


Neutrino Oscillation
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* A neutrino with flavor a can be expressed as a
combination of mass states:
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Open Questions

* Solving the Mass Hierarchy problem is a key for the open questions in neutrino physics:

» Roadmap for Ovf3 experiments

» Understanding the mass origin and neutrino mixing in theory

» Nucleosynthesis in supernova, neutrino mass scale, .p, ... ...

Mass Hierarchy

normal ordering (NO) inverted ordering (NO)
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Neutrino Oscillation v survival probability:

P17e—>176 =1 —[(3084 613 SiIl2 2912 SiIl2 Agl ]~ sin2 2913(0082 912 sin2 A31 + Sil’l2 912 sin2 A32)

arXiv:2204.13249
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(matter effect contributes maximal ~4% correction at
around 3 MeV, arXiv:1605.00900, arXiv:1910.12900)

¢ Neutrino Mass ordering determined by the fine oscillation pattern in reactor neutrino spectrum
¢ First experiment to observe solar and atmospheric neutrino oscillation modes simultaneously



') Reactor antineutrino detection

Inverse Beta Decay (IBD) reaction
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Prompt: annihilation process

Delayed: neutron capture

Major IBD event cuts:

= Energy threshold: E,;; > 0.7 MeV
* Fiducial volume cut: Rj g < 17.2m
* Timing cut: AT,_4 < 1ms

= Spatialcut: R,,_4 < 1.5m

= Cosmic muon veto cuts

JUNO expected spectrum:
Visible energy spectrum of
the survival reactor v,

Geoneutrinos ; — LHe
— Accidentals § — “Cla)"0

Background contribution
from 7 types of sources

= Global Re: pheric NC
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Geoneutrinos 1.2
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Accidentals 0.8
ILi/*He 0.8
Atmospheric neutrinos 0.16
Fast neutrons 0.1
............. 130(0[711)160 005

= Accidentals are mainly coming from radiogenic elements such
as 238U/%3?Th/*°K = material screening strategy achieved

for details, see JHEP 11 (2021) 102

« ~47 v, evt/day (assuming ~82% efficiency) and ~4.1 bckg evt/day



@a Reactor antineutrino detection

> Large statistics
v/ Large target mass (20 kton LS)

v/ Powerful reactor source (26.6 GWHh) JUNO:
. . Energy Resolution
> High energy resolution 3% @ 1MeV

e g 26 000
Small shape/scale uncertainties

PMT Coverage ~34% ~30% ~50% ~80%

v

v/ TAO satellite detector
> Low background
v Good overburden (~¥650 m)

V' Highly efficient veto system (>99.5%)
v/ High sensitivity material screening

V' Careful control of installation cleanliness



@ Jiangmen Underground Neutrino Observatory
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a - Reactor neutrino oscillation Chin.Phys.C 46 (2022) 12, 123001
UNoo a “eull‘lno 0hsel‘vatol‘y Solar neutrino oscillation Chin.Phys.C 45 (2021) 2, 023004
] o Atmospheric neutrino flux Eur.Phys.).C 81 (2021) 10
Diffuse supernova neutrinos JCAP 10 (2022) 033
Reactor anti-v Atmospheric v Solar v Proton Decay arXiv: 2212.08502 and others

* In 6 years:

» Determine neutrino mass ordering at 3o
> Precision of sin?912, Am?31, Am?21 < 0.5%
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@ JUNO: a neutrino observatory

PPNP 123 (2022) 103927
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10kpc Supernova: ~5000 IBD, ~300 eES, ~2000 pES,
~200 12C CC, ~300 2C NC

Physics Sensitivity

Supernova Burst (10 kpc)

Geoneutrinos

Solar v Supernovae (SN) v

New

physics

Core Collapse SN
@ 10 kpc:
thousands in few sec.

8B: ~50/day
CNO: ~1000/day
"Be: ~10000/day

~400 / year Proton decay

Neutrino magnetic

moment
Diffuse SN signal:

few / year Sterile neutrinos

Non standard
interactions

Lorentz invariance

~5000 IBD, ~300 eES and ~2000 pES of all-flavor

DSNB

30in 3 yrs

Solar neutrino

Measure Be7, pep, CNO simultaneously, B8 flux

Atmospheric neutrino

0.7-1.40 for NMO in 6 yrs. Boost the reactor result

Nucleon decays (p = VK )

8.3%1033 years (90% C.L.) in 10 yrs

Geo-neutrino

~400 per year, 5% measurement in 10 yrs See Cristobal’s talk




JUNO Detector

VETO System

Top tracker

* Precision muon tracking

3 plastic scintillator layers

* Covering half of the top of the
water pool

Water Cherenkov veto pool

¢ 2400 20” PMTs

35 kton ultra-pure water
* Efficiency >99.5%
* Radon control » < 0.2 mBg/m?3

Compensation coils
e Earth magnetic field <10%
* Necessary for 20” PMTs

Calibration System

Automatic Calibration Unit (ACU)
Cable Loop System (CLS)

Guide Tube Calibration System(GTCS)
Remotely Operated Vehicles (ROV)

Central detector (CD)

Optical separation: Acrylic sphere (¢ 35.4 m)
Stainless Steel Latticed Shell (D 41.1 m)

20 kton Liquid Scintillator

PMTs: 17612 20" PMTs + 25600 3" PMTs




**Acrylic sphere + Stainless Steel Truss support
* Acrylic Sphere ID 35.4 m, thickness 120 mm, weight: ~600 tons
e 265 acrylic panels
e SStrussID40.1m,0D41.1m
* Buoyancy ~ 3000 ton. 590 supporting bars to hold the acrylic.
Stress of acrylic <3.5 MPa
* Acrylic transparency >96%, Radiopurity U/Th/K <1 ppt

Installation of equator layer

July. 2023 12




ic sphere was finished!

About half acryl

Stakus
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‘) central Detector (D) ~ L1QuId Scintillator IHEP 03(2021)004

¢ 20 kt liquid scintillator: LAB based, PPO as fluorescence, bis-MSB as wavelength shifter

° ngh |Ight YIE|d >1345* p.e./MeV Linear Alkyl Benzene (LAB) + 2.5 g/L PPO + 3 mg/L bis-MSB
* Long attenuation length: > 20 m @430m g A OB82021)164823
* Extremely high radiopurity grraeec
(LAB) as solvent
» Full system commissioning will start soon s
N > 280nm
an industrial scale purification process , . Fluor:
LAB from Storage Tank Sli;:tl:g i B UNDERGROUND 2.5 g/L PPO
£ To Filling Station

+
Wavelength | pop-radiative
shifter: - 390nm

3 mg/L
bis-MSB
""";;hf emission

> 430nm, t=4.4ns

Steam Stripping

Distillation

Alumina Columns

OSIRIS to monitor the

N N

4) Gasstrippingto re
Rn and Olz "




@ﬂ Online Scintillator Internal Radioactivity Investigation System (OSIRIS)

A 20-t detector to monitor radiopurity of LS before and during

filling to the central detector Eur.Phys.J.C 81 (2021) 11, 973
v' Few days: U/Th (Bi-Po) ~ 1 x 10-19g/g (reactor baseline case)

v' 2~3 weeks: U/Th (Bi-Po) ~ 1 x 10-"7 g/g (solar ideal case)

v' Other radiopurity can also be measured: “C, 210Po and 8°Kr

3m

Under commissioning now.

-
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@ central Detector (D) ~ Photomultiplier Tubes

* All has been produced, tested, and potted.

* 20,012 20-inch PMTs: 15,012 MCP (2,400 for veto) and 5,000 dynode  J
- 17612 20” PMTs Looking inside = installed ~6000 (~34%) =
e 25,600 3-inch PMTs —>installed ~9293 (~36.3%)

a0 m-

Hamamatsu NN

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
[kHz] Potted 17.0 31.2 03
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.AIIG.(;’(;F;;ZOZI)

MCP: micro-channhel plate



installed

~6000 20” PMTs and 9293 3” PMTs are

~
—




‘) central Detector (cD) — PMT Instrumentation

SPMT System
» Always in photon counting mode in 1~10 MeV range
» 200 underwater electronics box in total
» 128 3-inch PMTs are connected to a UWB:
* An UWB holds 8 receptacles
* 16 PMTs coupled to one connector
» Same HV will be set for 16 PMTs

Acrylic cover:
NNVT 20” MCP—PM"I/ + 11 mm on top
* 9 mm at equator

« Transparency >91% @420 nm _
* Tensile Strength > 65 MPa

Front-End board

¢ 8 ASICs, 128 channels
* Kintex-7 FPGA

* 1-GB DDR RAM

* Three layers of water-tight seals
* SSshell, ABS and Heat-Shrinkable
Tube for enclosure and support
* No sealant inside the housing

Heat Sink

Under-Water
LPMT System 8 connectors
» 6886 underwater electronics box in total o ]
» 3 20-inch PMTs are connected to a UWB

> 1F3 system: splitter, HV FEC, ADC, GCU&FPGA

» Dry electronics:
48 GCUs are connected to 1 BEC through the

synchronous link and to 1 switch through the
asynchronous link.

Under Water Box(UWB)

2 High Voltage Splitters
64 channels per board

18



¢ Calibration System

O Full-volume position coverage

inside JUNO central detector

a1

Automatic Calibration Unit

Calibration house

ROV guide rail

Central cable

Side cable

source storage

O Complementary for covering
entire energy range of reactor neutrinos

Residual bias [%]

0.1

P - R e 099

1.08¢
1.07E-
1.06F
1.05F

8 i E
I
~ 103
o102

———————— (JHEP 03 (2021004 | U

P
True gamma energy [MeV]

2 3 4 5 6
True electron energy [MeV]

B Different tools deployed for detector calibration:
1D: Automatic Calibration Unit (ACU) = central axis scan

2D: Cable Loop System (CLS) = scan vertical planes

Guide Tube Calibration System (GTCS) - CD outer surface scan
3D: Remotely Operated under-LS Vehicle (ROV) - whole detector scan
Auxiliary system: Calibration House, Ultrasonic Sensor System (USS) CCD
and a unit for researching Online LSc tRAnsparency (AURORA)

19



¢ Veto System

Tasks
Shield rock-related backgrounds

Tag & reconstruct cosmic-rays tracks

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

Tyvek re.flectlve film Earth magnetic shielding coils installation:
installation started 6 coils installed (32 coils in total)

Top tracker: OPERA scintillators
* 3 layers, “50% coverage on the top

Water Cerenkov detector

* 35 kton water, 2400 20-inch PMTs, detection
efficiency >99.5%

e Keep uniform temp 21°C+1°C

* 222Rn < 10 mBg/m?3 (w/ micro-bubble system)

Pool lining: HDPE

Earth magnetic field compensation coil

~500 veto PMTs installed




@ JUNO-TAQ  Taishan Antineutrino Observatory (TAO)

* A satellite detector of JUNO

* at 30 m from the core(4.6 GW ), in a hall at -10 m underground

* Measure reactor neutrino spectrum
* model-independent reference spectrum for JUNO

* a benchmark for investigation of the nuclear database

TAO CDR: arXiv: 2005.08745

Ratio

1.05

0.95 [+

0.9~

[ —— JUNO/DayaBay

—— TAO/DayaBay

0851

3 4 5 6 7 .8 9
Neutrino energy (MeV)

Constrain the fine structure in [2.5,6] MeV to < 1%
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¢ JUNO-TAO

® & 6 ¢ 6 06 0 0 o

2.8 ton Gd-LS (1 ton fiducial mass), produced

94% coverage of SIPM w/ PDE > 50%, 15 batch received, under testing

1.8-m ID acrylic vessel, ready

SS tank, ready

Electronics, in production

Operate at -50 °C (SiPM dark noise)

To be tested at IHEP, w/ SiPM samples.

4500 p.e./MeV = < 2% resolution

Neutron back-to-signal ratio ~2% (JINST 17 (2022) 09, P09024)

5 -

Sealing

glue

Side
Shield
Water

SiPM arfay|

Top shield
HDPE, heat insulation layer

Filling port

Taget vessel
Gd-LS
-50 C

2 Water .-

PU heat insulation layer

Cable
feedthrough

(]=
Side
Shield

Bottom shield
HDPE , heat insulation layer
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JUNO is motivated to measure the Neutrino Mass Ordering

» 20 kton liquid scintillator
* 3%/sqrt(E) energy resolution
e Advance detector technology
Rich physics program. World-leading studies on

* Precision measurement of oscillation parameters, Supernova v, DSNB, Geo-v,
solar v, proton decay, ...

* Future JUNO-Ov[3f

JUNO construction has entered its final stage. Data taking is expected in 2024!

Short-baseline experiment TAO
* High energy solution measurement of reactor neutrino spectrum
* JUNO reference spectrum and benchmark for nuclear database
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Solar neutrinos

1013
- : . . : 12 + 0.6% B16 - SSM
» JUNO sensitive to both high and intermediate energy solar neutrinos |, "%
= 10" "Be [+ 6%)]
» Intermediate energy solar neutrinos 800 1000 1200 1400 1600 1800 2000 2200 2400 ZZ pep [+ 1%]
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« Model independent measurement of 8B solar neutrino flux (~5%) and oscillation parameters sinZ6;,, Am3,
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Supernova neutrinos(SN)

» A high-statistics detection of neutrinos from a galactic SN will provide us with precious information
about the explosion mechanism and intrinsic properties of neutrinos themselves.

» JUNO has excellent capability of detecting all flavors of the O(10 MeV) postshock neutrinos.

» Determination of the time evolution, energy spectra and

flavor contents of SN neutrinos LR
10" ¢ B IBD. Ey'= 1.8 MeV 7

» Main detection channel: IBD, v-p ES, andv-e ES
» Real-time detection of ~5000 IBD, ~1000 v-p ES and
~4000 v-e ES events for a SN @10kpc, assuming 0.2

10% |

E4 AN/IE

10
MeV threshold and with special triggers design o

JCAP 05 049 (2020) ,, |
0

2 1 10 50 100
Ed [A\IE\']
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Atmospheric neutrino

» JUNO NMO sensitivity from atmospheric neutrinos is complementary to that from the reactor neutrino

results.
» Exploit matter effects for neutrinos crossing the Earth.

» Contributions to the sensitivity of NMO, 8,3and &¢p.

J. Phys. G: Nucl. Part. Phys. 43 030401 (2016)

» Promising potential towards the low energy range.

Sensitivity (o)
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Diffuse Supernova Neutrino Background (DSNB)

» The integrated neutrino flux from all past core-collapse events in the visible universe forms the
diffuse supernova neutrino background (DSNB)
» Provide information: the red-shift dependent supernova rate, average SN neutrino energy

spectrum and the fraction of black hole formation in core-collapse SNe J. Phys. G43:030401 (2016)

w— DSNB: <E_>=15MeV

= sum of backgrounds

» Detection channel: IBD

—_—
=)
i

reactor vV,

E CC atmospheric ¥

» Background

—— NC atmospheric v

—— fast neutrons

v v, from reactor and atmospheric neutrino
mmm) \/isible energy range (10, 30) MeV

v' atmospheric neutrino NC

e PSD helps to suppress

v cosmogenic isotopes/fast neutron

number of events in 170 ktyrs [MeV"]

—
Q

"] I T T O III\A
10 15 20 25 30 35
— Muon veto prompt event energy [MeV]
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Exotic process

220%—
Proton decay z20e
» Main search channel: p —> vK™ 128

140
» Clear signature from 3—fold coincidence in JUNO 120

100
80
60
40

» Background: 207

K™ ionization — ™ ionization from K™ decay — e from u* decay

IIIITWIIIIHIIHIIIIIIHIIIIIIT

’_'_l:r-r“lL'\J

1 Illlll 1 1 (e 0 H R

> 10 107 10°
Muon mmssss) muon veto hit time (ns)

» Atmospheric neutrinemmmmms)  energy , Michel electron, neutron, time character

- TTT]

» Expected sensitivity: 8.34 x 1033 years (90% CL) in 10 years data-taking

: J. Phys. G43:030401 (2016)
Other new physics JCAPOL 039 (2016)

v Indirect dark matter search  v' Light sterile neutrino searches Chinese Phys. C 40 033003 (2016)

v' Lorentz Invariance Violation v Majorana neutrinos ( Phase 2, upgraded JUNO)
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