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The JUNO main detector

« JUNO (Jiangmen Underground Neutrino Observatory) is a medium baseline (53 km)
reactor neutrino experiment, located 650 m overburden.

« JUNO measures the neutrino flux from 8 reactor cores dispatched in two nuclear power
plants (combined thermal power of 26.6 GW).

Why is JUNO a particular experiment?

— Largest and most precise ever built liquid scintillator (20 kton LS) detector with
Impressive PMT coverage (78%) and 3% at 1 MeV energy resolution

®_ JUNO
3 "x Taishan NPP
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The JUNO detector

Top tracker

Earth Magnetic Fields

shielding
coils

Central detector:

* Steel structure
* Acrylic Sphere
* 20kton LS

PMT:

* 17612 20" PMTs
* 25600 3" PMTs
*» ~78% Coverage

Wz;ter pool depth 44 m

Veto:
* 40 kton Pure water
e 2400 20” PMTs
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JUNO - TAO

TAO (Taishan Anti-neutrino Observatory), arXiv: 2005.08745 AU  Plastic
satellite detector of JUNO: — _ Top Shicld (HDPE)
« 2.8 kton of Gd-dopped LS I 1 :

. Located ~30 m from one nuclear core o o o P

Energy resolution: < 2%/VE[MeV]
94% coverage with SiPMs

GO&lS _Q;zz;l:f
> Precise and independent measurement et
of the reactor neutrino spectrum with | ot ticld

high event statistics T P A T R AN T e AT
> Monitoring reactor for nuclear safeguards o
> Search for light sterile neutrinos 1:1 prototype under construction in ICHEP

> Make improved measurements of
Isotopic yields & spectra

@G. Andronico, Flavour Physics Conference 2022, JUNO: Status and physics prospects INFN

...........................




The JUNO detector

Primary goal: precise measurement of
reactor neutrino oscillations and Neutrino
Mass Ordering (NMO) determination

Requirements:
« High statistics (~10° events in 6 yr)
. Energy resolution: ~3% @1MeV

. Energy scale uncertainty < 1%

How?

. Large LS volume (20 kton)

. High LS light yield & transparency
. High PMT coverage and efficiency
. Two complementary PMT systems
. Complementary calibration systems

. Using JUN

N 1LTAOD

~ Experiment Daya Bay Borexino KamLAND JUNO

LS mass 20/detector t ~300 t ~1000 t ~20000 t
Photor? ~160/MeV ~500/MeV ~250/MeV . 1665/MeV
collection

Energy ~7.5%0 1 MeV | ~5%0 1 MeV | ~6%0@ 1 MeV | ~3% @ 1 MeV
resolution

PMT 192 8-in. 2212 8-in. 1325 20-in. & | 17612 20-in. &
number 554 17-in. 25600 3-in
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Neutrino detection in JUNO

« Reactor electron anti-neutrinos are

Sensitive to v, survival probability:

observed by Inverse Beta Decay (IBD) L0022
via the positron signal (1), and the 6 years of data taking —— No oscillations
following neutron capture (2): -4 Only solar term
go | | ¥ — —— Normal ordering
Ue+p—e +n (1) : Inverted ordering
=> Ly
n+p— d+ Y (2) < L vy —
—_ E-U_-
: . o
. Very clear signal: prompt + delay coincidence & [ | v s—
1 1ol _ . c 40
in the (visible) energy range ~[0.7,8] MeV: g 4or
A - lSiH2 2613
B 20}
n - ,'/ delayed \_,—‘ : 5 |
‘/ \, ~ 200 ps '/ g L\mm
o v [ | -
V. ®---> @ T T e e S T
e a vy (2.2 MeV) 0 1 2 3 4 5 6 7 8 9
AR

\
\
\

vy (511 keV)« - -- @ - - - » ¥ (511 keV) Requirements (KEY):
e’ « High statistics

. Energy resolution: ~3% @1MeV
. Energy scale uncertainty < 1%
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JUNO physics program

‘
SuperNava v

5k in 10's (10 kpc)
\
‘\ Wimp !
(dark métter)
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O(10—1000)/day i Atmospheric v
/
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/

Reactor v
~ 60 — 80/day

@G. Andronico, Flavour Physics Conference 2022, JUNO: Status and physics prospects INFN
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Neutrino source Expected signal

Reactor 45 evts / day

Supernova burst 104 evts at 10 kpc
Diffuse supernova background 2-4 evts/ year
Sun éB (7Be) 16 (490) / day

!
|
!
|
!
!
|
Cosmic rays 100+ / year :
|

Earth crust & mantle 400 / year : :
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Status of the central detector

Acrylic sphere (LS container) ——— sypported by Stainless
Steel (SS) Structure:

mp = °
—y

Pre-assembly at Doncha

Inner diameter: 35.40+0.04 m
Thickness: 124+4 mm

Light transparency > 96% @ LS
Radiopurity: U/Th/K < 1 ppt

. All pieces ready on site
. Installation just started
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Status: liquid scintillator

Highly transparent and low radiopurity LS for better E resolution and lower background
i £ iiie ML \4 (

Ongoing...

5000 m° LAB tank Add 2.5 g/L PPO and 3 mg/L bls M__J

All the LS related systems will finish assembly in summer.

—— Pl

Belng mstalled

SS pipes to
underground

85%

/OSIRIS: 20t JUNO pre-detctor, to observe JUNO filling and verify liquid purification system

/Liquid scintillator:
LS mixing + purification systems are almost ready —will start commissioning after summer

@G. Andronico, Flavour Physics Conference 2022, JUNO: Status and physics prospects INFN @



Environmental cleanliness control

10" ¢
: —=— bottom of pool
. +— top of pool
Acceptable dust in 20 kt LS: < 10 mg! PO PO
10° £
w C
m -
()
£
=
8 105
S ' v
= ‘
O ! \ f \/
[} f
w . . \
L Our requirement
0104__ | | | ! | 2 . | .
: Finish thorough | Cargo shower installed %
cleaning onsite Pressure in the hall: wp
. negative - near ordinary
10 :7 lllll l llllll ‘ llllll ' llllll ‘ llllll ‘ llllll I llllll ‘ llllll l llllll l llllllllllll ‘ llllll l llllll l llllll ' llllll ‘ llllll
O A O ® A x O O A X AN A N ©
A GO R A g L L o I S g
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With great efforts onsite: the cleanliness in the hall reaches better than Class 100,000
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Status: electronics (PMTs)

i , i Photon Detection Efficiency
Synergetic 20-inch and_ 3-inch PMT systems to 1000 —— e ——
ensure energy resolution and charge linearity a0l S sy e ek
y o 1 A8 ¢ ¥ ‘, s / . g ' T/- ®
| 4 /'/ S el Underwater
. = & Acrylic cover 2 electronics
- 400
s +
H# .
s High PMT
0 - : coverage
20 25 30 35
PDE Corrected [%] +
Dark Counting Rate .
[ ALL:Mean = 27.6kHz, STD =15.7kHz ngh PMT
200 [ NNVT:Mean = 31.2kHz, STD = 15.8kHz L.
175 [ HPK:Mean =17.0kHz, STD = 9.7kHz eﬁICIenCy
}': 150
S 105 Instrumented with
S 100 waterproof potting
$ o Improve E
* 0 resolution
25 |
0 |
0 20 40 60 80 100

DCR [kHz]

. All PMTs produced, tested, and instrumented with waterproof potting

Electronics: | Assembly finished and connections being tested — Installation in October
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Status: veto detectors

Water pool: Top tracker:
- 35 kton of ultrapure water cherenkov detector - Built from OPERA's tracker layers
- Will act as passive shield and veto for cosmic - Goal: study and veto cosmogenic

muons (> 99.5% efficiency, 2400 20’ PMTs) backgrounds and atmospheric muons

%

> 6000 m2 ||ner

Y /. Prototype working h
. Water pool liner construction finished . Modules already at JUNO site
. Water pipes and extraction system: « Mechanical structure design done
installations done — will provide clean  Electronic design done
. water underground soon ) \_» To be produced and tested this year
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Detector calibration

> Crucial to understand detector response non-uniformity
and achieve: <1% energy scale uncertainty + 3% at 1MeV
energy resolution

> Four complementary sub-systems: 1D,2D and 3D scan
with multiple calibration sources

[spool’ ol
l i ‘ Automatic Calibration Unit

———fR 0V guide rall
| Calibration house

=il

—Lerldge

source storage

Source

JHEP 03 (2021) 004

Cable system finished prototype test
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Distributed Computing

Infrastructure

Based on international connections between NREN used for
LHC experiments

Accepted in LHCONE community

Based on Worldwide LHC Computing Grid and DIRAC

LCINZP=

Actual
resources
1 : 1
| | |
KHSO06 6.2 PB 35PB
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First Data Challenge

5Gb/s with network control 8Gbl/s

Transfer with Dirac DMS
: 8Gbls

I
‘ ) \\ ‘. H l“ I w ‘

5Gb/s

x,‘.ww
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Reactor neutrino oscillations

Analysis updates:

Two reactor cores less (8 VS 10)

Updated accidental baseline rate (see arXiv:2107.03669 for more details)
Contribution from all other reactor power plants included in the analyses
Constraints from TAO considered

Better understanding of the detector:

. New detector response (e.g. energy non-linearity)

. Updated light yield and energy resolution:

Change Light yield in detector | Energy resolution | Reference
center [PEs/MeV]

Previous estimation 1345 3.0% @1MeV JHEP03(2021)004
Photon Detection Efficiency (27%->30%) +11% T arXiv: 2205.08629
New Central Detector Geometries +3% 1 2.9% @ 1MeV
New PMT Optical Model +8% 1T EPJC 82 329 (2022)

— Impact on the neutrino oscillation analyses?

**See detailed poster contributions at Neutrino2022:
https://zenodo.org/communities/neutrino2022-posters?page=1&size=20
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Reactor neutrino oscillations

Sub-percent precision measurement of the
oscillation parameters (arXiv: 2204.13249)

« Profit from spectrum precise measurement to
arXly: 2204713249\ .. LRI R — extract oscillation parameters with <1%
: ‘ : - — IBD+residuaI;BG rrrrrrrrrrrrrr pl’eCiSion

o - 2 2 2
« Probe simultaneously Am<,, and Am~,,/Am*,,

10 12

_— 6 8 1 I I
Visible Energy [MeV] driven oscillations

Determination of the neutrino mass ordering  — JUNO will reach sub-percent precision level
on Am?,, , Am?,, and sin%g,, in 1-2 years

5 2 25 3 .5
Visible Energy (MeV)

Reactor U, signal IBD event number (x10%) “21 ’ & aed 1 2l s
0.0 0.5 1.0 15 2.0 2.5 3.0 S S S PYERs
FrrT T T T TR T T E —— Stat.+syst.
JUNO Simulation Preliminary v P , ., JLIoes. e
L 50 e 0 |ttt X1 AN . i i @ Am§ *  Amj,
5 Y BN :-::':::= ---------------------- N QT?- 101 IR, 4 5i|"|26],2 ” 5i|"|2313
— [ 4o = E ]
B 5
=
— 30 @
3f s A e - =
Y NO: stat. only . v
C —— NO: stat.+all syst. =
2 ' JUNO+TAO I0: stat. only 1 %
N —— 10: stat.+all syst. | o
1. Ll Ll | i I PR I I =
0 2 4 6 8 10 12 14 16 18 20
JUNO exposure [yearsx26.6 GW] | .
10_2—_......... \ ...Il...| { T W A . .......‘__.-
g 1y ‘ . 10° 10 10° 10°
— SenS|t|V|ty. 30 in ~6 yrs of data taklng JUNO data taking time [years]
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Atmospheric neutrinos

— Neutrino oscillations and NMO can also be assessed using atmospheric neutrinos

3.0

Why atmospheric neutrinos?  Rhoon neuirines -~ Track fiks
2.5 " Electron+Muon Point+Track
. Complementary detection channels: 5 zop lomalflemely T :
independent measurements and systematics 15
« Boost of NMO sensitivity using both channels: 5
— NMO determination at 3o faster! 7
. Exploit matter effects on oscillations R
it . 1 2 '| 1 1 1 1 1 | ] 1
« Additional parameters: sin<6.,,, and d., 0.0
[Ongoing analysis ] om pibtbifdudit
— Flavor - dependent energy spectrum can be v :
measured in the (0.1 - 10) GeV energy range -l
. .. . . Q - W JUNO -This work (5 yrs) v,
— V. /v, discrimination based on time pattern of o [ F sweranmoeemisy,
.o . . . L E s M W= 3
scintillation light possible vl s eipd e inibock
. . 104 ;— 8 JUNO - This work (5 yrs) v,
[ Results published in Eur. Phys. J. C (2021) 81:887 ] = B Swskmdmie ey,
e P v, P ok
_¥1| Vil Lt L | st 01 ik R (Rt bt A= (i) ] i Wt o i=e] him-d Lo Loal (= (4= L=kt i

— Promising potential for GeV neutrino physics 0% 0 05 1

15 2
log . {Er ! Ge\)
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Solar neutrinos

* Main detection channel — v, elastic scattering (ES) o —
* JUNO can benefit of its enormous statistics 10" L
* Different fluxes could be detected: . o
(] 7Be f;,_cwa
« 8B % :E: "B [+ 12%)]
- Pep iy T
« CNO 10° hep [+ 30%]
kT

1
Meutrina energy [MeV]

10

. Intermediate and low energy neutrinos (< 2MeV):
Measure simultaneously pep, ‘Be and CNO fluxes — Crucial: internal level of radioactivity

pep rate relative uncertainty [%6]

Exposure [kt y]
40 60

80 100
: .

Exposure [kt y]
40 60

80

_Curl"e

nt best result |

CNO rate relative uncertainty [%)]

T ' T

Exposure [kt y]
0 60

80

Current b.cst reSult

Be rate relative uncertainty [%)]

Borexino-like

Ideal
——— Baseline
—— IBD

—— — Borexino result

Borexino-like Borexino-like
E Ideal
F — Ideal
- Baseline
i —— B0 | pep-U as free paramete Baseline
| | 1 .| — — Borexino result —P‘c‘Pl 5| r .P. [ lr‘ — — Borexino result _ Ll | Ll
0 2 4 6 8 10 6 8 0% 2 4 8
Time [y] Time [y] Time [y]

See: DOI:10.5281/zenodo.6785412
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Solar neutrinos

High energy (8B neutrinos) — Chin. Phys. C 45 (2021)

Possibility to use CC and NC interactions on 3C
Unprecedented detection threshold at 2 MeV

=
=
LA

~"BveES
¥
f hep v-e ES By 2R *1.i *He
ep
Reactor V-e ES D'E'Th B “c 'Be
£

Events/0.1MeV
2

T (EREETI Rt EEEET Rt

Visible Er{grg}-' [MeV]

More precision: contribute to solve metallicity puzzle
Spectral shape: study day/night asymmetry + other NSI

— Simultaneous determination of sin“0,
and Am?_, with both solar and reactor
neutrinos in one experiment

8 \ /
r.::‘.id _51
2 \_EE__#'/ :
- JUNO 1
10" —6 y reactor ¥ (30) B
— :—I{I'yBBsﬂlar v ]
Ry . /
= [ = 5
ES[ B
aF 5N
11 T
TR T R T T R (N NN T TN N NN U A N RN N i
.15 02 0.25 0.3 ) (.35 0.4 (.45 2 4 _1:-1 2
sin®,, Ay~
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Exotic physics
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And more ...

Geoneutrinos

» Unique neutrino source to probe the inner structure of Earth
« Earth’s Th/U ratio and mantle still not fully known yet:
 Study radiogenic contribution to terrestrial heat production

Supernova burst neutrinos

* |n case of Galactic CCSN, JUNO will be able to detect the CCSN flux from all neutrino flavors with
high statistics

Multi messanger astronomy

« Two strategies to trigger a transient event:
* Prompt Real-time Monitor:
« Higher energy threshold (~1MeV)
* Increase sensitivity horizon
* Multi-messenger (MM) trigger:
» Lower energy threshold (~20 keV)
* Increase signal statistics

Diffuse supernova neutrino background

 superposition of neutrino signals from all past supernova explosions, yet to be observed
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JUNO — AN INSTRUMENT WITH AN
INCREDIBLE PHYSICS POTENTIAL

Civil
construction
2013 { 2022

; \ % SN
- 2015 - 1 ,
’ Detector TR
- constructlon _d

@G. Andronico, Flavour Physics Conference 2022, JUNO: Status and physics prospects INFN




JUNO — AN INSTRUMENT WITH A4
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Backup
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Geoneutrinos

. Unique neutrino source to probe the inner structure of Earth
(from 238U and 232Th decays in Earth’s mantle and crust)

. Earth’s Th/U ratio and mantle still not fully known yet:
important parameter to understand Earth’s formation

« Study radiogenic contribution to terrestrial heat production

—3ignal from local crust is crucial for the 458
interpretation of results 400
—Local geological studies ongoing to
tackle largest uncertainty source

350

. . . 300
—Major improvement with respect to

Borexino and KamLAND due to higher 20 Accidental
statistics in JUNO (400 ev/yr expected) 200 Li - 8He
Main backgrounds: 150 MC simulation for 3C(a,n)'¢O

100

i
| year data — taking E

1 VV 3 4—» 5-_ 6 7 8 9 10
Visible energy (MeV)
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« Fast neutrons

. Accidentals




Supernova burst neutrinos

e e
2¢ Ne. EB=15.1 MeV

. If there is a Galactic CCSN, JUNO will be able to detect

the CCSN flux from all neutrino flavors with high statistics ‘ i
« Dominant detection channels: IBD, v-p ES, and v-e ES ' o
. High signal rate — almost background free observation

: IBD, EP'= 1.8 MeV 7

Eq dN/E,

— Good energy and time resolution + flavor classification:
JUNO will measure:

E4[MeV]

Direction:

. 75 68%CLregion
45° /fvo“”‘xici T e |0:22.7

o~ Preliminary. s e

3
15°/

d d ) y s s\ O\ N\ N
Fla.vor epen ent nghtcu rve: & l,- -1502120°-90° _spo' _.3\0 "L'. 60° 90° 120°150° 'v‘4
\ - ] |
energy spectrum : - AN Uy
(time profile) ST AL
— prior N - \ — /£
108 Ve Ve + e E _45'?"*»»;77:‘“; - JU NO IBDS -.J/,-f"//
1077 : T 1200 -60° ‘--_—7_53__———_'_'_{-"
1000 = 2 A
2 1os 3 = § o Preliminary
2
§ 1014 I (b\ 1 1
g QS l [
© 101 | N
% NN
.g 1018 Vu+t \\
E’ 10v7 Q&e
1016
10]5
104 TR PR
. 0 1000 2000 3000 4000 5000 6000 7000 8000
1051020 30 40 50 60 70 80 10 20 30 40 50 60 70 80 Time [ms]
E, [MeV]
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Multi-messenger astronomy

Two strategies to trigger a transient event:
« Prompt Real-time Monitor:
+ Higher energy threshold (~1MeV)
+ Increase sensitivity horizon
« Multi-messenger (MM) trigger: | hp
+ Lower energy threshold (~20 keV) i
+ Increase signal statistics

] PU

AFPGA+CPU)
I3
29

ARSSaSY |
|

—
| P Sae ez R
BEC
by (FPGA)

Real-time monitoring based on:
«+ Sliding window method
+ Bayesian blocks algorithm

Trigger-less |;
(r.Q) 1R

If transient astrophysical signal triggered: pAQ
— All (triggerless) data are stored to obtain @SS

the most physics reach in offline analysis

> JUNO as a powerful neutrino telescope for transient MM observations

cTu
(FPGA)
’ o

i ~ Global Trigger

‘ } —
GU ! RMU §
(('PG_A)' o & oIEPGA) | J

| (~7RMUs)

> Major role in the next-generation Supernova Early Warning System (SNEWS 2.0)
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Diffuse supernova neutrino background

Diffuse Supernova Neutrino Background (DSNB) = superposition of neutrino signals from all

past supernova explosions, yet to be observed

« Discovery of DSNB signal will provide important c v
information on astrophysics and cosmology 2% B
. Detection in JUNO via IBD, with main background <" =

from NC atmospheric neutrinos

. Selection: [12-30] MeV + fiducial volume + PSD
(pulse shape discrimination, signal vs background)
— efficient background rejection

Events in 3.6 kt x 10

before cuts = sfter cuts

2
DSNB _
eactor V

l:i’L'u?[ﬁJHe

Fast neutron
Atm-v CC
Am-vNCw/ "'C ]
Atm-v NC w/o ''C 4

L

|

[ | S A T S

10 15 20 25 30 12 14 16 18 20 22 24 26 28
o e ’0-.',,| Fr T oL T I LY da) b G ol ol Taie ek
-> 1 2 -, { —e— JUNO (90%C.L.),10 yrs _d Prompt Energy [MeV]
B #— KamLAND (2021) =
] 4. ” -
ey —— - 202 == w R (0) = 05107 yr! Mpc™ - o
E . | - W(-O-,” o f U — I{,.__.\i':;j:- ]J-]lJE\'.‘}If\-]p('[E — 18MeV [ = BH: 0.40
L2 . e SK-I.III.III (2012) | —_ R 110% yrt Mpc™® L 15Mev | [ BH:027
w 10 s = - ##| —— Borexino (2020) ; 12 ) [ 2mev | [ BH:O
o — e — — — = B
3) i © - -
g 1 E 2 : :
= 3 = o -
) N ‘E _i [
> 10 2 [ [
(L i S T, o o
z 1 T, Ssaee.| 000 b aeememT [ C
A | F—(E)12MeV,f =0 R, e g 3 -
B 1072 = (& )=15MeV. /=027 : N arXiv: 2205.08830 | ¢ -
Model I E—(E)=18MeV, [ =0.40 AT I I TP IPIPP TP PR I [
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P 10\- Runing time [yr]

5 10 15 20 25 30 35

E,[Mev] 30 discovery after 3 years data taking for nominal model
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