach 0.6~ 1.7 kpc w/ 50% prob. B o e e g = Patton 15Mo, NO__ —— Patton 30Mo. NO
c L \ N < .
. . Q L \
e >~100 hrin advanceif 0.2 kpc 2o \ £ —100-
oYor \ =
5 \ 5
) <_(0.67 \\ < ’/
JUNO, JCAP 01 (2024) 057 arXiv: [ \ !
2309.07109 [hep-ex] 0.4 ‘ R
, !,
] |
) ) . 02 S N % onli SN it
A dedicated Multi-Messenger Trigger e e O precif aledd AR Umonth
System (low threshold) is on the way! 0906055 0,50 075 1.00 125 1.50 175 3.00 i 2

Distance [kpc] Distance [kpc]
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Particle and Astro Physics

Ti}ne delay of massive neutrinos: - -
y * Full flavor SN neutrino energy and time

o far ™ 2 .
At(m, E,) = 5.14 ms (:i) (m ;19\) 10?{1}(- spectra reconstruction
| ’ |  CCSN explosion mechanism
12— . _
* Flavor conversion:
11k -~ MSW effects
= - T Fast and slow collective oscillations
1.0 | . : .
- * Neutrino mass and ordering:
k= I | :
;} 0.9 | _ Spectral comparison
- . Time profile
08 1 | * New particle and new physics:
~ JS. Luetal JCAP 15,1412.7418 )
0'7 | | [T N N | | | ] ]
> 10 20 >0 — Rich program to be explored!
D [kpc]
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Diffuse Supernova Neutrino Background (DSNB) @

B DSNB: 2-4 events in JUNO per year =10 g T

v' Not detected yet E e JUNO, arXiv: 2205.08830 .
Holding: = JCAP 10 (2022) 033 I Reactor v
g & @ Lv "He
» Supernova (SN) rate (Rgy(0)) =107 =3 Fast neutron

0 Atm-v CC
B Atm-v NCw/ !'C

@ Atm-v NC w/o '!C

> Average energy of SN neutrinos ((E,))
> Fraction of black hole (fgy)

,_.
-

B Dominant background (above 12 MeV):
v" Atm-v NC interactions

Eventiin 14.7 kt x 10
-

_
=
B

Before background suppression

B Highlights on background suppression
/ Muon Veto 10—3 I | . | I b 1. 611 I | - I 1 611 I | -
v’ Pulse shape discrimination (PSD) 10 15 20 25 30 12 14 16 18 20 22 24 26 28

technique Prompt Energy [MeV]
v Triple coincidence (1C delayed decay)

Improvements compared to JUNO physics book J. rhys. G43:030401(2016) :

v Background evaluation: 0.7 per year = 0.54 per year _
v’ PSD: signal efficiency 50% = 80% (1% residual background) S/B improved from 2 to 3.5

v" Realistic DSNB signal model: non-zero fraction of failed Supernova -



Diffuse Supernova Neutrino Background (DSNB) @

arXiv: 2205.08830, JCAP 10 (2022) 033

- wm Rc K O — 05 10--‘» 4_1 M "3 L = -_l‘_| I ) ] J'.-I -l 1 L I ) I ] 1 T 1 ) ] T 1 1 Ll I ) 1 1 T 1
14 [ ngioi — 1><1><0-4 yIYLIMpC]?:] Fiducial model — 18 MeV — BH: 0.40 '> 102 ' e, —e— JUNO (90%C.L.),10 yrs 4
— = R0 = X0y T e [ 15MeV [ BH: 0.27 O oo, KamLAND (2021) 3
12 Byt 50%—30% - oMev | B0 S -‘__‘_ —a gt‘i‘lfl(ﬁ?gém -
8, - 30%—20% - - —_ —¥— ok-LlL
B O, 0% - - o 10 ok —+— Borexino (2020) -
© 10 — — N =
— X r g .
z : : S,
E 8 o - é | E_ E
Z 6 - - = - ~._ = :
Q C C > 10! N
N -l: ---III: - 10 IE— \ \\ —EI
4 [ [ aa) = N ~_ ~ E
_ L Z. - N ~ ~ .
- n n - —(E)=12MeV,f =0 '\\ ~U
P - - A 1072 (£ )15 MeV. f =027 N ~
n [ E— (£ =18 MeV. /| =0.40 o -
0 [ l C l L Recgy (0.5-2)x10"yr! Mpe™ ~N ]
2 4 6 8 10 12 14 16 18 20 10 20 10 20 10—3 I L 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1l 1 1 I 1 Nﬁ.l
E, [MeV]

B If no positive observation, JUNO can set the world-leading best limits of DSNB flux
B With the nominal model (black solid curve (left plot)): 30 (3 yrs) and 60 (10 yrs)
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Outlook

Physics Sensitivity

Neutrino Mass Ordering 30 in 6 yrs by reactor neutrinos. Atmospheric v sensitivity to be improved

Neutrino Oscillation Parameters | Precision of sin20;,, Am%,, | Am%,| < 0.5% in 6 yrs

Supernova Burst (10 kpc) ~7300 of all-flavor neutrinos

DSNB 30in 3 yrs

Solar Neutrinos Measure “Be, pep, CNO simultaneously, measure 8B flux independently
Nucleon Decays (p — VK ™) 9.6x1033 years (90% C.L.) in 10 yrs

Geo-neutrino ~400 per year, 5% measurement in 10 yrs

Civil
construction

2013 | 2022-2023
| 2015 |
- Detector

construction
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Neutrinos from Sun

Total Rates: Standard Model vs. Experiment =~ 8¢
Bahcall-Serenelli 2005 [BS05(OP)] o 7; (1)2120 2002
= -
S C
% % % “- b=
1.0+016 1267 % 1~0+3}SZ = 5
/ -V o118 /LOtS;‘S / ;_
% % 1 Z 70.88:006 | 4B
3
4810.07 W 69+5 9 f_
0.41£0.01 |2 67+5 =
2 56+0.23 0.30+0.02 1=
0_ T T T T | T T T
SAGE GAI;LEX o o 0 1 2 3 4 5 6
SuperK GNO ) All v 6 2 -1
| ‘ d. (10 cm™ s™)
Cl HBO Kamiokande Ca Deo Dzo e
heop, M 7Be MDD pep  Experiments m » Proved Standard Solar Model !
Y o3 mCNO Uncertainties 22

> Proved neutrino flavor oscillations ! .0



o After SNO: | a
Precision spectroscopy for solar physics

(1) SSM-HZ= B16-GS98: Vinyoles et al. Astr.J. 835 (2017) 202 + Grevesse et al.,Space Sci.Rev. (1998)85
(2) SSM-LZ=B16-AGSS09met: Vinyoles et al. Astr.J. 835 (2017) 202 + A. Serenelli ert al., Astr. J. 743,(2011)24

J. Bahcall et al Phys.Rev.D53:4202-4210,1996

Metallicity puzzle FLUX pepencence | SSM-HZ®) HZLZ)HZ
(abundance of elements Z>2)

pp (10 cm2? s T99 5.98(140.006) | 6.03(1£0.005) -0.8%

D
23% difference on Z/X pep (108 cm?2 s7) 114 1.44(1+0.01) | 1.46(1+0.009) -1.4%

F e ] "Be (10° cm2 s ™ 4.94(1+0.06 ’
oot0 gfe:fgg?sogme: . ( ) ( ) 13Q —<l EEEEEER * 170
[ 8B (10° cm2 s™) T24 5.46(1+0.12) ©.7) (0,0)
13N (108 cm2 s') T° 2.78(1£0.15) . g {% .
«Q, Q
150 (108 cm2 s™) T20 2.05(120.17)

CNO sub-cycle | 150 CNO sub-cycle Il 17

17F(10 cm? s™) 5.29(1+0.20)

()
%
.y

) o)
Understand the role of CNO cycle (if any) T = 150
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Borexino

Solar Rate Flux* SSM predictions**
neutrinos (Counts/day/100t) (neutrinos/cm?/sec) (neutrinos/cm?/sec)

5.98(1+0.006) x101° (HZ)

o 134210750 2% (6.1£0. 5255 x10% 6.03(110.006) x10%° (LZ)
ot 2mstozer e eanosmar TSI
pep(LZ)  2.65+0.367915  17%  (1.39+0.19 *$98)x108 11'.1‘;((1&%311)) ’)‘(11‘(’:8((':22))

B 0223 e (s.eegidthacs L

wo a7t X erpdbac SEI0 N0
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Energy [MeV] Energy [MeV]

Energy [MeV]
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Kamiokande

(A yt
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IIIII

|IIII|IIIIIlIIIJt

W

JtllllllllllllJ[l

——
+

III|IIII|III||IIII

}HI|||||III|Hi|

Baksan

I]Hlllllllllll

 f y t

~ ¢

Eilllllllllllllllllllllllllllll

II|IIII]JIII|IIII|IIII

0 2 4 6 8 10 12 14

Time after first event [s]

SN1987A

30""!' JLEEIE NN LA R B BN
| Contours at CL
i 68.3%, 90% and 95.4%
IMB
o0 | . |WEEER\ Jeocchner Neubig & Ral

Recent long-term
simulations

10 (Basel,mGarching)

1 2 3 4 5

Conclusions:

M Collapse
W Ave.Ener.

B Duration

Problems:
O 24 events
O by chance
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Supernova Neutrino Emission

H. T. Janka, et al., “Theory of core-collapse supernovae”

Shock Stagnation and v Heating, R [km]

Meutrino Cooling and Meutrino—

I
=
2
sl
=
2
-

/ / Explosion (t ~0.2s) 104 Driven Wind (t ~ 10s)
~ 200
Rs~ 100 km R // .
¥ 104
position of
shock

formation

nuclear matter .
nuclei

\ M(r) [Me] LU
1.5 Mir) [Mg]

Si—burning shell cooling layer ]20, seed

i
o

8

Accretion

w
(=)

N
o

-
(=}

Luminosity [1052 erg/s]

010 020 030 040 050

Time after core bounce [s] 44



CCSN Characteristics @10kpc

10 . . : L 10 10 - T ) T
“Bb — X cES+:;)~!'](]“:g ——
8 8} 8t
7 6 R K 5 o
HE l.‘%'.. ““9 ""2
g Lh:” 4 ‘.\ '_. §u_‘|>m 4 Em;. 4+
2t 0 2 )
Errors @ 90% C.L.
PR E N T T P T | \ ol ! | ! 0 . 1 PR PR R -
O 5 o 15 20 25 30 Yo 5 10 05 300 25 30 0 5 10 15 2025 30
<E; > [MeV) <£,>Mev]  Laha et al, 1412.8425; <> MeV)
54 | Lu et al, PRD, 2016
' Sev4 13D afceney —— T ey | | 0uIBD elfcieny - - -
53 fmmmmmmeeey o DDy — 1 65| el ey T 6.5t JUUCHSE i G
521 PR 6l
51 G B 550 N
AL 8 3
2 3 3‘3 ‘”S 5t ©
2749} 5745)
48 ol
a7t e ‘
1.4% 351 4.6%
4.6/5— i —
13 133 i 145 15 R R 3 ' ' -
<E; > [MeV] NoUT05 I IS 12 125 13 Bs e 153 16 165 17
¢ <E, > [MeV] <E, > [MeV]

Lu, YFL, Zhou, PRD 2016 45



CCSN Characteristics @10kpc

The energy equipartition is a fundamental concept in SN physics -
How to test it experimentally ? = 5%-10%
JUNO is unigue because of its multi-channel detection capability

0.0
NH on - IH 10 lo
-------- 26 26
36 L /%02 30
----------------- 0.8 it
Etot
Vo Etot Eigt 1 ftot ’
R, s
0.6
.......................... 08
"""""""""""""""""""""""""""""""""" 0.2 7 wrcbtmn st G
" 10 B A N L
0.0 AN N0
0.0 1.0 0.2 0.0

Lu, YFL, Zhou, PRD 2016



CCSN Characteristics @10kpc

25 . 25— 7
\. Normal : ; | Inverted :
20} ! Hierarchy 20+ 1| Hierarchy j
1[ 1 ; ‘ ! .
| (3.0%557) x 107 erg / ) (3.05033) x 10 erg 1
15} 1o | I5F |
L |G / o .’
10} ‘.\ '. / 1 10 ! f |
L /14% @ 1o C.L. L Lu, YFL, Zhoy, PRD 2016 ||
5 \ Y / all _ S5t 1\ 7 all ]
\ L / w/o eESﬁécl)\ngg ] | 7, ‘Yéo P T
. 13 1 " wlo eES+HN CC 1
O |2 3 ..--ZW/O pES, eE'SS+ NCC _|6_ O - . N | _F__‘/I‘wfopEsj eEISJr "N CC - ]
2 3 4 5 6
Etot [1053 erg] gt [1053 erg]

Measurement of the total gravitational binding energy->
A direct test of neutrino-driven CCSN mechanism = at 10% level
JUNO is unigue because of its multi-channel detection capability
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Fluence [cm?]

Cross section && Detector effects

x10°
iR T T T T
10kpc ]
—— Vg E
— VX .
= -+
e b e L L b b 1 d
20 25 30 35 40 45 50
Yufeng Li E, [MeV]

Spectral reconstruction

I IBD IBD IBD |
N,Dppo,” N,Dppo;~ N,Dgp > g,
pES PES ES
NprEso'ye NprEzs,O'ﬁe NprES Z ﬂ'ﬁw

_NeDeESUEES NeDeESageES NeDeESEUEEES_

Fluence [cm™]

Full flavor SN neutrino energy spectra

SN neutrinos Observed

spectra spectra reconstruction in JUNO detector

[u—
.
g

—_
=]
T

m Model independent

m V, spectra reconstructed via pES

Fy | = | Spes m promising for global analysis with all channels
and other WC, Lar-TPC, et.al detectors.

Fve SIBD

—_
[\
T T 7

0.8}

_Fy:n_ _SEEB_
Li, Li, Wang, Wen, Zhou, PRD, 2018
Li, Huang, Li, Wen, Zhou, PRD, 2019
x10"?
LA B I I N N o
_ E —
] & L
] 3 20 |-
= 5 Energy
- T 150 threshold:
E C < 0.2 MeV
10
E St
e e b b Ly e ()_ e .
45 50 20 25 30 35 40 45 50
SPCS20E, [MeV] E, [MeV]
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Neutrinos from the Earth
Geoneutrinos: (anti)neutrinos from the decay of long-lived particles

Abundance Of. the ﬁ
radioactive elements

Accessible via anti-ve measurement

Radiogenic heat

?3Pb + 8a + 6~ +{67.|+{51.698 MeV'

- 27Pb + Ta + 4e~ H 40, FH46.402 MeV
*2Pb + 60 + 4e™ ' 42.652 MeV,

a0 89.3% 00 + e~ . £1.311 MeV ./~

4o 20.7% wy. o4 u€+1500 MeV

Prediction Interpretation

Geoneutrino flux
49




Neutrinos from the Earth "

Borexino (2020) pPhys. Rev. D 101, 012009 KamLAND (2022) Phys. Rev. C, 80, 015807
* Located in Gran Sasso, ltaly Located in Hida, Gifu, Japan
» Liquid Scintillator ~ 0.3 kton « Liquid Scintillator 1 kton
* In 10 years ~ 50 geoneutrinos  In almost 18 years ~ 170 geoneutrinos
 Precision ~ 17%  Precision ~ 15%
 Favors high U and Th abundances BSE  Favors medium U and Th abundances
models BSE models
355_ - Total 180 d —o— KamLAND data =+ Best-fit reactor v,
= [0 Geoneutrinos Accidenta
30 léeactor an.tingell}trinos . 160 F - - —
® C 1 I Cosmogenic "Li -
@ )l Il Accidental coincidences L 140 ¢ \ §! —
g‘ 25: i gx, n) background E 120 3 W Y .
= 20 a |
200 . R SET T \N\ s Frrrrresn Ve
g 15-—-_7[ | + § 8();_ ; BC(a, n)'°0
> __Fl + + =60 | e it a0
= 10 ] o - # : W\ Best-fit geo v,
E = 40 R ; """"" ) — Best-fit reactor v, + BG
5:""' + 20 — :"""": + best-fit geo V(.c
0‘ R I....l‘%..—l—....l..—l—.—l—l ();'P'¥'F’;lllllllllllllllllllllllllllllll
500 1000 1500 2000 2500 3000 3500 1 1Z 14 156 18 2 22 24 25
Q, [p.e] E, (MeV)

« JUNO will collect more geo-neutrino events than all the other experiments with 1 year data! .,



Neutrinos from the Earth

300
¥ o=
: L F 200
1 v >
8 0.1 JREE e "gq._{ R BB E m
o W95 2 25 3 35 4 45
%0.08 ) Visible Energy (MeV)
7 0.06

o gD signal o 100 -

IBD + residual BG

2 4 6 8 10 12 0
Visible Energy [MeV]

0 200 400 600
238U
e JUNO will collect the highest geoneutrino statistics

More geoneutrino events than all the other experiments with 1 year data

e Precise measurement of total geoneutrino flux:

« Borexino ~17% precision (10 years)

« KamLAND ~15% precision (18 years)

« JUNO ~ 22% precision (1 year) and ~ 8% precision (10 years)
mm) JUNO will provide the World’s most precise measurements

« JUNO can measure U and Th individual contributions with high statistical significance 51



p -> e* i predictions

p -> V k" predictions

Nucleon decay (GUTS)

@ Super—K (ruled out) | ‘ < 2 4 X 1034 y
minimally extended SU(5) Super.K

mlnlmal SUSY SU(5)

SUSY flipped SU(5)

SO(10):
int= Ga22p

SUSY SO(10) ]I

SUSY SO(10) in 6D

Ee¢: Mini= G42_21

Mint= G3221

minimal SO(10): M

Future sensitivity [90% C.L.]
ww== DUNE (10 yrs @ 40 kton)
== DUNE (20 yrs @ 40 kton)
=== THEIA (10 yrs @ 80 kton)
wws THEIA (20 yrs @ 80 kton)
m= Hyper-K (10 yrs @ 190 kton)
m— Hyper-K (20 yrs @ 190 kton)

Es: Mint= G333 —> G321

B S T

———r—— '

Sox 107y

[ mm= DUNE (10 yrs @ 40 kton)

minimal SUSY SU(5) S'ubér[—k '(rule'd 6Qt) <
- SUSY SU(5) [CMSSM: cx0] from Super-K
SUSY SU(5) [super—GUT: c+0]
extended SUSYE(T O)-[?y.[:'):-l seesaw]
extended SUSY SO(10) [type-Il seesaw] .IIIE
SUSY SO(10)xUpQ(1)
E 631 1 632 0% 1034 | 10% ' 11636 r 637
T, (years)

JUNO (10 yrs @ 20 kton) 9.
DUNE (20 yrs @ 40 kton)
Hyper-K (10 yrs @ 190 kton)
JUNO (20 yrs @ 20 kton)
THEIA (10 yrs @ 80 kton)
= THEIA (20 yrs @ 80 kton)

6 x 1033y

[ Hyper-K (20 yrs @ 190 kton))

52



