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Outline

> Overview

> PhyS|cs prospects
Neutrino mass ordering
= Precision measurement of neutrino mixing parameters
= Astrophysical neutrinos (supernova, multi-messenger)
= Solar, atmospheric, geo neutrinos
= New physics (proton decay, sterile neutrinos, dark matter, etc.)

> Detector
= Subsystems: central detector (CD); liquid scintillator (LS); PMTs;
calibration system; veto system; JUNO-TAO

> Civil construction & experiment timeline

» Summary
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Neutrino Mass Ordering 3

VA= 1 N—.
> La rge 913 opens the doors for neutrino \ Normal hierarchy ? Inverted hierarchy \
mass ordering (NMO) determination and ™| i vs V2 — |7
. o . Mol
CP violating phase measurement via v 4:-
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» NMO can be probed with: ”“
Vr
= Matter effects of accelerator (DUNE, T2HK) and e
i i AmZ,
atmospheric (PINGU, ORCA, HK, INO) neutrinos » e —
» NMO with reactor neutrinos: e
= Medium baseline (~50 km) is optimal il A — Shj., o
= Multiple reactors may cancel the oscillation ' _# J, $
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Overview of JUNO 4
a0

= Power plants in operation:
- Yangjiang NPP 17.4 GW (6 cores*2.6 GW)
- Taishan NPP 9.2 GW (2 cores*4.6 GW)

Kaiping, o

Jiang Men CItv, S ot S =
Gl A5 T e ] * Main detection channel:
' i @ feiionggkong De —|_ p % €+ —|_ n, EV > ]..8 Mev
“Hong Kong P
n,/ l,'l ;elayed \\\\_ _»‘
Inverse .,,»‘ roTeRs
Ve ---@ 2 MeV
Beta Decay pH, P bt

y (511 keV)«——-‘Q---*y(Sll keV)

m Daya Bay KamLAND | _JUNO _

Target mass [tons] 8x20 ~300 ~1,000 20,000

Photo electron collection [p.e./MeV] ~160 ~500 ~250 ~1345
Energy resolution ~8.5% ~5% ~6% ~3%
Photocathode coverage 12% 34% 34% 78%

0.5% 1% 2% <1%

Energy calibration uncertainty
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Jiangmen Underground Neutrino Observatory

- See also Hans Steiger’s parallel talk

Central detector:

Steel structure
Acrylic sphere
20 kton LS

PMTs:

17612 20” HQE PMTs
25600 3” PMTs
78% coverage

Earth magnetic
shielding coils:

For 20” PMTs
Double coil system

Water pool veto:

40 kton pure water
2400 20” HQE PMTs
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A Multi-purpose Neutrino Observatory

6
s m
/ Cosmic ray
" shower
| Supernova v’s Atmospherici v's
~104in 10 s several/day By
for 10 kpc |
,// Air

Solar v’s
(10-1000)/day

Cosmic muons
~ 250k/day

0.003 Hz/mz2, 215 GeV
10% multiple-muon

53 km

7 R rani 26.6 GW
| reactor v’s thermal power
~60/day

Geo-v’s
1-2/day
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NMO with JUNO 7
ANzl

The reactor antineutrino survival probability in vacuum:

Pﬁe_>lje =1- SiIl2 2913 (COS2 912 Sin2 A31 + Sin2 812 Siﬂ2 Agg) — COS4 (913 Sin2 2912 Sin2 Agl

- See also Yury Malyshkin’s parallel talk where A;; = AmZL/(4E) = (m] — m7;)L/(4FE)

— See also Philipp Kampmann’s flash talk
PP p f » JUNO NMO sensitivity is based on vacuum

— oscillations, and has no dependence on
—— No oscillations . .
only solar term the unknown CP-violating phase and the
— Normal ordering 0,3 octant  phys. Lett. B533 (2002) 94;

—_— d orderi
nverted ordering Phys. Rev. D78:111103,2008;
Phys. Rev. D79:073007,2009

x103

120 :_2000 days of data taking

100}
80|

» Unprecedented Energy resolution of

3% [/ E(MeV) is required for 30 NMO
determination in 6 years of data taking

Events per 1 MeV

» Key elements to reach requirement:
= High light yield liquid scintillator :
I B E e e I attenuation len. >20m @ 430 nm
Es, (MeV) = Large PMT coverage: ~78%

Neutrino Physics with JUNO, J. Phys. G43:030401 (2016) ™ High QE PMT: ~30%
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Precision Measurement of Mixing Parameters 8
pa a0 I

* Precision of three mixing parameters ( Am,,?, Am,,?, and sin?0,, )
will reach sub percent level

= Unitarity of Up,,s matrix probed to ~1% level

Current precision

Am3, |Am3,| | sin? 012 sin® 013 sin® 03 | 0
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K
Individual 1o 2.4% 2.6% 4.5% 3.4% 5.2% 70%
Nu-FIT 4.0 2.4% 1.3% 4.0% 2.9% 3.8% 16%
JUNO:
2000
ISOOE —
:j:: :-_::::0 TR +BG, +1% b2b
) =" OMINAL 1 +1% EScale , +1% Enonl
o -1 |sin8,,| 0.54% 0.67%
“wE mem=nITTT T Am2,, | 0.24% 0.59%
S ; Am?,, 0.27% 0.44%
2 3 4 5 6 7 8 9

s E.fes MRSl
J. Phys. G43:030401 (2016)
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Supernova Neutrinos

» Supernova Burst Neutrinos:

= Core-collapse supernova (CCSN): explosion
lasts ~ 10s; >99% energy release in

neutrinos; 2-3 / century in the Galaxy

= Real-time detection of ~5000 IBD, ~1000
vpES and ~4000 veES events for a CCSN @
10kpc, assuming 0.2 MeV threshold and

E, dN/AE, [MeV']

with special triggers design Eq MeV]
. . —— DSNB: <E,>=15MeV
= Determination of flavor content, energy o Pulse shape — cumofbackgrounds
F . . . . reactor vV,
spectrum and time evolution - discrimination  — coummars,
: a ppl iEd —— fast neutrons

» Diffuse Supernova Neutrino Background (DSNB):
= Integrated neutrino flux from all CCSN in the
visible Universe

= Provide info for star formation rate, emission from
CCSNe and BHs

number of events in 170 ktyrs [MeV™]

= Expected 30 detection in 10 years of data taking 10 15 20 25 30 3
prompt event energy [MeV]

= See also Huiling Li and Cristina Martellini’s flash talks | Phys. G43:030401 (2016)
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Solar Neutrinos 10

aa—un

> 8B solar neutrino in JUNO: - See also Jie Zhao’s parallel talk

> Measure and cross
validate Am?,; with solar
neutrinos and reactor

Detection channel: neutrino-electron elastic scattering (veES)
Effective cosmogenic background rejection with time and volume
Radioactivity background: 107 g/g U/Th

Event rate: ~60,000 recoil electrons and ~30,000 background events
in 10 years of data taking

[a—
o
w

~"Bv-¢ES |
hep v-e ES U "B *Li’He
[[Reactor v-e ES []7°Th E="C.'Be

Events/0.1MeV
=
~

o . 2
antineutrinos 10
> Shed new light on solar 10
metallicity problem 1 .
Chin. Phys. C45 (2021) 2, 023004 : 3 ) Visible Elllgl'gy [MeV]
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Multi-Messenger & Low-threshold Physics 1
e~ A

Model-independent & self-
adaptive monitoring of the

» Two major trigger systems in

MM Trigger

. as a Powerful MeV transient neutrino sky
JU NO ] . Transient Machine
= Global trigger (threshold ~ 200 keV)
=  Multi-messenger trigger (threshold ~ telescopes
20 keV)

» Multi-messenger (MM) Trigger

= Hardware + firmware + DAQ solution _
observatories | Gamma/x-ray telescopes

= Fast filtering algorithms on FPGA to

|
(FPGA) (~6000 GCUs )
rY [ g— ]

reject >99.9% dark noise and achieve s 12N
i : T i 3 ?
0(10) keV phySICS trlggers ! I ____1__‘ ——l J Global:'l'rigger
| | :: : / GU “ : E RMU |
» Low threshold physics MM| U Y e | i e T—‘}
. ("'7RMU|s)
potential * === H i
= Will significantly improve physics | i s oo :
potential in this unprecedentedly e (it
low-threshold territory, e.g. low ETETE ol It
DAQ

energy solar neutrinos

SEE
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Atmo. & Geo Neutrinos 12

n T
/INNF=%ml |
. . 30777777
> Atmosphenc Neutrinos: [~ Electron neutrinos - Point-like
[----Muon neutrinos ----Track-like
2.5 Flectron+Muon —— Point+Track

= Complimentary neutrino mass

Normal Hierarchy

ordering sensitivity via matter effect

Sensitivity ()

" Measure 0,5 with 6° precision

= Atmo. neutrino flux and spectra
measurement

J. Phys. G43:030401 (2016)

- See also Giulio Settanta’s parallel talk

> Geo-neutrinos:

Events / 36 keV

=  Explore origin and thermal
evolution of the Earth

= Expected 400-500 IBDs / year

= Precision 6% in 10 years

Chin. Phys. C40 (2016) 3, 033003 Anti-neutrino Energy (MeV)
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Nucleon Decays 13
Fans 1

p — 7'(0 -+ e_l_ favored by GUT
p— Kt 4+v favored by SUSY

= Current best limit set by Super-K : T (p->1m° + e*) > 1.4 x 1034 years

Two popular decay modes:

= Kaon is invisible in a water Cherenkov detector
= JUNO will be advantageous in the kaon mode with LS technique
= JUNO will be sensitive to: T (p->K* + v) ~ 2 x 1034 years

1035 LA R A R e L e e e e e e -
Simulated triple coincidence signal 3
X
w r+ — K+ A 3 _ o ; ; ;
afP |K+—V>lf b e* + Vu + Ve S .| SuperK  JUNO 3 e
“6 - 12 ns > = 107 oo B I IC
o — 2.2 HS ..% - //:' :
DE 2 S = 1
EF &t 2 e . 1
i E - |
. B — . o | / / | i
10 102 103 10 SR
Hit Time [ns] S Y S i R MY
2015 2020 2025 2030 2035 2040
J. Phys. G43:030401 (2016) ; PoS NuFact2019 (2020) 007 Year
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Central Detector

paaS——M B
CD : Acrylic Sphere + Stainless Steel Support Acrylic Sphere
= Acrylic sphere composed of 265 spherical panel pieces (4;1%%-_.&;%
=  Thickness: 120 mm, net weight: ~600 tons

Transparency > 96% in pure water

DonChamp won the bid in 2017.02 and a new
production line for JUNO has been finished
Strict control for low radioactive backgrounds, acrylic
samples have met the 1 ppt requirement for U/Th/K

R P g W = L -

Y > e
| N 4 Thermoforming of spherical panel
= F | \ 3m x 8m x 120mm
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Liquid Scintillator e A

. Distillation
= JUNOLS recipe: system
LAB + 2.5 g/L PPO + 3 mg/L Bis-MSB Sk .
. . . Syt storage
—> Higher light yield; more transparent!  water tank
extraction
. Ultra-pure
= Attenuation length: >20 m @ 430 nm  nitogen AH0;
Source Calibration Unit\ FllisESystEm - LOW radioactive
/ /WaterTank:
— oM om ssom’ backgrounds:
Linear alkylbenzene Ix Top i —— . .
(EAR} Svsnlvent Muon Veto PMTs e eeoms 10715 g /g for neutrino mass

ordering determination;
1017 g/g for solar neutrino

; non-radiativel

-2 280nm

3 g/LPPO Inner PMT Array:/ .
64x 20 Hamamatsu deteCtlon
. ‘ \ (Stainless)
non-radiative Swtiiﬁl(;;:in;;
- 390nm - q Separation OSIRIS
15 mg/L - X Groun \ > R 214,214,

21288212
Bi-

0

[

Sensitivity [Ba/kg]

bis-MSB Muon Veto PMTs
l,..a":ﬁ{}d, . o

light emission
> 430nm, t=4.4ns

Online Scintillator Internal Radioactivity
LS recipe for Daya Bay Investigation System (OSIRIS)

10°
Time [h]

- See also Runxuan Liu, Michele Montuschi, & Tobias Sterr’s flash talks
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JUNO PMTs

16

» Two sizes (20” and 3”) of PMTs are used to fully

(78%) cover the CD

= 17,612 20" large PMTs for CD (~75.2%)
+ 2,400 20” large PMTs for veto

= 25,600 3” small PMTs for CD (~2.7%)

= Large & small PMTs mterleavmg

» Implosion protection

» Waterproof potting

» Custom made divider

and electronics

» Stringent quality control

- See also Alexander Tietzsch’s flash talk

6. Potting structure
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JUNO PMTs 17

Pans—N 0 .

20-inch PMTs 3-inch PMTs

|I-IAMAMA'I'5U

PHOTON | S OUR BUSINESS
/ \

Microchannel plate (MCP) PMTs Dynode PMTs Customized 3-inch PMTs for JUNO
= Developed for JUNO = New type of bialkali = Systematics control:
= Use transmission and photocathode determine non-linear
reflection cathodes to " Excellent TTS (2.7 ns response of 20-in PMTs
increase quantum efficiency FWHM) = Increase dynamic range:
a1 e improve muon reco. res.;
by ] o JUNO uses: detect very near supernova
~F All28.4% 13,000 MCP-PMTs (NNVT)
" IAVAMATSU281% 1 5000 dynode PMTs = Standalone measurement of
(Hamamatsu, R12860HQE) ~ Selar parameters
20TRETI0 T2 TEe 3T T EE R 5 - See also Yang Han'’s flash talk
PDE of 20-in PMTs Status: production and characterization all done.
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Calibration System 18

YA RNt m
Calibration layout Calibration Systems
.i Automatic Calibration Unit 1D: Automatic Calibration Unit (ACU)
— v g e 2D: Cable Loop System (CLS) & Guide Tube Calibration
as:mrla ion house Central cable = ° SyStem (GTCS)
- S o g 3D: Remotely Operated Vehicle (ROV)
1-| H*‘N_ __g Auxiliary systems: Calibration house, Ultrasonic Sensor

- System (USS), CCD and A Unit for Researching Online the
| Bridge LSc tRAnsparency (AURORA)

Control  spool
Room

rooma == Non-linearity correction
% Effective energy resolution -
s = wE
— 'O%m s o iy 5: / g]::tr:tnst nonlinearity
-4‘& B g: Uncertainty
< ) E I | | L
Sou?ce 3 ‘0\% 2_5:— . o ! 2True eIei:tron Ene;uv IMeV]5 ¢
%, s 3 I £ Non-uniformity correction
%)‘(, Ae‘\\c'\ g 2? 1§—
6@ S g =
L% & i oo
’29% 15— g °F /\_////
o‘&\“/ OQQ(D . 05;
% 6‘0@\* 1_,”:,‘..2“‘.‘;..1 ; 'é' 7| .g‘ ‘; Best fits
Q& Ews [MeV] 71_5;_ Uncertainty
Calibration strategy of the JUNO .. 0 TR ST Fovie S s S
. . 'ositron Kinetic Ener e
Experiment, Bias in reco. energy < 1%

arXiv:2011.06405; accepted by JHEP ® Effective energy res. better than 3% at 1- 8 MeV
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Veto Systems oL

Active and passive shielding for CD

Water Cherenkov Detector Top Tracker (TT)
= Shield ambient radioactivity and neutrons = Precise muon tracking
induced by cosmic rays = Recycling the plastic scintillators from
= Veto muon induced backgrounds OPERA Target Tracker
= 2400 20” MCP-PMTs = New electronics cards designed to
= 35 kton ultra pure water with circulation account for 100 x higher radioactivity
= Efficiency > 99% from rocks at JUNO site

Water inlet

Top view

- * 13 x 7 modules/layer
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JUNO-TAO 20

Pans—N 0 .

» Physics goals:
Precisely measure reactor antineutrino spectrum

@
S
§ = +— Statistics
. . % - —e— Scintillator Quenching
= Provide a model-independent reference 2 onf Charge Resolution
) C Cross Talk
20015 =« Dark Noise

spectrum for JUNO’s NMO determination go0p
= Reactor monitoring and safeguard i
=  Search for new physics

Taishan Antineutrino Observatory
A satellite experiment of JUNO

ol
(=1
)

—— Total
0.025

E

0.005 -

2 4 6 8 10
Visible Energy (MeV)

5100
(<)
[Ye)
m 9@ @ @ o3
Water fank
e @ [~] @ @
m @ [*) [~
il 28
» @ [+ .N Y Q
FiAEE e
w ) ° £ ® ° o
m @ (4]
$2100 S

Donglian Xu (T. D.

o 2

. » Detector design:
= ~30 m from a Taishan reactor core (4.6 GW)

- = Ton-level Gadolinium-doped LS at -50 °C
= 10 m?2 SiPM with PDE>50% and >90% coverage

TAO CDR, arXiv:2005.08745

3810

= 4500 PE / MeV - Energy res. : ~1.5% /\/E(MeV)

| —> See also Fabrizio Petrucci’s parallel talk
—> See also Claudio Lombardo’s flash talk
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Civil Construction

= Slope tunnel & vertical shaft finished

= Experiment cavern Slope tunnel
digging completed el
in Dec. 2020

Vertical shaft

= Detector installation
will begin this
summer

vertic‘alyshafﬁéﬁ , water’pool(taken 2021.02.02) | S|°lde~_f3uﬁ“;?|
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JUNO Timeline »

Neutrinos

ah 2022 detected
* Detector
X I 2019-2021 ready for
*  Electronics data taking
I 2018 ' production
«  PMT potting starts
e Start *  Civil
I 2017 delivery of construction and
*  PMT testing

surface lab preparation

Collaboratiéi™2014
b= start ildi completed
! Frasm 2016 bUIIdlng
: PMT * TTarrived «  Start « Detector
production production rstallation
2015 i egins
*  PMT production Start of :: crylic .
line setup * CDparts sphere
2014 *  CD parts R&D 5:;‘:““'0" i
. ; Civil construction
International . Yellow book

collaboration started published
established;

The 15th JUNO Collaboration Meeting sy 131 20 cusnexi tniversity, homing
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JUNO Collaboration

23
Pans—N 0

Country Institute Country Institute Country Institute
Armenia Yerevan Physics Institute China IMP-CAS Germany FZJ-IKP
Belgium Universite libre de Bruxelles China SYSU Germany U. Mainz
Brazil PUC China Tsinghua U. (‘u‘mdn\ U. Tuebingen
Brazil UEL China UCAS  _gmee Ttaly INEN:Catania
Chile BPCUC China USTC s, Italy INFN di Frascati
Chile . |UTFSM China U sof South Chma Italy INFN-Ferrara
China | BISEE China Wu YilU. o NGy Italy INFN-Milano
China Beijing Normal U, China WaliOT Italy INEN-Milano Bicocca
China CAGS o China Xi'an JT.U: Italy INEN-Padova
China ChongQing University China Xiamen University Italy INEN-Perugia
China CIAE China Zhengzhou U. [ Ttaly ~ | INFN-Roma 3
China DGUT China NUDT Latvia ~ MECS
China ECUST IChina CUG-Beijing PaKistan PINSTECH (PAEC)
China Guangxi U. IChina ECUT-Nanchang City Russia | INR' Moscow
China Harbin Institute of Technology Croatia UZ/RBI 4 Russia JINR
China IHEP CZzech Charles U. Russia MSU
China Jilin U. Finland University of Jyvaskyla Slovakia FMPICU
China Jinan U. France 1JCLab Orsay Taiwan-China | National Chiao-Tung U.
China Nanjing U. France CENBG Bordeaux Taiwan-China | National Taiwan U.
China Nankai U. France CPPM Marseille Taiwan-China | National United U.
China NCEPU France IPHC Strasbourg Thailand NARIT
China Pekin U. France Subatech Nantes Thailand PPRLCU
China Shandong U. Germany |FZJ-ZEA Thailand SUT
China Shanghai JT U. Germany |RWTH Aachen U. USA UMD-G
China IGG-Beijing Germany |TUM USA UC Irvine
China IGG-Wuhan Germany | U. Hamburg
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669 members from
17 countries and 77
institutes
@ 17 thJUNO Collaboration Meetmg

3~5 Feb 2021 Online
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Summary

» With 20 kton LS and an unprecedented energy resolution of
3% @ 1MeV, JUNO will determine the neutrino mass
ordering at 3-40 in 6 years of data taking

» JUNO will be a versatile multi-purpose neutrino observatory:
= Precision measurement of mixing parameters to percent-level
= Astrophysical (e.g. supernova, multi-messenger) neutrinos
= Solar, atmospheric and geo neutrinos
= New physics (proton decays, sterile neutrinos, dark matter, ...)

» JUNO subsystem development and production programs are
well underway

» Civil construction is finalizing; detector installation will start
in summer 2021; data taking will begin in 2022

Stay tuned !
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Other JUNO Talks

aa—un

Parallel
Yury Malyshkin: Oscillation Physics in JUNO ( 02.24 10:20 CET)
Fabrizio Petrucci: JUNO-TAO: Status and Prospects (02.26 10:40 CET )
Giulio Settanta: Atmospheric Neutrino Physics with JUNO (02.22 10:20 CET)

Hans Steiger: JUNO: Detector Design and Status (02.22 18:10 CET)
Jie Zhao: B-8 Neutrinos in JUNO (02.24 10:40 CET)

Flash

Yang Han: Dual Calorimetry of JUNO (02.25 12:05 CET)

Philipp Kampmann: Event Reconstruction in JUNO (02.26 12:15 CET)
Huiling Li: Core-collapse Supernova Neutrinos in JUNO (02.19 12:05 CET)
Runxuan Liu: JUNO ORSIRIS Online Trigger (02.22 11:40 CET)

Claudio Lombardo: Study of SIPMs for the JUNO-TAO detector (02.22 11:35 CET)
Cristina Martellini: Supernova Neutrino Energy Spectrum Unfolding with a
Probabilistic Unfolding Method in JUNO (02.19 11:50 CET)

Michele Montuschi: The Liquid Scintillator of JUNO (02.24 12:20 CET)

Tobias Sterr: JUNO OSIRIS Calibration Systems (02.25 11:40 CET)

Alexander Tietzsch: JUNO PMT Testing Systems and Progress (02.25 11:35 CET)
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