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Main physics goal:
V Mass Ordering determination

, J  7R T Huge mass: ~20 kton Liquid Scintillator (LS)
i J. £ ,",: :-'/ £ A 1

: b 7 /e AT Underground: ~700 m overburden

- \_f ' Ly Unprecedented energy resolution: 3% / VE (MeV)

Energy scale precision: < 1%

L rich physics possibilities



Jiangmen Underground Neutrino Observatory
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JUNO location
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Neutrino mass ordering at reactors @
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Reactor antineutrino detection @
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Top Tracker (TT):

3 plastic scintillator layers

Central Detector (CD):
Steel structure +
Acrylic vessel +

20 kton Liquid Scintillator (LS)

Water Cherenkov Detector (WCD):
~ 2400 20-inch PMTs

Experiment
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Detector challenges

ICaIibration house

Earth magnetic field
shielding coils

Light read-out:
~ 17612 20-inch PMTs

~ 25600 3-inch PMTs

Pool’s dimensions
*height: 44 m
diameter: 43.5 m

* water depth: 43.5 m

DEVENLE BOREXINO KamLAND JUNO
20 ton ~ 300 ton ~ 1 kton 20 kton
~12% ~ 34% ~ 34% ~ 78%
~7.5% /VE ~ 5% /VE ~ 6% /VE ~ 3% /VE
~ 160 p.e. /MeV | ~ 500 p.e. /MeV | ~ 250 p.e. /MeV | ~1300 p.e. /MeV




Overall detector design

Central detector:

e acrylic vessel with liquid
scintillator

e 17612 large PMTs (20-1inch)
e 25600 small PMTs (3-1inch)
e ~ 78% PMT coverage

e PMTs 1n water buffer

Water Cherenkov Detector (veto):

e 2400 20-1nch PMTs
e 35 ktons ultra-pure water
e Muon detection efficiency > 99%
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Top Tracker (veto):
e Precision muon tracking
e 3 plastic scintillator layers

e Covering half of the top of the
water pool




Muon Veto

T asks o Top Tracker —— __: —

e Shield rock-related backgrounds Support structure of top trackiil

. Water Pool sealing ™ -
e Tag & reconstruct cosmic-rays tracks

WC detector
Detectors: Ultrapure water system
e Top tracker: refurbished OPERA Tyvek film :
scintillators PMIT support frame ‘
* Water Cherenkov detector Coil for magneucﬂeusmendu{’;'f..'f

Main features:

» Careful temperature stabilization of the
water at 21%x1 °C

» Radon control in water - target 10 mBg/m3

» Earth magnetic field compensation coil
(needed for 20-inch PMTs)

» Pool lining: HDPE
» Pool sealing with a black rubber



Central Detector:
Steel Truss & Acrvlic vessel

e Stainless Steel Structure to hold the acrylic
sphere and to anchor the PMTs

&

rooted on the concrete floor of the water pool

supporting bars to hold the acrylic vessel 1j%ﬂ1'

earthquake-safe structure

>
>
» mechanical precision for 3 mm PMT clearance
>
» Steel radiopurity U/Th/K: = ppb

e Acrylic Vessel main 1ssues:

» built by bulk polymerization of 265 spherical
panels

» maximal stress < 3.5 MPa everywhere

» thermal expansion matching: 21°C = 1°C

» transparency > 96%
» Acrylic radiopurity U/Th/K: < 1 ppt

10




Central Detector:
Steel Truss & Acryvlic

vessel

Upper Gasket

.
-

Acrylic panel mass production ongoing < ‘

Bearing head —__

Bearing se::t\\ R Lower Gasket\{
Acrylic appended panely, a

Rolts and nuits—

Steel fing~% >>\ ”
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Appended O - structure
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2
acrylic panel ~_ - “ Acrylic spherical g;&g o

Panel size: 3 m X 8 m X 120 mm

Acrylic panel assembly test

Productlon of stalnless steel structure|

Pre-assemble of lifting platform




Central Detector: Liquid Scintillator@

Linear Alkyl Benzene (LAB) + 2.5 g/L PPO + 3 mg/L bis-MSB

Underground/online
Purification

Purification of LAB in 4 steps:

e A1,03 filtration column

- 1mprovement of optical properties

e Distillation

- removal of heavy metals

umnjoy gociy

' LAB shipping
I

LAB[—pe— | 517

® | N
= 1mprovement of transparency ;m' = _

X

e Water Extraction (underground) v E——— SS—

= removal of radioisotopes from U/Th/K

| o Required radiopurity:
e Steam / Nitrogen Stripping (underground) 5> Reactor neutrinos:

- removal of gaseous 1mpurities (Ar, Kr, Rn) 238y / 232Th < 10-15 g/g
40K < ]10-16 g/g
210Pb < 10-22 g/g

> Solar neutrinos:
238y / 232Th < 10-17 g/g
40K < ]10-18 g/g

12 210Pb < 10-24 g/g




d Scintillator@

: Liqui

Central Detector

Distillation plant
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Underground LS hall

Stripping plant
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Trimetric view - Scale 1:200



OSIRIS Detector

Online Scintillator Internal Radioactivity Investigation System

&

e Exploit fast coincidences in the

Water Tank: Head Tank\ ‘ /é‘:ﬁgg?g‘ Unit 2380 and 232Th chains
9m x 9m, 550m3 T ~

\ e 18 ton LS volume (©®=3 m, H=3 m)
4x Top i

Muon Veto PMTs | S | . s e Tnstrumentation:
: _ R 1 - 68x 20" PMTs for the scintillator

12x 20" PMTs for the muon veto

Steel Frame with Total expected background contribution in OSIRIS

optical separation Total
/mx8m —— 1C s

., — 210pg LS

4 — 232Th rock

e __ 220Rp shield
Inner PMT Array: X 2281 <hiald
64x 20”’-PMTs &5t — n shie

B —

1,‘-
Acrylic Vessel
17t of scintillator
3m X 3m
8x Ground 105 |
Muon Veto PMTs 5 . . . ] ; :

0.5 1.0 1.5 2.0 2.5 3.0

Energy [MeV]



OSIRIS Detector

&

Online Scintillator Internal Radioactivity Investigation System

Head Tank Automatic
Water Tank: e e .
9m x 9m, 550m3 \ \T" ‘ ~ Calibration Unit
4x Top
Muon Veto PMTs

Steel Frame with
optical separation
/m x 8m

Inner PMT Array:

i
A &
/ > ' b
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— X 1y ¥ |
64x 20”-PMTs messe| 1
o ¥
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TR #eT

Acrylic Vessel
17t of scintillator
3m X 3m

8x Ground

Muon Veto PMTs

Cantamination Sensitivity (Bg/kg)
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Central Detector: Large (20”)PMT system@

e 15000 MCP-PMTs from NNVT (Northern Night Vision Technology)
e 5000 dynode PMTs from Hamamatsu (R12860 HQE)

e 17612 PMTs will collect the scintillation light of the CD

e Tn production since 2016

e Bare PMT testing completed

Specifications MCP-PMT (NNVT) R12860 Hamamatsu HQE PMT
Acrylic cov
Det. Efficiency (QE*CE) % 26.9% (new Type: 30.1%) 28.1%
(PDE)
Hook
Peak to Valley of SPE 3.5, (>2.8) 3, (>2.5)
Stainless-
steel cover
TTS on the top point ns 12, (<15) 2.7, (<3.5)
Rise time / Fall Time ns RT~2, FT~12 RT~5, FT~9
Anode Dark Count KHz 20, (<30) 10, (<50) Clamp
Waterpro
After Pulse Rate % 1, (<2) 10, (<15) potting
Radioactivity (glass) ppb 238U: 200 238U: 400
232Th: 120 232Th: 400 NNVT PMT
a0K: 4 40K: 40 16




PMT Testing Containers (all PMTs):
e Capacity: 36 (-5) PMTs per Contailner
e Relative PDE Measurement:

1l fixed & 4 rotating reference PMTs
e Magnetic shielding: 10% EMF
e Climate control systems

Scanning Station (5-10% of PMTs):

e Provide non-uniformity
measurement of PMT parameters

e Study dependence of PMT
performance on magnetic field

e Provide a tool for precise PMT
studies and cross calibration

DRAWER BOX 700
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L PMT elect ]
Custom HV (JINR) FPGA for Trigger and
(0-3kV)/300uA 12bit, 1Gsps Signal Processing

20000 ch. for LPMT

Signal + Hv Under Water Box
. . Global Control Unit EFI);: ?:“ped(::::
Flnal SOlU.tlon: /S~ | power cable
: ‘ vorace il |chp ;mmi Sync link CLK
» 1 GHz sampling FADC in a small under water i
box (UWB) in water (x3 ch.) Vel Fx | EAmi e
» all cables i1in corrugated pipes = 2Ll % e
: synciin Enterprise  — DAQ
Cable length: wz;m ' Switch
HV+Signal 2GB RAM
» 1.5 m from PMT to UWB
» 30 to 100 m cable from UWB to back-end Front-end bellow with
. coaxial cable (1.5 m)
Dynamic range: 1- 4000 PE
PMT Front-end and read-out

Noise: < 10% @ 1 PE electronics

Resolution: 10% at 1 PE, 1% at 100 PE

I:u’“-l-. ,.-.:-\'—'—--,'_‘-;-.‘l'-l, ~ -.r-n -"l-l“_:""'-:'l
— L l.:j_ el Cabico

(30 - 100 m)

Failure rate: < 0.5% over 6 years
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Central Detector: Small (37) PMT system@

y . )‘_" ‘,‘;A
‘. ’ X L" fa

» Double calorimetry

» Always 1n photon counting mode in 1~-10 MeV range

» Almost no instrumental non-linearity: calibration
of large PMT array

» Mitigate saturation effects at high energies

» 25600 small PMTs 1in the Central Detector
e 2.7% coverage
e Provided by HZC Photonics (Hainan, PR China)

] Front-End board

» Independent physics measurements: f . UnderWater Box

e Muon tracking (+ shower muon calorimetry) heat sink ~_ / :;”,'»
e Solar oscillation parameter measurement \ sl

e Supernova readout ) | Under-water connectors
o Ay £ Toward PMTs

= High voltage splitters
™ Global Control Unit

™~ heat sink




Calibration system

Automatic Calibration Unit

Calibration house

1
Yo C: ‘

OV guide rail

Cenftral cable

Side cable
spool

0

source storage

Strateqgy:

e Many sources (LS non-linearity)

e Tunable photon source (electronics non-linearity)
e Many locations (detector non-uniformity)

source Type Radiation
e o, i, 37 (s 0.662 MeV
ot A e S No o | 0.835 McV
= A 0Co y 1.173 + 1.333 MeV
L WK y 1.461 MeV
2 BGe et | annihilation 0.511 + 0.511 MeV
“TAm-Be | n, 7 neutron + 4.43 MeV (12C*)
Neutzon ¢ Gomma 2MAM-BC | n, v neutron + 6.13 MeV (1°0*)
. ¢  JUNO detector ,(n,"*/).p 7 2.22 Mev
- central axis (n,v)*C Y 4.94 MeV or 3.68 + 1.26 MeV

ACU (Automatic Calibration Unit)

Side cable
Central cable

Source storage system
ROV

Guide Tube System 2°

Cable Loop System (Remotely Operated Vehicle)



Expected calibration performance @

Instrumental non-linearity
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Civil construction
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Cosmic Muons

JUNO site
~ 700 m overburden, 1800 m.w.e.

Expected muon rate
e The muon flux at the JUNO site is ~0.004 Hz/m2 with a mean energy of 207 GeV
e The rate of muons passing through the liquid scintillator is 3.6 Hz

e The rate of muons passing through the ultra pure water is 10 Hz

Tagging efficiency in the liquid scintillator: ~100%

Muon veto strategies using WCD and TT to cope with induced background impact
requirements

24



Muon induced background @

Fast neutron background

e Neutrons are produced by muons passing through rock and detector materials: 1f they
reach the liquid scintillator (fast neutrons) they may i1nduce a prompt proton
recoil and then be captured by H or C - can mimic an IBD event

* Muon tagging removes this background (99.8% efficiency of Water Cherenkov detector)
e Fast neutron background < 0.1 c/day (even lower if including Top Tracker tagging)

Cosmogenic background

e Muons and muon showers interact with 12C in LS producing Z = 6 1sotopes by hadronic

or electromagnetic processes: P—n decaying nuclides are produced that can mimic IBD
signal

e 9,1 and 8He are the most dangerous correlated background sources

e Various physics-driven models for veto strategies to reduce the impact of
cosmogenic background i1n the different JUNO physics channels

25



Natural radioactivity background

Must be controlled at the lowest possible level
to reduce accidental count rate.

&

Target: < 10 Hz 1in Fiducial Volume (FV)
Current background budget
\aterial Mo S_—- 23T2?;ﬁet 1ﬂ§11r1tg]06§)£;§;‘5}§it10n — il;iles mFI;OI

t| | [ppbl | [ppb| | [ppb] mDBq/kg| | [Hz] Hz

LS 20k | 107 | 107% | 1077 | 10~ ppb 2.5 2.2

Acrylic 610 | 1072 | 1072 | 10°° 8.4 0.4

SS truss and nodes 1k 0.2 0.6 0.02 1.5 15.8 1.1
dynode-LPMT glass | 33.5 | 400 100 40

MCP-LPMT glass | 100.5 | 200 120 4 26.2 2.8
dynode-SPMT glass | 2.6 400 400 200

Water 35 k 10 mBq/m? 1.0 0.06

Other D 0.6

Sum H9 7.2

26



Signal and background

Preliminary antineutrino selection criteria:
e fiducial volume: r < 17.2 m

-\

n A ¢ adeyed % * prompt energy: 0.7 MeV < Ep, < 12 MeV
_ S e delayed energy: 1.9 MeV < Eg < 2.5 MeV
%.uq;\fﬁﬁi rEENeD e prompt-delay time difference: At,¢q < 1.0 ms
7(511keV)«-:\-‘----»v(snkeV) e prompt-delay distance: Dpg < 1.5 m

(f|

+ muon veto criteria

Modified from JPG 43 (2016) 030401

Selection IBD efficiency | IBD | Geo-vs | Accidental | "Li/*He | Fast n | (o, n)
i - 62 1.5 - 84 _ _
Fiducial volume 91.8% 57 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 55 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 45 1.1 0.9 1.6
Combined 73% 45 3.55

27



Neutrino mass ordering at JUNO @

. . I " : 2 .
Neutrino MO estimator: JUNO is the first experiment to see both Am? at the same time

x103
A 2 |42 2 I : : :
A)(. MO — ‘Xmin(N()) — Xmin (I())‘ 120 2000 days of data takmg - No oscillations
I ~~=~ Only solar term
: I —— Normal ordering
In 6 years of data taking 100 - Inverted ordering
(~100k IBD events): > |
2 I
Expected: 42 ~ 10 = 80f
— .
Significance: ~ 30 o |
o O0F
= i
Q -
Lﬁ n
Ay?2 increase: 401
e 25% reactor power reduction i
e exp. hall shift - overburden reduction (+30% muons) 20F
g
° i I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 ~
Ay? decrease: 00 1 > 3 4 2 5 7 3 9
e measured PMT detection efficiency better than design (+2%) Es, (MeV)

* new optical model: higher photo-e- yield - |
Sensitivity basically unchanged

w.r.t. JUNO Yellow Book
J. Phys. G 43, 030401 (2016)

e input reactor spectrum better constrained by TAO detector

e more efficient event selection: live time increase (+10%)
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Neutrino oscillation parameters at JUNO@

JUNO is the first experiment to see both Am? at the same time
x103

120 :_2000 days of data taking —— No oscillations

- Only solar term
- Normal ordering
- |nverted ordering

Unique peculiarity of JUNO: _
simultaneous estimation of the 100E
four oscillation parameters !

80|

. 9. ‘ ‘ 60

wlill be determined with a precilision
of 0.6%5 1n 6 years of exposure

Events per 1 MeV

40}

201

A new detailed study 1s ongoing to incorporate
several updates to the analysis of the JUNO
Yellow Book. Results will be soon released.
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?7 MeV fission)

cm

-45

IBD Antineutrino Spectrum (10

Spectral uncertainties

PHYSICAL REVIEW C 98, 014323 (2018)

12.5 ¢ 95y

98Nb 92Rb

101Nb
102TC

10.0 ¢

75 | 90y

100
50 | b

25 1

0.0

15 25 35 45 55 65 7.5
Antineutrino Energy (MeV)

8.5

e Large scale fine structures constrained by
Daya Bay experiment

e A known fine structure does not hurt JUNO
mass ordering determination

= Tested with multiple spectra with fine

local structure from ab initio calculation
(PRL 114:012502, 2015) -» no major effect
on JUNO sensitivity

e Unknown fine structure might have a larger
impact

Taishan Antineutrino Observatory (TAO)

A satellite experiment of JUNO to measure
reactor neutrino spectrum with unprecedented
energy resolution: < 2% / VE [MeV]

= provides model-independent reference
spectrum for JUNO
30
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TAO detector arxXiv:2005.08745 @

__ 5100
. e 2.8 ton Gd-LS 1n acrylic vessel
‘ e 10 m2 SiPM for light detection on a
O (]
e . s = lae spherical copper shell
Water tank o * Operated at -50 °C
¢ S e High energy resolution
‘ e 3.45 ton buffer liquid
o ® «
=k= - e Cylindrical stainless steel tank i1nsulated
g & = ‘§ with 20 cm thick polyurethane (PU)
E N * Muon veto: water tank + PMTs on side and
;‘Hr o o plastic scintillators on top
e 30 m from Taishan core (4.6 GWin)
P' ¢ « ~ 003
_l % E —e— Total
Oj_'= = 0025 - ———— Statistics 3
22100 2 = - —e— Neutron Recoiling
% - —e— Scintillator Quenching
5 002 Charge Resolution
Expected event rates % E Croce Talk
IBD signal 2000 events/day 20015F Dark Noise
Muon rate 70 Hz/m? oiE
Singles from radioactivity < 100 Hz F
Fast neutron background after veto < 200 events/day 0.005 |-
Accidental background rate < 190 events/day . NS e e o
8 9T 1 he . . 2
He/ Li b&CkgI' ound rate ~ 54 events/ day ’ ! Equiv?nlent Visiblg Energy (I\I/I(Z:V)




JUNO will be the largest neutrino observatory ever built with
unprecedented energy resolution for detectors of this type

Main goal: determine the neutrino mass ordering with a sensitivity
of 30 (may improve 1f combined with other experiments)

First detector to see many oscillation cycles in the same experiment
Sub-percent measurement of neutrino mixing parameters

Very rich parallel physics program, i1ncluding Supernova neutrinos,
atmospheric neutrinos, solar neutrinos, geo-neutrino, nucleon
decays, and exotic searches

Detector construction to be completed by 2022
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