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Neutrino Mass Ordering(MO) In a 3-v framework
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Inverted hierarchy ~ Normal hierarchy

Large 6,5 opens a door to neutrino MO and CP
violating phase, as the focus of next generation

neutrino experiments.

Measuring Mass Ordering with Reactor neutrinos
* Place detector at medium baseline (~50km) from reactors
* Observe the distortion of energy spectrum
* A clean measurements of parameters, oscillation probability

independent of CP phase and 6,
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All six 2.9 GW cores in
Yangjiang NPP and two
4.6 GW cores in Taishan
NPP are in operation now.



JUNO Detector

WP cover

Calibration room Inverse Beta Decay reaction(IBD)

Water pool (WP)

- 35 kton pure water - +
2,400 20" veto PMTs on V+p—>Nn+€ E>18MeV
CD surface

Top tracker (TT)

Earth magnetic shielding coil
[ — Tyvek cover CD and WP
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Central detector (CD) £ : o
) e " ~236 ps ;
SS latticed shell % PMT .‘,.’ ‘
Acrylic sphere = ve®--——+ @ (2.2 MeV)
rylic sp § | ~18,000 20" PMTs + P Tewns Ye
R 5 | ~25,600 3" PMTs: \
LIQUId scintillator (LS) D? coverage >75% v (511 ke\r),._.".___.,y(SII keV)

20 kton

——— Support structure
E

700 m underground

Water pool: <D3.5m
— Detector requirement:

* 3% @ 1 MeV energy resolution, very high energy resolution
* High transparency Liquid Scintillator(>20m@420nm)

* High coverage of PMTs(>75%)

* Low backgrounds

— The most challenging design in the reactor neutrino experiments throughout the world.

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

Photo electron[p.e./MeV] ~160 ~500 ~250 ~1345
Energy resolution ~8.5% ~5% ~6% ~3%
Photocathode coverage 12% 34% 34% 78%
Energy calibration uncertainty 0.5% 1% 2% <1%



Central detector(CD)

* Acrylic spherical vessel

— @ 35.4 m acrylic spherical vessel

— Acrylic panels ~260 pieces acrylic sheets: 8 m x 3 m x12 cm
— Total Weight: 600 tons of acrylic and 600 tons of steel

— Solved technical problems: high precision curved sheet, anti-
seismic, transparency, fast bonding and annealing.

* Transparency > 96% in pure water

* Strict control for low radioactive backgrounds, acrylic
samples have met the 1 ppt requirement for U/Th/K

Acrylic vessel panels are in production.

Therm6fo.rrg'ing.of‘spherical
panel 3m x-8max 120mm




Liquid scintillator(LS)

ReqUirement for LS: Linear alkylbenzene
« Linear alkyl benzene (LAB) + 2.5 g/L PPO + 3 mg/L bisMsB &/
« Long Attenuation Length: >20m@430nm + "O"fgé%té:;l
* Low background: 238U, 232 Th, 49K 3g/LPPO %{f:‘
— 1015 g/g for reactor antineutrinos ;
non-radiative
— 107 g/g for solar neutrinos — ljswnm
bis-MSB
":.":b{}«, e
LS Production: """;;hf emission :"

= 430nm, t=4.4ns
— Al,O; column for LS purification to increase the attenaution length

— Use distillation, water extraction and steam stripping to reduce the radiation
background for background control.

*Technological Challenges:
— Reduce the risk of contaminating the purified LS
— Constant delivery of purified LS
— Underground laboratory construction



Flowchart of JUNO LS purification system
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Alumina Filtration Plant (AFP)

e AFP Specification :
— Flow rate: 7000 I/h ;
— A.L. of alumina purified LAB >24 meter;
— Radiation background of purified LS <2*101> g/g (U-238)
— Leakage rate (He check):10® mbar.l/s
— Pressure in column: 10 bar (for flow rate);
— The filter: two stage 220nm and 50nm;

Mechanical structure construction is completed

Alumina filling tank
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Distillation Plant

Distillation plant design

Remove the radiation background in LAB

Heat

C-101 Exch
B st _ /"c 2 Challenges:
% *Constant delivery of purified LS

T-102 (horizontal)

LAB product tank

< i

E-103 heat exchanger
(Bottom cooler)

T-101 (vertical) N >~ ell with pumps
LAB feed tank b
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Mixing system
Flow chart of Mixing system
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Construction(on going)

Status of mixing system

PRR 2020.04.01
Installation and commissioning
~ 2021.04.10-2021.06.30

Ready for joint commissioning 2021.07.01
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Water extraction

Requirements
— Remove the radioactive metal ions in the LS.
— 238U and ?*’Thin LS:
 ~ 10 1>g /g (Reactor neutrinos)
« ~10-Yg/g(Solar neutrinos)
— The water extraction system needs long-term operation.
Equipment requirements’
* High extraction efficiency with limit of 13m.
* Clean enough(not pollute LS).
* High sealing requirements to prevent radon entering into LS.

product

LE

LS heat
exchanger
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Stripping Plant Status

C-201
U Stripping plant is completed and already Stripping Column

shipped into shipping containers

Heat
Exchangers

U Hardware: construction, cleaning, installation and

test phases have been completed
T-201

* Software: DCS ready and tested LA feeamik

U Shipped on 29 July 2020 12000 mm

U Delivered on 01 October 2020

12



* OSIRIS: Online Scintillator Internal
Radioactivity Investigation System
— LS Quality Control
e 20tLSand watertank9 mx9 m
 Sensitivity of 101> g/g per day.

Source Calibration Unit\

/Filling System

Water Tank:
/9m x 9m, 550m3
4x Top ‘

Muon Veto PMTs Acrylic Vessel:

3mx 3m, 20m3

Inner PMT Array:/
64x 20" Hamamatsu_ | |
\ (Stainless)
Steel Frame
with Optical
Separation
7m x 8m

8x Ground
Muon Veto PMTs\

LS purification pilot plant in Daya Bay as a

pre-study for JUNO LS mass production.
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20 inch PMTs

Two types of 20 inch PMTs used in JUNO

* 15k NNVT MCP-PMT: newly developed by North
Night Vision Technology (NNVT), used for central
detector and veto detector.

* Use transmission and reflection cathodes to
increase quantum efficiency

e 5k Hamamatsu R12860: used for central detector.

* New type of bialkali photocathode
* Excellent TTS (2.7 ns FWHM)

Progress

HV divider mass production is on going
Mass potting is on going (36%) and in good shape.
Implosion protection cover mass production started.
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The average photon detection
efficiency 28.7%.
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3 inch PMTs

XP72B22

HZC Photonics
Custom 3-inch
PMTs for JUNO

The Double Calorimetry for central detector
— An Independent system to cross calibrate the 20” PMT system;
— Extend the energy dynamical range for muon physics;

— Independent system for supernova and solar neutrino oscillation parameter
measurement.

Progress:
e ~26,000 PMTs were produced.

e Others (HV divider, potting, cable, connector, HV splitter, electronics, under
water box) are all going well.
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Calibration system -

System design —

Central cable

— Different tools for detector calibration
* 1D: Automatic Calibration Unit (ACU)

* 2D: Cable Loop System (CLS) and Guide Tube Calibration System (GTCS) .,.....7 :"—“
AURORA 5 = N g
* 3D: Remotely Operated Vehicle (ROV) // W
) &
* Auxiliary systems: Calibration house, Ultrasonic Sensor System (USS), {f.f %
CCD and A Unit for Researching Online the LSc tRAnsparency % \ e
(AURORA) 3 Y
o,/o N ‘ \,b\c"oo
Experiment requirement: 3% energy resolution@1MeV and 1% energy scale o, TRRES of
uncertainty. v
i -
§ =
% ; w; i; — Inherent nonlinearity
o L : ~—— Best fits
a; L E Uncertainty
N 1‘5_— o “True ele:;iron Ener‘gy [Mer
1:. ] [ I Lyasals | L1 I '-55—
1 2 3 4 5 6 7 8 F
E,, MeV] i

Bias %]
ai

Calibration study:
* The biasin the reconstructed energy < 1%. h:
* Effective energy resolution < 3.0% (1 MeV—8 MeV).

Calibration strateqgy of the JUNO Experiment, S
JHEP, Volume 2021, pp 1-33;

F —— Best fits
F Uncertainty

2 3 4 5 6
Positron Kinetic Energy [MeV]
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Veto system

Water Cherenkov detector+Top tracker system

Temperature

Contour 1
2365
23.29
2292
2256
2219
2183
2146
2110
20.73
20.37

20.00
[c]

Water Cherenkov detector
* 35 kton ultrapure water with 2400 20-inch MCP PMTs
— Active veto for muon tagging
— Passive shielding for rock neutrons and for material
radioactivity
Water circulation
— Keep water quality
— temperature control within (21a 1)N around acrylic vessel
Earth magnetic shielding coils
— Residual B <0.05Gs CD PMT, <0.1 Gs for Veto PMT.
HDPE lining

— Prevent diffusion of Radon from rocks and keep water clean.

Efficiency>99%
The support structure and water system is under production.

Read Out & Front End
Boards

Top Tracker

* Reuse the target tracker walls of the OPERA
experiment

* 3-layers XY plastic scintillator modules
* Good muon tracking
* The modules are already at JUNO site

* New electronics cards designed to account for
100 x higher radioactivity from rocks at JUNO site

* Front End Boards are all produced and other
boards in production and going on well.
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JUNO-TAO

Plastic scintiliat
Sealing Top shield

slue HOPE, heat insulation fyer Taishan Antineutrino Observatory (TAO)
- — g — A satellite experiment of JUNO
3 pMT feedthrough — high energy resolution LS detector (< 2% @1MeV);
=» - = — 30 m from one of the Taishan reactor cores
‘{'EE S \SEE - * Detector Design:
'- s y — 2.8 ton Gadolinium dopped liquid scintillator
::Mani - - 1O-m'2 95% coverage with SiPM; photon detect
| b support efficiency > 50%
» I P:pp::;,;';:’i?,’,}",’;:a:"' - — Operate at-50 N (SiPM dark noise)
T — 4500 p.e./MeV
o — Detect 2000 reactor antineutrinos / day
E: T Purposes:
ém; - Effl'f,';’l';Efﬁﬁﬁ]fm — Precisely measure the reactor antineutrino
spectrum;
Eo.ow;- Dk Noise — A model-independent reference spectrum for JUNO.

— Benchmark for investigation of the nuclear database.
* Expect to start operation in 2022

=

= =

=]

S =

]IIITII
o

8 10
Equivalent Visible Energy (MeV)

Conceptual Design Report, arXiv:2005.08745v1
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Rich physics program of JUNO

Event Rate (after selection)

Supernova
5-7kin 10s for 10kpc

Atmospheric
several/day

-

At :
Cosmicmuons™
~ 250k/day

0.004 Hz/m?
207 GeV

10% multiple-muon

~—
-

¥ 36 GW, 53 km

reactor, 60/day

Geo-neutrinos 1.1/day

J. Phys. G43:030401 (2016)
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Neutrino mass ordering

Antineutrino survival probability

3 o Non oscilla
. B S o osciarion
% g r J formal hierard
P{,‘:{.‘Z{LffE,] = ]‘ - ‘PZ]. - PS]. - P32 g OISE H Everteiih;jﬂargy
Py; = cos(613)sin”(2612) sin®(Agy)
9, . 9 ey 03f
P3; = cos®(012) sin®(26,3) sin®(Ag) '
02
i 2 Y ot 2 Y ain 2/ ) :
Py = sin“(f12)sin”(2013) sin” (As2) oif
- 2 9 . . 0- 1I0 I1|5.II.ZIOII..'_’IS..IISO
where A;; = 1.27Amg; L/ E, Amg; is the neutrino mass- L/E (ka/MeV)
11 ar : . s (192 o 2Y 3 72
squared difference (m3; —m3) in eV S
| Normal true MH "\/ !
Sensitivity for 100 k IBDs (20 kton; 35 GW, 6 years). 20t \ .
30 8 — —_
T 15+ ]
e 1 fd::?::lsistribution % 3
L =52 km ':/ 10k _
22
< = = True MH (Gy. = =)
5| |~ — FalseMH(o. =) B
— True MH (o, = 1.0%)
——False MH (6, = 1.0%)

0
234 236 238 240 242 244 246 248 250

|AMZee| (X10° eV?)

2.0 2.5 3.0 3.5 40
E_res (%)

m * Arelative measurement (no constraint on Am?,,, A..2>9)

— S e * An absolute measurement (A..2>16) accounting for

Core distr. Real 3 constraints from long baseline experiments(Am?
DYB & HZ Real -1.7 A 0
precision of 1%).
Spectral Shape 1% -1
\ B/S (rate) 6.3% -0.6

B/S (shape) 0.4% -0.1 20




Precision measurement of oscillation parameters

*Precision of three parameters (Am2,,, Am?,, and sin?8,, ) will reach sub-percent

level, several times improvement compared with current precision.

*Probing the unitarity of Upy,\s to ~1% level.

2000
- Antinentrinos o
1800 % —— Accidental 1.0
1600 ; - U[i:j:‘:zmmn —Amzz-
1400 £ an — - =AM
E Geo-neutrino O‘NC-Z —— Sil120|:
1200 - =
- - 0.6 |-
1000 R R s A
800 O o4l et
600 5 o L a--moT -
400 T 02|
200 Amgoz
olo i 1 i 1
| I 1 3 4 5
2 3 4 5 6 7 8 9 0
E MeV) E_res [%/sqrt(E)]
Current precision JUNO
Am3, |AmZ,| | sin® 0,2 sin’ 013 sin® a3 | 6 - |#BG, +1% b2b
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K e +1% EScale , +1% EnonlL
FRNENE T 107, 07 07, 0 0, 0
El(ll;lldr;ljlola gj(ﬁ ?g; jg(ﬁt ;’3(;0 g;é Tg(ﬁ sin?0,, | 0.54% 0.67%
= ‘ il i = = o2 . am2, | 0.24% 0.59%
Am, | 0.27% 0.44%

J. Phys. G43:030401 (2016)
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Rich physics potenial

J. Phys. G43:030401 (2016)

= DSNB: <E,>=15MeV

Supernova neutrinos(SN):

o
T

— Determination of flavor content, energy spectrum and time evolution
— Golden channel: IBD, ~5000 events for SN@10 kpc
Diffuse Supernova Neutrino Background (DSNB):

-
T

— Provide information of star formation rate, emission from average CCSNe and

number of events in 170 ktyrs [MeV™]

BHs
— Expected detection of ~30 after 10 years data taking. E R .
prompt event energy [Me
Multi-messager astrophysics: Chin. Phys. C 45 (2021) 2, 023004

OS
. ~"Bv-¢ES

i hep v-e ES 24y B *Li’He
10 [CIReactor V-¢ ES [*"Th ['°C VB

— Energy threshold lower to O(10) keV
— Real-time monitoring of the MeV transient neutrino sky

Events/0.1MeV

Solar neutrinos
— Effective cosmogenic background rejection(both time and volume)

— 8B,Signal™ 60,000 recoil electrons, background event ~30,000 in 10 years of
data taking.

10
Visible Energy [MeV]

hin. Phys. C 40 (2016) 3, 033003

— Measure and cross validate Am?2,, with solar neutrinos and reactor
antineutrinos

Events / 36 kev ()

Atmospheric neutrinos:

— Complimentary neutrino mass ordering sensitivity via matter effect
Geo-neutrino

— Explore origin and thermal evolution of the Earth

— Expected 400-500 IBD/y precision can achieve at 6% (10 years)
Proton decay :

UNE 10+30Q...--
Super-K JUNO ﬁ

DUNE 10

- d
/ 7 Proton decay

— Competitive sensitivity to proton decay searches .

Lifetime sensitivity (90% C.L.)

* JUNO will be sensitive tot~2} 10%*vyears. , — K+ + 7

Ll
2015 2020 2025 2030 2035 2040
Year

J. Phys. G43:030401 (2016)  PoS NuFact2019 (2020) 007

22



Civil Construction Progress

A Slope tunnels and vertical shafts are
finished. seom

A Experiment cavern digging completed in

Dec. 2020

Detector installation will begin this

summer.

T\

water pool  ftaken 2021.02.02)
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JUNO Timeline

I 2022
Complete detector
I 2019-2021 construction within 2022

* Electronics production

ey i starts
w4 2018 * Civil construction and
== o s *  PMT potting

= P lab preparation
,:g::_ &““.i:"" + Start delivery of completed
et 2017 surface building  «+ Detector construction
e o — « PMT testing * Start production of
- acrylic sphere

2016 * TT arrived
* PMT production v

—_ o —
Collaboration 2014 start
L, e 2015 * CD parts production

5% o '.i,?"',}'fwv « PMT start
* ' production line *+ Yellow book
setup published

* CD parts R&D

International SontEREn
collaboration p—
established .

* Conceptual
design
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JUNO Collaboration

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'man\ U. Tuebingen
Brazik UEL China UCAS - Italy INEN Catania,
Chile PCUC China USTC 23 Italy INFN di Frascati
Chile . |UTESM China U sof South Chma, Italy INFN-Ferrara
China BISEE China Wordiigs & " Italy INFN-Milano
China | Beijing Normal U. China Wuhan U.. ‘ Italy INEN-Milano Bicocca
China CAGS y China Xi'an JT U: Italy INEN-Padova
China ChongQing University China Xiamen University Italy INFN-Perugia
China CIAE China Zhengzhou U. Italy ~ | INFN-Roma 3
China DGUT China NUDT Latvia BNECS
China ECUST “hina CUG-Beijing PaKistan PINSTECH (PAEC)
China Guangxi U. IChina ECUT-Nanchang City Russia INR Moscow
China Harbin Institute ofTechnology Croatia UZ/RBI " JINR
China IHEP CZzech Charles U. Russia MSU
China Jilin U. Finland University onyvasky]a 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 o 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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Summary

JUNO will measure mass hierarchy (3—4 o with 6 years data
taking ) and 3 oscillation parameters to <1% level.

JUNO also has a rich physics potential with supernova
neutrinos, geo-neutrinos, solar neutrinos,atmospheric
neutrinos and other oscillation physics such as searches for
proton decay, among others.

The sub-system R&D and production are well underway.
The experiment is expected to complete the detector
construction within 2022.






