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JUNO: Jiangmen Underground Neutrino Observatory
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Main goal is the measurement of Neutrino Mass
Ordering using reactor neutrinos
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Reactor anti-neutrinos

Nuclear reactors are extremely intense, well understood and 7.-pure source

N — . el
—— Cross-section (ma}\S Ja
—— Emitted spectrum t‘ﬂe " “ ,' \\ delayed
—— Detected spectrum \ 7/

c% De / /'
£ == ¥
2 p \\\\ e+ ~Y (2.2 MEV)
e
v NG €A
“-—=- »----»
T2 3 4 5 6 7 8 ¢ (511 keV) (511 keV)
Antineutrino kinetic energy (MeV)
prompt
e Typical flux ~ 2 x 1020 Ve/sec/GWin e Detection via Inverse Beta Decay
® Reactor neutrino allows for a wide range of e Prompt-delayed coincidence: energy, time, space

experimental baseline (few m to 100 km) to

. e e Neutrino enerav: E£o. ~ Eprompt + 0.78 MeV
explore different oscillation feature JY @-)
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JUNO experiments main goal

e the reactor neutrino spectrum at 52.2 km
PPs (first “solar” minima) to resolve the fast

Amz,, Amg, and extract NMO
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—— No oscillations

—— Normal Ordering

Only solar term

— Inverted Ordering |

arXiv 2405.18008
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Oscillation probability

Neutrino energy [MeV]
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Requirement of the experiment
 Large target mass: 20 kton liquid scintillator (LS)
v’ Large statistics
 Excellent energy resolution: 3% at 1 MeV
v Large photocathode coverage
v High photon detection efficiency
 Highly transparent liquid scintillator
 Control of energy scale and systematics
v’ Calibration and quality control of PMTs

&



https://arxiv.org/pdf/2405.18008
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JUNO detector design

® Huge homogenous calorimeter

e 20 kton
v @52

_iquid Scinti

<m from NP

lator

P ~2.3 reactor IBD/day/kton

* Precise and accurate energy reconstruction

Experiment

DayaBay

Borexino

KamLAND

v Energy resolution: < 3% @ 1 MeV
v Energy calibration: < 1%

JUNO

Target mass [i]

20

300

1000

20000

Energy resolution
at 1 MeV

~8.5%

~5%

~6%

< 3%

Energy calibration
uncertainty

0.5%

1.0%

2.0%

< 1%




JUNO detector design

Top tracker and
calibration house
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To ensure high photon statistics to reach
required energy resolution and mitigate
possible systematics JUNO is equipped
with 2 PMT system:

20” PMTs and 3” PMTs

20” PMT 3” PMT
Hamamatsu| NNVT HZC
: 12612

Quantity 5000 + 2400 25600
Charge_ Dynode MCP Dynode
collection
Photo detection | 5550, | 30.1% | 25%
efficiency
Dynamic range
[0-10] MeV [0, 100] PEs [0, 2] PEs
Coverage 5% 3%
Reference Eur.Phys.J.C 82 NIM.A 1005

(2022) 12, 1168

(2021) 165347

v Photocathode coverage ~78 %

stefano.dusini@pd.infn.it

v light level of 1660 pe/MeV
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20” PMTs

Hamamatsu Photonics R12860-50 HQE (SBA)
Box and linear-focused dynode PMT

Excellent time resolution for vertex reconstruction

High detection efficiency
5000 PMTs in the central detector only

222222

N, L e |[HEP & NNVT jointly developed technologies &
/ N\ prototypes
i /-"'-T ® Microchannel plate (MCP) technology for amplification

AR ® Optimised collection efficiency via transmission + ..

| ’\ reflection photo cathode
Focusing <
electrode ; Reflective ® 12612 in the central detector + 2400 in the veto gty -
f‘ McP ‘ photocathode + O%%C)@%@o%

! Tttt
- | 4 3:{: | = austretender Elektronenschauer
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Bellow to PMT Bellow to Dry electronics

20” PMT Electronics

® 1 Gsps, 12-14 bits ADC
® Energy resolution 10% @ 1-100 pe, 1% @ >100 pe
« Large dynamic range: 1-4000 pe
® | ow gain (8:1) 0~7.5V (0-4000 pe)
® High gain (1:1) 0~960 mV (0-128 pe)
® Excellent photon time stamp
® (Global and self-trigger support

¢ Negligible dead-time for supernova event e elow o AT A mL |

® Agrospace-grade reliability: < 0.5% underwater electronics failure in 6 years ' B R | e

o on: Wet Dry S ————— —
Power consumption: < 10 W/channel oot —> Y

I
!
!
!
Under Water Box (UWB) Custom ADC (Tsinghua) :
_______ e mm———— -1-4P|E1—C;-SBS- -y Up to 80 m CAT6 +

1 : low impedance
High | ! (Front 1> Apc
Voltage End :
Unit : Chip > ADC

power cables

< ; Back End Trigger
Sync link Card Electronics

1.5 -2 m cables
(signal and HV)

Waterproof and cooling test at -40 m

: !
| 1! I
I 1! 1
I 1! I
I 1k _ 1 CLK , oy
'\/\l : 1 ! [Front ADC I = n) ‘
*— End FPGA I | y =4
I : Hllgh : ! | Chip . _)1: ADC —H» I ' }
! {Voltage} : : : A :
l .
Unit I
1 ! I 1
1 ! ) 1
: High ' : Front ~ _)ll ADC @ Up to 80 m CAT5 cables Gbit
Voltage — End : DDR3 < : Enterpise DAQ
g .
Unit : ; | Chip 3 ADC o AT : Async link Switch
v — e oo oo

for SN bursts 1

Cust HV (JINR :
NUcl. Instrum. Meth. A, 985:164600, 2021. (o5 k)1 3000 Global Control Unit (GCU)

stefano.dus ecr—ccG—— : _



3” PMT Electronics

16-channel waterproof  Global control unit (GCU)
connector between

PMTs and electronics

Power supply
Clock

Data
High voltage
splitters (HVS)
ASICs battery card (ABC)
equipped with 8
CatiROC:s for charge and
time measurement
e Calibrating charge non-linearity of 20" PMTs and their electronics SPMT Under Water Box
v photon-counting vs. waveform deconvolution ® 123 ch. PMTs,
v more in Akira Takenaka talk of this workshop ® S connectors, 16PMTs/connector
e 8 High voltage modules + 8 spares
e Extend JUNO energy and rate range: muons, nearby supernova e 2 High voltage splitter boards
L e 1 Front-End + digitalisation Electronics (ABC
e Semi-independent measurement of 6, ,, Amzz1 g ABC

e 1 Global Control Unit (GCU)

[
2021JInst..16P5010J Q )
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To ensure the required quality all 20" PMTs have

been tested and selected base on stringent criteria

DRAWER BOX
LIGHT SHAPING TUBE

LIGHT SLIDE

POSITION OF
LIGHT SOURCES

Parameter

QE

CE

Effective area ratio
Gain

HV (for a 107 gain)
QE uniformity

TTS (FWHM)
P/V ratio

Pre-pulse ratio
(80 ns window
main pulse 160 p.e.)

After-pulse ratio
(0.5 ~ 20 ps window main
pulse 160 p.e.)

Dark count rate
(0.25 p.e., 22 C)

Glass radioactivity

Pressure tolerance
Dimension tolerancea

Lifetime

20” PMT testing & characterisation

HPK R12860-50
Average (limit)
30.3% (= 27%)
95.6%

96% (93%)

107

2000 V (= 2500 V)
5% (< 15% inside 70)
20% (< 30% inside 80)
2.7 ns (< 3.5 ns)

3 (= 2.5)

0.8% (< 1%)

10% (< 15%)

10 kHz (< 50 kHz)

238U: < 400 ppb
232Th: < 400 ppb

40K: < 40 ppb

> 0.8MPa

508 (x3 mm) (diameter)
< 10 mm (height)

> 20 years

NNVT GDB-6201
Average (limit)
28.5% (= 26.5%)
98% (= 96%)
97% (= 96%)

107

2500 V (= 2800 V)
(<8 10%)

12 ns (< 15 ns)
3.5
0.5% (= 1%)

10% (< 15%)

< 50 kHz (if 24% < PDE < 27%)

< 60 kHz (if 27% < PDE < 28%)
< 80 kHz (if 28% < PDE < 29%)
< 100 kHz (if 29% < PDE)
238U: < 75 ppb

232Th: < 75 ppb

40K: < 30 ppb

> 1MPa

508 (x3 mm) (diameter)

< 10 mm (height)

> 25 years

stefano.dusini@pd.infn.it

Eur. Phys. J. C (2022) 82:1168




Eur. Phys. J. C (2022) 82:1168

20” PMT testing & characterisation

= [ LED to cover the zenith
‘ angle

e

Two dark rooms with rotating stage to scan U Motor
the surface of the PMTs

Scan on 5% of the PMTs |

Rotating stage to azimut

Rotating frame with LEDs

.

Helmholtz colls to suppress to test the
magnetic field sensitivity in the range + 50 puT.

Rotating base

5> L N .. Scan map

4 ~ v

phes P
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Eur. Phys. J. C (2022) 82:1168

20” PMT gain and HV optimisation

With a mean illumination py = 0.1 pe

1800 600 - [ ALL:Mean=1.03x107, STD=3.82 x 10°
HV at which the gain Gis 1 x 107 s, AL BMEAR) LY LD 30N 1 NNVT:Mean =1.03 x 107, STD = 3.89 x 10°
1600 1 NNVT:Mean = 1748V, STD = 60V [ HPK:Mean=1.00 x 107, STD = 2.48 x 10°
[ HPK:Mean =1863V, STD =122V - 500
Q. — 1400 r o
Sig ped = —
— © 1200 X 400 r
€ — N
—1000 @«
Ir v
3000 | —— Qpeg=0.023p. €., Opeg=0.012p. €. ﬁ = 300
ﬂ —— Qsignal = 1.600p. €., Osignas = 0.439p. e. > 800 L E
— 2500 | Q. e
2 e o 200
. © 600
© 2000 | | # H
Q .
8500 | “oie M Gime 400 100 f
~ Sig_left  Sig_right 200 + '
f_’ 1000 | : ' :O.Sp.e. :1.4p.e. O | | S
S I~ . s
# | . i 0 ' 090 095 1.00 105 1.10 1.15 1.20
500 ¢ . 1400 1600 1800 2000 2200 Gain [1 x 107]
0 | ! 1 | H 1 | I | HV [V]
2 -1 0 1 2 3 4 5 6 . |
Charge [pC] T gain vs. 0 12 gain vs. ¢
o - - -
— 115 — 115
7.20 ... 10g10(G) = 0.0016 x HV + 4.3856 S X = " ——— X =
R=
= i @ data — = - 1.1 ~
. 105 1,05
7.10 | et O £ Q) 1
©7.05} 0.95E- . 955_
- r 0.9, G
o7 0.85F- NNVT 0.9} NNVT
6.95 | s 0.8 Hamamatsu 0.85 Hamamatsu
690 0.75 0.8]-
.// % 1 1 | 1 il 1 L l L 1 1 1 l L 1 1 1 J 1 | 1 1 l 1 : | 1 1 L 1 l 1 1 1 1 1 1 1 1 i | 1 l 1 1 l 1 1 l 1
6.85 | | , 073020 30 40 50 60 70 80 90 %9 50 100 150 200 250 300 350
1550 1600 1650 1700 Zenith angle 6 Azimuthal angle ¢

HV [V]
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Eur. Phys. J. C (2022) 82:1168

20” PMT single photoelectron features

1000 1600
1 ALL:Mean=13.3,STD=1.0 1 ALL:Mean=7.0mV, STD=0.9mV
[—1 NNVT:Mean=13.4, STD=1.0 1400 1 NNVT:Mean=7.3mV, STD=1.0mV
800 [___I]‘ HPK : Mean=13.0, STD=0.8 1 HPK:Mean=6.4mV, STD =0.3mV
At the operating voltage (G=107) 1200 |
; il Qsig _ Qped -
20k waveforms per PMT have 2 600 I skl i 1000 r l‘:
been acquired with a mean g . 800 1
, : : « 400 L
llumination of p = 0.1 p.e. to : < 00
extract the SPE characteristics 200 | i <00
200 I,L
O | | | O | | | | |
8 10 12 14 16 18 20 0 2 4 6 8 10 12 14
S/N Amplitude [mV]
S 1 ALL: Mean=31.9% STD=3.8% e 1 ALL:Mean=3.9,STD=1.1
[—1 NNVT: Mean=33.2% STD=3.3% 1 NNVT:Mean=3.9,STD=1.3
: :Mean=27.9% STD=2.4% 1000 + [ HPK:Mean=3.8, STD=0.6
For MCP the SPE is not really 800 RIS
. ' . . © B Gsig : . .
(Gaussian distributed due to long tail, % o e =00, 10 g 800t Requirement:
, , = - —
out the resolution is anyway a good 5 | 2 ool Agvgr?geMPé\F/) >3
: > or
narameter to measure the relative = 400 | & )
o u
spread of charge response. by g 400
res < 40% for central detector ) \\5 200 |
O | | | - | | O
0 10 20 30 40 50 o0 70 80 0

resolution [%]

stefano.dusini@pd.infn.it



PMTs have been selected, among other parameters, on the Photon Detection
efficiency @ 420 nm to be > 24 % (<PDE> > 27 %)

PDE(A) = QE(A) X CE X EAR

1000
3 ALL:Mean=29.6%, STD=2.6%
[—1 NNVT:Mean=30.1%, STD=2.8%
[—1 HPK:Mean=28.5%, STD=1.7%
800 f
=
Te)
N
o 600 r
i
n
S
o 400 m
Y
@)
+H:
200
0 | |
20 25 30 35

PDE Corrected [%]

40

EAR = effective area ratio,
relative area where CE > 95.6%

[ High QE:Mean=31.3%, STD=2.2%
1 Low QE:Mean=27.3%, STD=1.6%

O | | .| iy
20 2D 30 35 40

PDE Corrected [%]

45

Mean PDE

NNVT = 30.1%
amamatsu = 28.5 %
ALL =29.6%

Improvements in

34
32
& 30
W
Q28
26
24

20” PMT testing & characterisation

Eur. Phys. J. C (2022) 82:1168

Emission spectra

0.40
- = LAB
==+ LPMT quantum efficiency

0.30 —————=1 T
— R "~
= 0.25- 7 "N
< / \.

. ~.

= 0.20 f[ -
o) L\ ~.
3 /1 N
Sonst i\ \
- i \~/JUNOLS \|

0.10 A —

/ . emission
0.054 7 ': % spectrum
/|
L * 7 -~
0.00 +—= e . .
300 350 400 450 500 550
Wavelength [nm]
1 4 7 10 13 16 19 22
—— NNVT

—— Hamamatsu

N ol ‘\f""/f/

1 6 11 16

21} 26 31 36 41 46
Bath Number

DI\/IT production é )
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20” PMT testing & characterisation

About 3000 20"

PMTs have been scanned to

measure the uniformity of their response.

Very uniform PD

= both In zenith and azimuthal.

PDE vs zenith angles

RN 40 ® Hamamatsu (585)
i - ¥ NNVT (1719)
E 35 A NNVT HIQE (939)
C | A ——
30 ° 2 o = i
. ‘\‘\¥ .
25—
20 —
15_l co o b Lo Lo Lo Lo Lo
10 20 30 40 50 60 70 80

stefano.dusini@pd.infn.it

Angle, degree

PDE, %

Scan map

PDE vs azimuth angles

® Hamamatsu (585)
¥ NNVT (1719)
A NNVT HIQE (939)

[ B L1 cooooa oo e by o by |
0 50 100 150 200 250 300 350 L)
Angle, degree
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Eur. Phys. J. C (2022) 82:1168

20” PMT Dark Count Rate

Selection S0
. . 600 r [ ALL:Mean =40.8kHz, STD = 23.6kHz [ HighQE : Mean = 49.4kHz, STD = 20.6kHz
Cr|ter|a DCR @ 0.25 pe cut, [ NNVT:Mean = 49.3kHz, STD = 21.0kHz 1 LowQE :Mean = 49.1kHz, STD = 22.0kHz
T = 29 oC 500 - [ HPK:Mean = 15.3kHz, STD = 5.9kHz 290 b
N N
Dynode < 50 kHz %4000 | 4 - e
MCP =300 Ll,r L 180T
24% < PED < 27% < 50 kHz o o
S 200 | 5 100
27% < PED < 28% < 60 kHz a b
0 ») 0
28% < PED < 29% < 80 kHz 100 L 50 |
29% < PED < 100 kHz ,l
0 | \ \ 0 - \ \ \ \
0 20 40 60 80 100 0 20 40 60 80 100
DCR [kHZ] DCR [kHZz]
100 Temp.-vs-DCR correlation (Ham., bare+potted) 200 Temp.-vs-DCR corr?lati?n (NN'V]’, ‘bire+potted) 5D
- == Slope = 0.499 + 0.185 kHz/°C ===+ Slope = 2.972 + 0.277 kHz/°C ’
Hamamatsu PMTs (bare+potted, 1816 PMTs) 175+ + NNVT PMTs (bare+potted, 11920 PMTs) 225 F
80 - + <DCR>/0.25°C + <DCR>/0.25°C '
150 . 200 L (NNVT_bare |
—— — 125 1.75 |
= =
-g - -g 100 8‘:5 1.50 F
8 40- e 3 B 75 S8 1.25 f
50 - 1.00
25 + 0.75 | &85
o8 20 22 4 26 28 30 o8 20 22 — 24 26 28 30 ]
T ture [°C] T ture [°C] ' 0.25 o ———— ! ' ' ' '
T T Dedicated test on e e 5 o5 a0 o

Temperature[°C]

subsample of MCP
Expected JUNO temp: 21+ 1 oC PMTs @ controlled T

stefano.dusini@pd.infn.it



Eur. Phys. J. C (2022) 82:1168

20” PMT Transit Time Spread

Photocithode '*"ﬁh'bton T
Pico-sec. laser fibre with 0.1-1 p.e. illumination p-
250 hit times of: PA1808-1240 230 MCP_1209 o
- transit time fit: 77S = 0.92+0.01 ns 140 - From std.d;ev. of (Qo3:Qq7) distr.: TTS = 6.601 ns : 3N S S -
Bl hittimes (4700 entries) B hit times corr. (4158 entries) E
200 120 - | | .
m o i For NNVT PMTs the TTS y
S 150- 2 . § depends on the path of
) > o I ;{f{ .
5 g i the pe to the anode NNVT PMT - Reflective
& =9 % °0 : * “ J} coating
:: 40 i J00k ] ‘
50- : 14541
20 1 | r
0 ' , , , 0-
5 10 15 20 25 0 10 20 30 40
Hit times [ns] Hit times [ns]
Std. between quantile Qz to Qg7
200
[——1 NNVT:Mean=7.0ns, STD=10.8ns
175 | [ HPK:Mean =1.3ns, STD =0.3ns . o . . .
Relative transit time using LEDs of the scanning station
E 150 ¢ . relative TTS vs. 0 | relative TTS vs. ¢ B
- L » F 7 28
S 125 £ of = _©  NNVT .
= ” % 7.5/ » . e O
E 100 - 75— - s dmamatsu 1 t
& 75+ = : —24
5 5E- NNVT o P
* 50 F 4E Hamamatsu - - -
I 6_
25 | . - : e - 1
e 5.5 ]
0O P r l6 é 10 112. 114 o 20 30 40 50 60 7% 80 90 ('; s0 00 150 200 250 300 350 C
TTS Laser Corrected [ns] enith angle 9 Azimuthal angle ¢
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NIM-A (2021) 1005,165347

37 PMT roduction and test

® Assembly done by HZC
' Mean = 24.9 [ Mean=1113.1
RMS = 0.8 200 RMS = 88.4
JUNO JUNO
Mean = 24.9 Mean =1107.3
RMS = 0.8 150 RMS = 89.9
I=
=2
O
O 100
50

® Acceptance test base on three class of parameters =
(A) all PMTs by HZC, 10% by JUNO o 00 To0 P00 g0 500 1400

(B) 3% of PMTs randomly selected by JUNO +
250
(C) 1% of PMTs randomly selected by JUNO
g 150
@)
Parameters Class Requirement Test fraction Tolerance  Results H0
(limit) (mean)  HZC  JUNO of diff. (mean) 50
¢ (glass bulb) A (78, 82) mm - 100% 10% - OK
QEQ@420 nm A ~292% >24%, 100% 10% <5% 24.9% 950 27.5 30.0 SgEzkseSOIUt%i.(zo)/;ls 40.0 42.5 030 2.5 3.0PV Catio 3.5 4.0 4.5
High Voltage A (900,1300) V - 100%  10% <3% 1113 V ’
SPE resolution A <45% <35% 100% 10% <15% 33.2%

PV ratio A >2 >3 100%  10% i 3.2 | Verdor Vordor
DCR@0.25 PE A <1.8 kHz <1.0 kHz 100% 10% - 512 Hz 250 * [ Hean = 3% 400 [ fean =72
DCR@3.0 PE A <30 Hz - 100% 10% - 7.2 Hz JUNO JUNO

I8 ) B <2l - - - L6ms iy bR

Pre-pulse B <5% <4.5% - 3% - 0.5% £ 150 £

After-pulse B <15% <10% - 3% - 3.9% g 3200
QE non-uniformity B <11% - - 3% - 5% 100
O (eff. cathode) B >T74 mm - - 3% - 77.2 mm 100
QE@320 nm C >5% ; - 1% - 10.2% Uk
QEQ@550 nm C >5% . - 1% - 8.6% 0 0 -
Aging D >200 nA-years - - 3 PMTs - OK ° 20 5Doaork coaaging rlact)gcl) HzléSOO.ZS I135E00 1750 2000 ° ° Dlacr)k countlir?g rate /232 @3 P2E5 >0 3

20
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JUNO Expected performance
o . % ’ 2 205 % ’
a=\(26zm ) + (0.64 % ) +(12EOWS )

he expected JUNO energy resolution is 2.95% @ 1MeV

from a full simulation which include PMTs, LS and acrylic photon Quenching,  Annihilation-induced ys
properties, calibration and reconstruction. statistics ~ non uniformity Dark noise
arXiv:2405.17860, accepted by Chin. Phys. C
S N L LA LA R R L LR R L
. . S - -
Main changes vs design [JHEPO3 (2021) 004] = 3 -\ —— Total PE 5
. . R o ks - \ —- Scint. Stat. .
v Photon detection efficiency: 27% —> 30% Z25F 3\ . Scint. Quench. ~
[EPJC (2022) 82, 1168] S b\ Cherenkov .
v New PMT optical model: +8% 2 2 \' —- Covariance ~
[EPJC (2022) 82, 329] % F MO Summation -
v New central detector geometry and LS: +3% L;é LS - \\ N E
- e = —
N ~ ~——__ i
|y \ T —.— —— ) = ]
Total photon statistics ~ 1660 PE/MeV - L T —
- - -
05  , Temeve—e o o ., T
- | | | | | -
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https://arxiv.org/abs/2405.17860
https://doi.org/10.1140/epjc/s10052-022-11002-8
https://doi.org/10.1140/epjc/s10052-022-10288-y

Implosion protection system P M T I n Sta I I ati 0 n

(JINST 18 (2023), P02013) Cover minimum thickness 9 mm - ‘ ‘ ‘ ‘C ‘ \ - e
S0 < = 8 Acrylic  Gap between cover and PMT 2 mm 2 9 3 9 2 (mm

o o
- S Rl 4
.

S a2 cover

o
e

'\\;.

Distance between PMT cover 3 mm

\-, R N /
- ‘ - P\ \ S\
R a7 ;
Q;\ \‘@‘« AT Py 2 \
B w4
AOST I -

Stainless
steel
cover

/ i \\i.\

Final test: no chain reaction

Installation status:
Almost completed: > 99.5% of PMTs and UWB installed
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PMT system commissioning

® Regular light-off test during detector assembly:
v Light off tests: full data taking and processing chain with PMT HV on
v Light on tests: joint elec./trigger/DAQ/DCS test with PMT HV off

® \/ery good electronics, shielding and grounding

® Performances of tested PMTs are good

@ Electronic noise level SPMT p.e.
b & 0 005 ©01 015 02 025 03 035 04
q:) = 0)1000: By A R Rk S E R I
c 160 ]_’I_,. ——— 710 channels tested in April o) : :
o - E 900 [ 3184 channels tested in June
O 140 — _ ’ =
- E 1245 channels tested in June g 800 5— 672 channels tested in-April
g 120~ J ' Total .f_; 700 —
£ 100 hlh o 600
e 1 € 500 | 3” PMT
. ' > 400 |-
60 — ' J-.PJ- b 20” PMT < :
% 1 300
40/ | Average 2.8 ADC 200 F- Average 2.8 ADC
- amplitude of SPE ~70 ADC i ' .
2o | ]Lhl@mp ) 100 F g (amplitude of SPE 55-60 ADC)
: l l l | o e | l Ll 5M‘ l hanl 0 N l _— I —
%522 24 26 28 g a2 af O 2 4 6 8 10 12 14 16 18 20
Nonse Ievel [ADC] Qrys [ADCuU]

v Electronic noise is 2.8 ADC counts, 4% of SPE
v Much better than design of 10% of SPE

v Electronic noise is 2.8 ADC counts, 5% of SPE

v Much lower than trigger threshold of 1/3 pe @‘)
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JUNO-TAO Taishan Antineutrino Observatory

o Satellite experiment of JUNO to measure reactor spectrum with

JUNO , = H sub-percent E resolution
a1 \ 100 .8 —> reduce JUNO’s reactor spectrum uncertainty
NZF o B =|.]Q’ -
a5 ,‘\ % 1 e 44 meters from Taishan NPP core (4.6 GWi) —> 700 k-events/year
N o
53 km / S e Energy resolution: ~ 1.5 % /\/E
- , ;
o BRI / | J_UNO-TAO e 10 m2 SIPM, > 94% photo coverage)
& Taishan NPP 7 e SiPM operated at -500 C to reduce dark rate by factor 1000 to 100 Hz/mm2
Yangjiang NPP e 2.8 tons (1t fiducial) of Gd loaded liquid scintillator at -500 C
(LAB + 2 g/l PPO, 1 mg/Il bis-MSB, 0.05% ethanol and 0.1% Gd by weight)
- 2100 0.10 Reactor antineutrino spectral shape uncertainty
. | ' | ' | I |
| —— TAO-based (arXiv:2005.08745)
2 - DYB-based (Phys. Rev. Lett.123, 111801)
« I e} @ <l e 3,0.08 Model-based (Phys. Rev. Lett. 112, 202501)
Water tank R = JUNO Yellow Book (). Phys. G: 43 030401)
e o [2] o l. g
‘ T 0.06
c
) @ Q 08 8 [*] _ -
o @ @ .g g @ g 02) e
L
« I~ ° r%m’u @ © &J 0.02
wo — *‘ ble _ $, 3 0.00 Improved precision on reactor spectral shape from TAO J
1 ' ‘ 991 2 3 4 5 6 7 8
- $2100 = ‘

Visible Energy (MeV)
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Overflow tank

TAO Central detector instrumentation

® 4100 tiles 5x5 cm2 for a total of ~ 10 m2 of
iInstrumented surface

e SiPM operated at -50° C to reduce dark rate by
factor 1000 to 100 Hz/mm?2

® cach tile Is composed 8x4 array of Hamamatsu
(S16088) SIPM 12 x 6 mm?Z

> ACU (from DYB)

» Filling
port

Lead rail
Feedthrough(e150mm)

Support of . o oo
SiPM (copper e Fach SIPM tile is split in two channels
shell) 10 of Tiguia bag/Ls) 011905 e Operating voltage 54 V.

Target vessel

ID of acrvlic shell #1800 PCB)

/0D of liquid bag)

+ 3V OV (=V,p) + 4V OV

(0D of acrylic shell) ¢1840

F2--FEB51-TILE169-30V--00000.csv

(ID of copper shell\@1866

F2--FEB51-TILE169-40V--00001.csv

—
(=]
-
1
—
(=]

single cable single cable
SS tank (0D of copper shellN\@1886 y ol — dta e — dta
—_ it —_ it
\L g - SNR = 10.41 - n SNR = 13.75
n RES =13.22 % RES =1191 %

. Heat insulation legs . c
Exhausting . . g. m S 100 | 5 10|
port(e38mm) > Heat insulation cylinder < £ £

107 1 10°

=

-0.005 0.000 0005 0010 0015 0.020 0.025 0030 0035 0.040

-0.005 0.000 0005 0010 0015 0020 0025 0030 0035 0040

—

(=]
-
"

FRONT: INPUT + 1st STAGE REAR: 2"d STAGE + OUTPUT

output (V) output (V)
SiPM Tile HV SiPM F2--FEB51-TILE169-30V--00000.csv F2--FEB51-TILE169-40V--00000.csv
I
Board-to-board v =2%50V 2 — 2 —
: su =2X — —
mating PPy m - SNR =10.28 = — —y SNR =16.64 = —
RES = 12.89 % RES = 10.62 %
LV FEB Ll .o
Signal output supply ¥2V m § §
Differential pairs < i g1

101 .
10° 5
0.000 0005 0010 0015 0020 0025 0030 0035 0040
output (V)

2

0000 0005 0010 0015 0020 0025 0030 0035 0040
output (V)
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Status of detector construction

® Stainless steel structure completed

» Installation of PMTs and electronics is almost completed * Acrylic vessel completed (13/10/2024)
s> 99.5%, ® High transparency (> 96% ) 12 cm acrylic panels

® [otal mass ~ 600 ton
e Radio purity < 1ppt U/Th/K

o expected to be completed by end of November 2024
¢ plan to begin filling before the end of the year

AW

EN
B
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 JUNO construction is nearly completed
e Start of data-taking in 2025
e JUNO is a major step in Liquid Scintillator detector design
e 20 kton mass, 78% photocathode coverage
® First dual readout LSD: 17k 20” PMT + 25k 3” PMT
® Energy resolution 2.95% @ 1MeV
® Physics goals
® 30 NMO median sensitivity in ~7 years with reactor only
neutrinos via oscillation vacuum

e Sub-percent precision Amzzl, sin’ 017, Am321

® Synergy and complementarity with NMO measurers at
LBL accelerator

® + solar, + geo-neutrinos, +supernova, +DSNB,
+p-decay....
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20” PMTs size and weight

HPK PMTs Diameter NNVT PMTs Diameter

3000 Entries: 5407 Entries: 16911
Mean: 509.6 12000 Mean: 508.7
| RMS: 0.963 RMS: 0.488
<200 10000
12000 £ 8000
5 5
o 1500 o 6000
O )
1000 4000
500 2000
0 505 506 507 508 509 510 511 512 0 505 506 507 508 509 510 511 512

Diameter [mm]

Diameter [mm]

Fig. 8 Measured diameter in mm of all checked 20-inch PMTs. Some PMTs were rejected before the measurement after visual inspection, therefore

the total number of tested PMTs 1s slightly reduced. Left: HPK; Right: NNVT

HPK PMTs Weight

NNVT PMTs Weight

Entries: 221
Mean: 7.44
60 RMS: 0.314 1500
hd b
< 40y <1000
@) O
@) @)
20 500
0 55 60 65 70 75 80 85 90 95 90
Weight [kqg]
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5.5

6.0

6.5

7.0 7.5 8.0

Weight [kg]

Entries: 11072
Mean: 7.40
RMS: 0.444

8.5

9.0 9.5




Transit Time measured with the LED of the scanning station.

scan2225 EA2425 scan2225 PA1705-328

200 100
——— position0 of LEDS5, hit time = 396ns ——— position0 of LED1, hit time = 362ns
195 | position0 of LED7, hit time = 396ns position0 of LED3, hit time = 369ns
30 ——— position0 of LEDS, hit time = 396ns
150 F
") n
= 123 F € 60}
cv 4 0
100 + 3
“6 h “6 40 +
50 | \
20 |
5 \ "
O . L - 1 IR SRR IR SR G P 1 O : : i I1 \ i T !
320 360 400 440 480 320 360 400 440 480
Hit times [ns] Hit times [ns]

<
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PDE vs MF

0.95

PDE/PDE,

0.9

I Hamamatsu

0.85 | NNVT

0.8

0.75;

! ! ! ! ! ! ! ! . ! ! ! ! l ! ! ! ! | |
0 5 10 15 20
Magnetic field, uT

Fig. 32 Averaged PMT PDE versus remaining magnetic field (MF)
strength tested with 9 HPK and 15 NNVT PMTs
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Relative variation of the measured PDE of
the monitoring PMTs (HPK PMTs tagged
by “EA”, NNVT PMTs tagged by “PA”) at
the container system, before and after a
correction lbased on a recalibration at the
end of the regular testing period

Relative deviation

Relative deviation

© O
U

I I I
© ©o © o o o o
w N ol o = N W

o

Before correction

EA0339
EA0419
EA1578
PA1705-117
PA1704-731

600 800
Time [day]

200 400

(a) Container #A before correction

0.5
0.4
O3
0.2
0.1

0.0 W
—0.1}

-0.2
=3

After correction

1000 1200

EA0339
EA0419
EA1578
PA1705-117
PA1704-731

t wr o '.gi' %m 3“‘3
5 “ﬁ ;

,‘ *”ooA
4
A +

600 800
Time [day]

0 200 400

(¢c) Container #A after correction

1000 1200

Relative deviation

Relative deviation

© o O
w b W

I I I
© o © o o o
w N — = = N

Before correction

EA0574
EA0586
EA1437
PA1704-108
PA1705-12

0

200

400 600
Time [day]

800

(b) Container #B before correction

0:5
0.4
()3
0.2

0.1}

0.0
-0.1
—0.2
=03

After correction

EA0574
EA0586
EA1437
PA1704-108
PA1705-12

0

200

400 600
Time [day]

800

(d) Container #B after correction
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pl

8.134¢-05/2

I

1.019% 0.003018
-0.004815 * 0.004552

¥~/ ndf
Prob

p0
pl

6.916e-05/2

I

0.9396 + 0.002783
-0.00444 + 0.004197

x°/ ndf 0.09081 /4
Prob 0.999
p0 1.617 +0.0292
pl 0.07357 + 0.08541
x° / ndf 0.03482 /4
Prob 0.9999
pO [.00]1 +0.01808
pl 0.04556 + 0.05289




Liquid Scmtlllator

Emission spectra

The energy resolution is related to the total number of photon detected e DY:
0.35 - — LAB + 2.5 g/L PPO + 3 mg/L bis-MSB
J hlgh ||ght y|e|d ==+ LPMT quantum efficiency
v light spectra matching PMT detection efficiency - o
S 0.25
v good liquid scintillator transparency 5
= 0.20
JUNO “recipe” S 013
Solvent: Linear Alkyl Benzene (LAB) 0.10
Fluor: 2.5 g/l PPO 0.05 -
Wavelength shifter: 3 mg/l bis-MSB 0.00 | . I |
300 350 400 450 500 550

e Optical impurities reduce transparency
e Radioactive contaminants yield background events

® Measured liquid scintillator attenuation length > 20 m
e Contamination during the commissioning of the
purification plants
® U<1.9x10-16 g/g [solar physics < 10-17 g/g]
® Th <1.5 x10-1¢ g/g [solar physics < 10-17 g/d]
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Purification plants

Wavelength [nm]

QO

(&)

€

-

(7))
O 5000 m3 LAB storage tank 1) Al,O, for optical transparency 2) Dlstlllatlon for radiopurity Mixing LAB with PPO and bis-MSB

1800 m SS

o) pipes to
c underground
=

(@)

| -

o

Q

= OSIRIS to monitor the 4) Gas stripping to 3) Water extraction to remove

LS quality remove Rn and O, radioactive impurities
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j{ More details in Dmitrii Dolzhikov talk ¢
t JUNO's Physics with Reactor Antineutrinos
24 October 2024 08:40

arXiv:2405.18008

JUNO Physics performances

Reactor V. signal IBD event number (x103)

—] I T T T I T T T T T I T T T I T T IJLIJNTOI 16.I5ly|elarls lxl 2I6I.61 (ISW‘IthI T T T T T T T T | T T T T T T T T 4 0 50 100 150 200 250 300
B A /) — Reactor Ue Signal: NO i -1 1 1. | 1 11| T 1 1| T T 1T 1t [ T T T T [ T T T T [ T3
500:_ I\ AR . —-—- Reactor v, signal: IO _: 6 B _
Z .,/'.\' )0 = s e B B e = " i ’,/’::::
> 400 — ‘ ./ ’ % 102 Background spectra E ] V\/Ith 26'6 vath (.1 1 /1 2 du-ty CyC|e) : 50 . ’,”’, ’’’’ :
I .o 1 e 471 |BD events per day in FV S s —
< 300¢ : ) N 100 ———= L 40 Sotias i
T | Residual background e 100— | \,Ava“ 4 ® 4.1 baCkgrOundS (B/S = 87%) NN P SNV APV B e _
2‘”200__ BB Geoneutrinos B Fast neutrons < Xl N A 3 ] i 1
. I Wor'ld reactors  mmm 13C(a,n)®0 107 ]_l - lél H l3 - lzlll | lf—5: . 30 |
[| 4\ ™= Accidentals Atmospheric Reconstructed Energy [MeV] - P~~~ P —
100 f/\ mmm °Li/8He Neutrinos ] - -
- —, N | 1 Sensitivity to Mass Ordering: N :
o S L R e B B B BB BB B s s B s s B B H S gy r———T 1 . . . . —— S
5107 . | e Fitting data against NO and |O scenario ; —— NO: stat.+all syst. -
b= i — IO best-fit to NO Asimov data | L , - —— |O: stat.+all syst. -
Sost - — =BV i each bin 1 o Most sensitive region [1.5 - 3] MeV o] 7 0 I A N R R NO: stat. only -
B k . mgm = 1 1 [ Y (Y A . N
'g : }\/\/\/\A - BeSt-fit .Z(Ti:/,'f)i)z Of AXI'ZT\in : . 30 SenSItIVIty In 7'1 years O i P b b b b by IIC)l Sltlatl ?rlﬂly | |
T ool Jﬁl NV NAVAVAVAY AV AN e ‘ 0O 2 4 6 8 10 12 14 16 18 20
S | 2 4 6 8 10 12 JUNO and TAO DAQ time [years]
Reconstructed Energy [MeV]
10(|) days | - 6ye|a}rs | .29 years

102 - |
- —— Stat.+syst.

......... E ----+ Stat. only
...................... ® 1m3 * Am3
Sub-percent measurement of 3 (out of 5) oscillation parameters e . A s’ % sin®y; |

Amgzl, Am322, sin” 0, ,

Relative Precision [%]
=
(@)

Central Value PDG2020 100 days 6 years 20 years
Am3, (x1073 eV?) 2.5283 +0.034 (1.3%)  £0.021 (0.8%)  40.0047 (0.2%) =40.0029 (0.1%) [
Am3, (x107° eV?) 7.53 +0.18 (2.4%)  £0.074 (1.0%)  £0.024 (0.3%)  =40.017 (0.2%) 107} ; g
sin? 019 0.307 +0.013 (4.2%)  #£0.0058 (1.9%) £0.0016 (0.5%) =40.0010 (0.3%) i i
sin? 013 0.0218 4+0.0007 (3.2%) 40.010 (47.9%) 40.0026 (12.1%) =0.0016 (7.3%) E §

C | | 1 | | 1 L1 I 1 | | | | 1 | 1 | | 1 L1
102 103 104 10°
JUNO Data Taking Time [days]
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https://doi.org/10.48550/arXiv.2405.18008
https://indico.cern.ch/event/1414470/contributions/6146855/

JUNO experiments

Measure the reactor neutrino spectrum at the first solar minima to
_ . . arXiv 2405.18008
resolve the fast oscillation driven by the interference between X108
2 2
Amg,, Amg, and extract NMO

—— No oscillations

2 50 1/ @ Only solar term i
_ _ . 2 4 . o (Am;, L
P(ve — Ue) = 1—sin” 26013 cos™ 013 sin = - —— Inverted Ordering
4F L .
v 60 - —— Normal Ordering |
s
e T A 2 L 0
- — Y : ’ — sin? 26,5 cos? 0, sin? ( ™31 ) i
+ s 2> AE S 40 - i
: 2n IAmgl - 1
1- 0 A © _
Am§2 AmZ L E | A . V2 V2
Wl | % Am3, — sin? 26,3 sin? 0, sin” ( 1 52 ) < 20 1 e, -
Amgll -
1 <UEEE T 0 ' _
NO Amy; > Am322 > () Y = = | | | |
NO 10 i £ 1.0
10 Ams, < Amj; <0 S
S 0.5'_
Key features of the experiment s
- 8 0.0 - T T T T T J ) '
 Excellent energy resolution ; . T i . - .
o Large statistics Neutrino energy [MeV]

* Control of energy scale and systematics
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https://arxiv.org/pdf/2405.18008

Reactor experiments

In reactor neutrino experiment we measure the Ve survival probability £ (Ze — 7e)

Am?2 L
P(v. — v.) = 1— sin® 20;5 cos* 6,3 sin? ( L )

> SR R
2 — A2 s B 4 A2 cn2p. .
Am?:, = gAm31 cos b2 + Am32 sin” 612

— sin? 26,5 cos? 0,5 sin? (

AmgzL) o

.« 2 « 2 « 2
— sin“ 260+, sin“ 6+- sin
13 12 ( AE

The strong hierarchy between mass eigenstate 1 | ~ Amg,

|Am2, | 30

L/E [Km/MeV]
allow to test the different component changing the lbaseline
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