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The neutrino puzzle

67 years after the discovery of neutrinos...

. . [ 9)
What we know: The missing pieces: :I- |
* Three neutrino flavors exist (at least) \ .

* What is the neutrino mass ordering?
What is the he absolute neutrino mass?
What is the neutrino nature:

dirac or Majorana?

What is the value of CP phase (0)?
How many neutrino flavors exist?

\ (sterile neutrinos?) /

0., & AM?;, CP phase 6 & 0,5 6,, & AM?,;  Majorana phase

* Neutrinos oscillate - they are massive

* Most oscillation parameters are measured

* Astrophysical sources (i.e. the Sun and
supernova explosions) produce neutrinos

* Neutrinos can also be produced in .
reactors or accelerators /

1 0 0 Cis ) Cyq Sqa 0
V=10 cp 85 0 @ —812 Gy O
Atmospheric reactor solar Double beta
accelerator accelerator reactor decays
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Where can reactor
neutrinos help particularly?

* What is the neutrino mass ordering (NMO)?

. v _—Vy Vr Two complementary approaches:
o > * Matter-enhanced oscillations with
T - Jlﬂm% accelerator or atmospheric neutrinos
Am?2 * Vacuum oscillations with reactor neutrinos,
32 . )
independent of matter effects (sin’0,_, 0)
Iz- Am3, |
Am?2
8 T - ] v Exploit complementarity between the three
1 3 . :
channels to solve existing degeneracies
Normal Inverted

Latest NUFIT5.1 (2021) results
Ay*(CPC)
accelerator IO 158 2Tn 2.0 2nd 2

best fit Ocp oct. 6,3  Ay*(oct.)

+ reactors NO AT 195° 0.4 2nd 0.5

+ atmospheric NO 7 230° 4.0 1st 3.2




The JUNO detector

™ lJiangmen Underground Neutrino Observatory

B A

-
g 2

=)

®_ IUNO
F] Al

Taishan NPP

JJ \\
S ~52.5 km "
; Y. 2X4.6GW,,
by & TAD

Yangjiang NPP
6X2.9 GW,,

8 reactors
26.6 GW,,, o

PSR -

_ Civil construction finished in Dec, 2021
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The JUNO detector

Central detector (CD):

20 kton of Liquid Scintillator (LS)
Accrylic vessel (¢ 35.4 m)
Steel structure (¢ 40.1 m)

;;;;;;;;;;;;;;

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

~ 5 ks
Light detection system:
>40000 PMTs in 2 sub-systems:
large (20-inch) and small (3-inch) PMTs

Top Tracker:
3 plastic scintillator layers
Precision muon tagging (veto)

| Water cherenkov detector:
35 kton ultra-pure water
2400 20-inch PMTs
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The JUNO detector

Primary goals:

- precise measurement of oscillation parameters
- determination of the neutrino mass ordering

Requirements:

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

* Energy scale uncertainty < 1%

How?

- Largest and most precise ever
built LS detector

e Large LS volume (20 kton)

* High LS light yield & transparency

* High PMT coverage and efficiency
* Two complementary PMT systems
* Complementary calibration systems
* Using JUNO + close-by detector

x10°?
L 6 years of data taking

100 —
- No oscillations

Only solar term
—— Normal ordering
—— Inverted ordering

L umz

80 U3

60 -

2
I in“ 2
40 ° 012

Events per 1 MeV

20K

Es, (MeV)

Target

Coverage Energy
resolution

Light yield

Mass [PE/MeV]

DayaBay 20ton (x8) 12% 8% @ 1 MeV 160
Borexino 300 ton 34% 5% @ 1 MeV 500
KamLAND 1 kton 34% 6% @ 1 MeV 250
JUNO* 20 kton ‘ 78% ‘ 3% @1MeV >1300
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Reactor neutrino detection

Neutrino source < » Neutrino detector
(nuclear reactors) Distance L (Ve interactions)

Reactor anti-neutrinos are observed by Inverse Beta Decay (IBD):
(1) — Energy deposited by positron (carries neutrino energy)

— Positron annihilation into two gammas (511 keV)
(2) Neutron capture scintillation emission

: o = i
* Very clear signal: prompt + delay coincidence " Vet p—>e +n (1)
" € n+p—>d+7y (2)
n,.\ f; Eelayed \\w,-ﬁ
L8 ~200ps ,
P ¥ X n
P 1 < 2 .
i (R Y 2.2 MeV) Sa =
p ‘\\~ few ns
vy (511 keV)« - - @ - - - » 7 (511 keV) - ' -
o Time
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Reactor neutrino oscillations

Determination of the neutrino mass ordering (paper in preparation)

After selection cuts:
* Expected signal rate: 47.1 IBD/day
» Expected background rate: 4.11 /day

Expected visible energy spectrum in JUNO

0.2 AP ol | Genauecs | — "Lt
'TAY L || — Accidenials — oo
D18 b M 8 : == Admospheric NC
B : P 3
%‘ﬂ.lﬁ ......... -
;0 i
= 0.12F g H
8 SHPRELL CRRRET TSRS o) 1 T —
g S TR T Tuse - a1
L R  Visble Energy (MeV]
L S . s —— 18D Signal
0.04H- - IBD + residual BG s
0.02f . .................................................. ..........................
|.|..'.E:"E '''''''''''''' : . i i i
 Fa— 4 6 8 10 12
Visible Energy [MeV]

Reactor Ve signal IBD event number (x10°)

0.0 0.5 1.0 1.5 2.0 25 3:0
I T ' e T L T ]
- . JUNO Simulation Preliminary ;*' :
- U -.‘-::..-r" -
5 | e i e e e s s e ._,:.'.3:;".‘. .................. —
| N ' S T o .ot I W D _
3 | i s e i o e s o B e i i e i o o o e i —
| e | | | | | MNO: stat. only o
e 4 8 —— NO: stat.+all syst. -
S - i N I 10: stat. only ]
i — 10: stat.+all syst.
j N =T T SR I B . I R | -
0 2 4 6 8 10 12 14 16 18 20
JUNO exposure [yearsx26.6 GW;]
. 7. 2 -y
AXZ == |Xmin(NO) . Xmin(lo)l ~9-10
For 6 years of data taking.
— Determination of the NMO at 3o within ~6 yrs
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Reactor neutrino oscillations

Sub-percent precision measurement of the oscillation parameters, Chin. Phys. C 46 (2022)

00 days E-ye:agral Izp years
1.:'2 . T bl | N
— Stat.+syst, E
« Stat. anly ]
* Profit exquisite spectrum resolution: — ; & ﬂf“f; * ﬂ_mjel ,
- extract oscillation parameters with &£ ¢ T % il
unprecedented precision S
- Probe simultaneously Am?, and Am2,,  ©
: o g 100
driven oscillations % U
- JUNO will reach sub-percent precision 2
2 2 in2 i =
on Am?,_, Am?, and sin®0_, in 1 year T o1
l'ﬂ_z-_l . i s i a sl .i M MU L L e sl =
104 10° 104 10°

JUNO Data Taking Time [days]

ﬂm%l Am%l Sinzelz Sinzﬂﬂ
PDG 2020 1.4% 2.4% 4.2% 3.2%

JUNO 6years ~0.2% ~0.3% ~05%  ~12%
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JUNO physics program

\
SuperNava v
5k in 10's (10 kpc)
\
‘\ Wimp !
(dark m,{]tter)
Solar v

O(10 — 1000) /day

, -
¢,/ Atmospheric v
’

Geo-v
Reactor v ~ 1 — 2/day
~ 60 — 80/day
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Neutrino landscape:
spectrum of natural sources

1024
1,,1\E:'E)i%rTiD|['_}[f§iL'L'-1| v
10187 .~ %
/ "1‘
o 1012 \ SuperNova burst
| ]
> ‘, Solar vy (1987A)
Q !
= 106 | '1
T ':
@G 10° ‘.1 "
T ' Supernova Remnant
n -6
~ 10
= Atmospheric v
...l:], 10—12
5
— 10—18
L High-energy
astrophysical v
10—24
10-30 JUNO Cosmogenic v i
10-6 1073 1009 103 106 10° 1012 1015 1018
Neutrino energy (eV)
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1)

spectrum of natural sources:
atmospheric neutrinos (GeV)

1024
J,,=\5305rﬂcﬂogicalv
1(}18 T {/ i 1,|‘
\ ~100MeV- 10GeV
,:I'.“‘ 1012 ‘,L SuperNova burst
> ‘, Solar vy (1987A
ﬂJ 1
S  10°] [
0 '1
G 100 1 W
T ' Supernova Remnant
0 -6
~ 10
= Atmospheric v
...L;J.. 10—12
£
— 10—18
M- High-energy
astrophysical v
10—24
10-30 JUNO Cosmogenic v e
106 10-3 109 103 10° 10° 1012

Neutrino energy (eV)

1015
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Atmospheric neutrinos

- Neutrino oscillations and NMO can also be assessed using atmospheric neutrinos:

— Exploit matter effects on .
neutrino oscillations: e _\ N
%—0.4 106 —0.4 \ 106
v, survival iy Ly e
probability g
N -os 0.2 -0
1 10° 10! 4
Normal
0.90
. ‘
. ccn—o.d, 0.60 . ' .
v_survival i 6 1
€ o - 0450, © Y
probability £ -
N i | |
giad e TS 10'
Neutrino energy Neutrino energy

- il
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Atmospheric neutrinos

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

* Complementary detection channels: independent measurements and systematics

* Exploit synergy with reactor neutrinos
* Boost of NMO sensitivity using both channels -~ JUNO can do it alone

- NMO determination at 30 ~2 years faster!

— JUNO

baseline systematics

—— ORCA

Combination
——— optimistic systematics

Tru
0 i~

e Normal Ordering (test 10)

-25 -24

JHEP 03 (2022) 055

-23
Amg, [x 107 eV

True Mormal Ordering (test NO)

50 YT :

100 |

8 L
50 \

26 27
AN, [x 107 eV9)

N

Significance

5_

| — Combined+1.4% Am3,

8
SN

L

T T T T T
—— Reactor

Atmospheric

s5in“8;3:(0.545 £ 0.021

PRELIMINARY

2 4 - 8 10
AQ time [year]

@ M. Colomer Molla, “JUNO: neutrino physics and astrophysics”, IPHC neutrino seminar




Atmospheric neutrinos

> Detectors like JUNO are not initially designed for doing GeV physics

> Measuring atmospheric neutrino oscillations effects (NMO) requires:
« Efficient background reduction: 4 Hz of muons VS few atmospheric v per day in the CD
— Need dedicated online processing and filtering of the data (very large data flow):

Online Event Classification (OEC): Computational tasks: reconstruction,

low level event classification
Front-end
Electronics

8, TIME_FRAGMEMNT

| | 4. FRAGMENT REQUEST Data transfer

Front-end . e 2
Electronics Eveit e
1. DATA STREAM Builder "t Processor
Front-end —_— | : P g T
Elastronics - 5. ROS_FRAGMENT & (LowlavelEventClassification)
: 4 T.MEXT PROCES50R .
Front-end 1. ASSIGH 10. Event Type H |g h Ievel event
Electronics ’ + 6 CLEAR . 9. VERT e .
4 7. CLEAR ) : classification

2. ROS READY _ '
= v Data Flow and Load Balancing Event Red parts are designed

Module{DF) LS Classification | forOEC

{HightevelEventClassification)
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Atmospheric neutrinos

> Measuring atmospheric neutrino oscillations effects (NMO) requires:
» Good energy (<5%) and direction (<20 deg on v angle) reconstruction
 Discriminating between electron and muon neutrinos AND v against anti-v (PID)

Note: Implementation and validation of reconstruction and PID algorithms into the official JUNO
software ongoing, results shown here don’t include yet the full electronics and noise effects

Energy reconstruction:

using the linearity between the detected charge and the visible energy (benchmark)

1e?

WORK IN PRO

i
=
L

nFE from Ipmt

_.
=)
"

4] 2 4 4 8 10
Cedep [GeV]

12

14

1750

1500

-
B
(=
(=}

1000

-1
[Tl
(=]

500

250

vents

#e

1200 4

1000 4

800 4

600

400

200 4

Energy resolution ~5%

~——— Gauss fit, mu = 0.003 sig = 0.048

0.4 0.6 0.8 1.0

dE [%]

100

60

) I—
20

0

—20

L]

dE = 0.35+/4.76%
10967 Events
4+ Mean dE [%]

ORK IN PROGRES

Label Energy [GeV]
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Atmospheric neutrinos

Energy reconstruction using machine learning (ML):

Graph Convolutional networks

l PMT Data J [ Graph ] [

Summed npe(t)

!

[[ ResNet Block ]

/? 1D Conv \

—

1D Convolution
(Nf to 2Ng)

v

[

1D Batchnorm

2

[

1D MaxPooling

l

. //ﬁ_iraph C:unvulptlon\__\

[

Flatten

A 4 X

N

y

(constant feature size)

® [[ Linear Layer
a
-
-

|

v

¥

[ Prediction

)

Energy resolution
improved to ~2%

Predicted Energy [GeV]

14

204

140

120

100

80

60

40

20

2 ‘ 10 12

iﬁ&rgy [GeV]

@Oﬁ“ dE = 0.01+/-1.91%

#® _ Resolution and Bias [%]

50

40

30

20

10

2 4 [} 8 10 12
Label Energy [GeV]
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Atmospheric neutrinos

> Measuring atmospheric neutrino oscillations effects (NMO) requires:
» Good energy (<5%) and direction (<20 deg on v angle) reconstruction
 Discriminating between electron and muon neutrinos AND v against anti-v

Direction reconstruction with topological reconstruction method:

Reconstruction of the emission probability map of the detected photons - gives track direction

Rel. point

0_4 a b s b & & o &
02 03 04 05 06 0.7 08 09 10 1.1

X [cm]

10°

lterative
process

Xz_projection

TT [T T T T[T TTT ORI T T[T T T T ITT T T[OITTIT OO
I | | | I |

|_EI 5

L1 11 | L1 L1 | Ll i1 Ll Ll | Ll | | L1 1 | | 11
00 -1000 -500 0 500 1000 1500
% [cm)

Reconstruction of 3 GeV v,
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Atmospheric neutrinos

g T E T
8500 2500
N - N -
1000 1000
- WORK INPROGRESS _ _
500/ 500 10 Using all detected hits
N
5005 _500"
-1000?— -1000?—
-1500?— -1500?—
o8 o e od 7500 ik g e e Tod 506 complementary
R R information
£ [ g f
500 25001
N - N -
1000F 1 1000f 1
- WORK IN BEROGRESS
500 5001 |
0:— 0:— . . .
; 0 - 10 Using the first hit
~500F ~500 detected by each PMT
-1000?— -1000?—
; 10 ; 10
1500 -1500
~586 1006 5000506 000 1500 ~506 4006 50005081000 1500
X [cm] Y [cm]
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Atmospheric neutrinos

— Atmospheric neutrino flux measurement

- Flavor - dependent energy spectrum can be measured in the (0.1 - 10) GeV energy range
5 ve/vu discrimination based on time pattern of scintillation light possible

Tl |l =
| =
. 2 E | Eur. Phys. J. C (2021) 81:887
Evis ~2-10 GeV R = . _ | / (2021) ‘
! § o2l
nnnL ] (& 2
: r ¥, CC 3 107
sy -v, CC 2, ~ @ JUNO - This work (5 yrs) v, |
§ e o [ #  Super-Kamiokande 2016 v,
B Vi NC %y 10° T Frejus 1995 v, 1
i F =ee-e- HKKM14 v, Flux (wio osc.)
400} - ——— HKKM14 v, Flux (w/ osc.}
200 B
r 10 @  JUNO - This work (5 yrs) v,
¥ — ¥+  Super-Kamiokande 2016 v,
40 B0 80 100 120 T E  § Freus 1995y,
T ~ ====== HKKM14 v_ Flux {w/o 0sc.)
105 HEKKM14 v, Flux (w/ osc.)
i 1 1 [} 1 ‘I 1 1 1 I I [} 1 1 1 I 1 [} 1 [} I 1 1 1 [} I 1 1 1 1
-1 -0.5 0 0.5 1 1.5 2

log % {Er [ GeV)
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spectrum of natural sources:
I1) supernova neutrinos (MeV)

1024
J,a-\\C()smological v
# \
18 \
107 \ ~100keV-100MeV
1
\
= 1012 | Sup
= \ Solar v
Q@ 1
= 10°] [
T '1
o 109 ‘.
— ]
I Supernova
v -6
~ 10
Atmospheric v
g 10712
5
— 10—18
- High-energy
astrophysical v
10—24
10-30 Cosmogenic v i
106 10-3 109 103 10° 10° 1012 1015 1018

Neutrino energy (eV)
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Core-collapse supernova:
explosion mechanism

Collapse of the degenerate core
(implosion)

~1500 km

With collapse, shock
—® wave forms and

propagates...

until it gets stopped

p+e —n+uve

Massive star M = 10Mg As M

_ o = M PTESELRe of degenesate
Onion structure

electrons decreases due to electron captures
and becomes insufficient to resist gravity — collapse
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Core-collapse supernova:
explosion mechanism

* Neutrino heating revives the shock
by energy deposition — explosion
* 99% of the gravitational binding

NS energy emitted through neutrinos
p+e —n+e m
= Wifﬂfl - = 125 & 850 10" R e
gy —me | ] o 105H- — nue 4 & — nue =
: 3 s ._ 1 i _! nuebar T > :nuabar
= C —m | 1 = - —— nux . = e
g war! ] S ey 1 8 |
E [ I'. E -1 7 E
3 BURST | | 3 3wl v, | ACCRETION | 3 COOLING
- 1 - # = II|II :
N e stagpet
TET \\“C_ v e e A
T il ] g [
e - i 0 _ 5 100 200 300 400 500 - i 00 %00 80
time {iﬂs] time (ms] time I[mS]
* Shock bounce * Hydrodynamical * Neutrino pair
* Electron captures instabilities/convection

production of

* Neutrino heating all flavors

* Shock revival
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Core-collapse supernova
neutrinos in JUNO

* If there is a Galactic CCSN, JUNO will be able to detect
the CCSN flux from all neutrino flavors with high statistics
* High signal rate - almost background free observation

« Dominant interaction channels in JUNO:
« IBD - Xeflux

i expected no. of
» v-electron elastic scattering (ES) 10| | I
- all flavors (v_ flux mainly) ! e e 1012 T
O s @]
* v-protron ES - all flavors 5 1% : = Admaetel.  doos £
c o\ e Mirizzi et al. >
é 105} E P 1o.08 .%
Doing CCSN physics with neutrino data? Need: 8 Lol . VAN A e ;_i
v Event selection (PID) - all flavor flux evolution 2 /] T 2
» Good energy resolution - energy spectrum R et & oot s
v Good time resolution - time profile (lightcurve) j e % 100z
v Good angular resolution — pointing 102} i S
0 5 10 15 20 000

distance [kpc]
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Core-collapse supernova
neutrinos in JUNO

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

75° 68% CL region

—— T r——

450 S T T o, |0:22.7
Direction: <27 77+ /e s SO
/I 0 A A [ Sama o, Yo NN H
! e h b oty no a iR Bl B mbe nane o
Flavor dependent - [ 1130:120°-90° -60° -30SSEREEED", 6b° 90 120°130° |
. . | P 1 LL ;. ., S R |
energy spectrum Lightcurve:
w
E
E 1200
s
[=
0>> 1000
g . Prelimina
?} 800F ry
2 goof
s i
2 a0}
200
13 07\\\|‘\\||‘\||\‘\\\|‘\\
107910 720 30 40 50 60 70 80 10 20 30 40 50 60 70 80 0 1000 2000 3000 4000 5000 6000 7000 8000 " S e m—
E, [MeV] Time [ms) 0 Confidence level, % 100
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LLLLL
DE BRUXELLES

@ M. Colomer Molla, “JUNO: neutrino physics and astrophysics”, IPHC neutrino seminar )‘}‘63

BRUXELLES BRUSSEL



ldentifying an astrophysical
transient signal

Real-time monitoring based on a localised - Prompt Real-time Monitor:
increase (in time) of the detected rate. * Higher energy threshold (~1MeV)
Two strategies to trigger a transient event: * Increase sensitivity horizon

+ Sliding window method - Multi-messenger (MM) trigger:

+ Bayesian blocks algorithm * Lower energy threshold (<100 keV)

* Increase signal statistics

90

Event Rate [/ms]

= = Sliding window, 10 = = Sliding event, 10 == = Bayesian blocks, 10
= Sliding window, NO = Sliding event, NO =——— Bayesian blocks, NO
==

v1l.0

Alert effcien
(=]
(0's]

&2 :
o
———

3

R R R R /R I 0.4}
Time [us]
| Prompt monitor
. . . . | Nakazato, 13M; model

If transient astrophysical signal triggered: *#[ FAR<1/month
— All (triggerless) data are stored to obtain e, ==

h hvsi hin offl IVSi 0.9 100 200 300 400 500

the most physics reach in offline analysis Distance [kpc]

- il

@ M. Colomer Molla, “JUNO: neutrino physics and astrophysics”, IPHC neutrino seminar 22 63

BRUXELLES BRUSSEL




CCSN neutrino spectrum

Use time-space coincidence (IBD) and energy cuts to select the different channels:

Expected CCSN energy spectrum: Reconstructed after selection:

- Selection .
e ;NC. EM= 151 MeV ] Classes i 1 IBD Prompts
' IBD - Prompt - £ pes
10* £ i : IBD, E"=18MeV ] P 1 Blike
e Ne. ; ] IBD - Delayed = B+
3 P % e g 107
10° . =37 Me Z : PES = .
o b 2 1 z A 1
g : ] B-like L {
= 10° , o AR e 120% ] L‘_I_I_r
= o : . = EES E
i S ) 5 unknown/ = 2
10 L= "Ghosts” N - Prompt S 1015 LI
12N - Delayed #*
Ly 2B - Prompt
01 2B - Delayed
02 100;
Ey [MeV] 101 10° 101 102
ELE [MeV]
1015
10]?
1016
% 10]5
S,
o
Flavor dependent
. o 1019
neutrino energy =
£ 20¥
spectrum UNFOLDED: : ..
=
10%
10]5
1014
10130 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

E, [MeV]
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CCSN neutrino lightcurve

1034

1034 —— lIceCube
—— scint20kt
1024 1024
> Neutrino time profile brings information : > 10] m
on the CCSN physics (and the models) J m £ 1] FL
" —— IceCube 10714
o | Modell 5™ ... | Model2
0 200 400 600 800 1000 0 200 400 600 800 1000
Time [ms] Time [ms]
— 12000
2 _ JUNO PRELIMINARY
* Neutrino lightcurve relies on event timin = i
g 9 o 10000—
 Statistics matters in lightcurve studies E £
(to resolve precise lightcurve features) > 8000|
* Optimal physics event trigger is important £ -
= E
b4 6000 - q L
e Global multiplicity trigger: i rrersdi | ANV \ N
Default: 200 PMTs fired in 80 ns R o o A
L - MM trigger
e Multi-messenger (MM) trigger: SlK 1 - Global trigger, 300 ns
TPRE .* - Global trigger, 80 ns (default)
likelihood cut, low energy threshold o Ton nalimnin Fadio e nea T e vnmtas |
00 50 100 150 200 250 300 350
Time [ms]
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Machine learning based
level-1 trigger in JUNO

Motivations:
* Level-1 (L1) trigger based on machine learning (ML) (firmware implemented) will
need less logic resources than the current JUNO L1 trigger
* L1 trigger based on a Neural Network which could perform better at low-
energies (below ~200 keV) than the current trigger:
> Many interesting physical signals expected in this energy regime
(motivation for the MM trigger low-energy threshold)

Requirements:
* Final trigger rate has to be low enough to be handled by the DAQ
* It has to be hardware implementable and fast for real-time processing

Neural Network architecture

L Lt )
B AN Simple architecture:

L 20 nout noces (20 o
- 1 layer, 20 hidden nodes
- activation function: ReLU




ML-based L1 trigger in JUNO

» Feedforward neural network » Feedforward neural network
» Trained using backpropagation (epochs) » Trained using a least-squares fit
» Training time ~9 min » Training time below 1 s (~80 ms)
» Training accuracy for 50 keV = % of » Training accuracy for 50 keV = % of
correctly classified events ~ 98% correctly classified events = 99.8%
IEEE TNS 68 (2021) 8 } —
10" 7 i
. Simulation: sgnal
— [ signal .
: 10°
10t) o noise FPGA implementation:
%103 _________ 107 5
E’g 102 100 5
20 15 10 -05 00 05 10 15 20
e LLLLLLLLLEL DL ELLL ) LLLL - This method provides significant
' ' NN output ' ' improvement, to be tested on FPGA
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CCSN neutrino lightcurve

Example of interesting lightcurve feature to study: SASI oscillations

* SASI = standing accretion shock instability:
predicted by 3D CCSN simulations

* Why is it interesting:
~ It favors explosion and final energetics
-~ It can explain neutron star kicks observed
> It would be accompanied by GW emission

 Observable: fast-time variations of the detected rates, with a characteristic oscillation
frequency (~80Hz) —» Spectral analysis of the neutrino data
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CCSN neutrino lightcurve

Example of interesting lightcurve feature to study: SASI oscillations
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2 * Method 1: model independent (search at any frequency)
& * Method 2: model dependent
o .
=4 adrrorertoilaline] THEORY (search in the “known” SASI frequency range)
g w (expected)
§2 . .
= > JUNO will be sensitive to observe the SASI peak

OCJ

oo z0g, 30 a0 59 at ~30 up to the Galactic Center (~8kpc)
ime |ms
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Core-Collapse Supernova
multi-messenger signal

100 yr -1lyr -1wk -1 hr -1s 10 ms 10s 10 hr 10 mo
54 1 1 L '} 1 1 | i
neutrinos — o GW
521 — Ty, o EM
T 50 =
LA
g 48 -
= shock breakout
Z 46 (SBO) emission
o
£ 44
= plateau
=42 . s
e P gravitational waves
=] ’ :
= 1oy progenitor (17 M)
et . LTI T B e d
. 1 electromagnetic ||
10 8 b 4 2 0 -2 0] 2 a 6 8
Adapted from Nakamura+ 2016 log(time relative to core bounce [s])

* Next nearby CCSN will produce neutrinos, GWs and EM radiation
* Neutrinos will act as an early alert for the multi-messenger follow-up
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Core-Collapse Supernova
multi-messenger signal

SNEWS: The supernova early warning system —. Network of detectors combined to observe
CCSN neutrinos, coordinated with other multi-messenger observatories (New J. Phys. 23 2021)

/ MOTIVATION: the multi-messenger signal

» Source position and distance using neutrinos are crucial for a successful MM follow-up
» Timing of the neutrino signal is key for those parameter estimates
» SNEWS will collect data from different experiments and send an alert to other observers

SNEWS
EM observations _ ﬁmﬁﬂﬁﬁ:’ ~ GW observations

JUNO will also contribute on its own
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Multi-messenger astronomy

Timing the neutrino signal arrival
How? Using the high-significance Prompt CCSN Monitor trigger time
But... Trigger time will be biased with respect to the truth arrival time

Bias correction: Fit the relation between the expected trigger time and the expected
number of events in the first 50 ms, N50

8 4
# Garching 11Msun *
Garching 11 Mg 8 kpc , ¥ Garching 25Msun
50 1 BEFORE correction
AFTER correction E 6.
40 1 E,
£ 51 *
£
30 8 +
= A
>
20 g 5.
= *
10 - 24 *
* 4 JUNO PRELIMINARY
1 L T T T T T T T T
0 6 8 10 12 14 16 18 20

30 -20  -10 0 10 20 30

CCSN timing [ms] Distance [kpc]
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Multi-messenger astronomy

Distance estimate 20 JUNO PRELIMINARY

15 1

Based on: arXiv:2101.10624
Observable: Nevents in the first 50ms, N50

10 1

5_
Methods: ] //
1. Using the expected signal weighted

over initial mass function (IMF)

. . —10 A
« Lower stat. uncertainty, larger systematic

Relative uncertainty [%]
o

—151 —— statistical error
2. Using the linear relation between N50 stat + IMF syst
and fA = N50/N(100-150) | —20 2 Y 2 B i s
 Larger stat. uncertainty, lower systematic Distance [kpc]

Figure: Statistical uncertainties (solid line).
The blue bands include the model systematics
(IMF) uncertainty on top (more syst. ongoing).
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CCSN neutrinos: pointing

* Pointing to the source with neutrinos is key for a successful MM follow-up
* But direction reconstruction is difficult at MeV energies: point-like emission...
> Two possible ways to go:

Triangulation JUNO: anisotropic interactions

"The time delay between the signal at
different detectors defines a sky region” "The direction between the IBD prompt

(positron) and delayed (neutron capture)
reconstructed vertexes gives v direction”

JUNO/ARCA/IceCube/HyperK
75" 68% CL region

451 S T TN —as._|0:22.7
& : [\ S se<NDs24.7
30///- S T 1.. T U W
15“3_”/ ; 4 e e My 4 .
D"Ii -1502120°-90° -60° -30 507, 60" 90° 120°150° |
T s :; i I
_150\_\ e : — «:‘ L., 1 _:" Vi f - _,:"
; 4 'll'L ¥ '.. «*3 Y . 7 ; P /
_Bﬂk‘ah_ . ] L iy - i o ___,.f/
o e o ; —
Eur. Phys. J. C R S SN
I TN . R —
0 Confidence level, % 100 80 856 (2020) 75
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Pre-supernova neutrinos

* Neutrino emission previous to the explosion (Si burning phase) detectable hours to days
before the stellar collapse

* Advance notice of the core collapse for other telecopes

* Difficult detection due to low-luminosity, low mean Ev and longer time window

* Low-background detectors (JUNO, SNO+, SuperK-Gd) can detect such signal for close
by CCSN events (< 1 kpc)

* LS detectors (JUNO) can access directionality from IBD events
- LS without doping: ~60 deg uncertainty for 22 kton detector JCAP 05 (2020) 049

- With Li doping: ~15 deg uncertainty (22 kton) Sci Rep 4, 4708 (2014)

Events rates before SN explosion

E - Localization of Betelgeuse, LS vs. L5+Li
I P Figure from C. Lunardini
g @JUNO
& 20Msun, 0.2kpc
1-2.6 MeV
\
\
i* o - =
Wj LS:  68%,90% -60° s
e o8 v B s o o e ar ) l |Ls+Li: 68%, 90% -75

0.2 04 06 08 1 12 14
Days before SN
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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

* Garanteed steady source of O(MeV) neutrinos

* Discovery of DSNB signal will bring information on astrophysics and cosmology:
- star formation and CCSN rates in the Universe + star evolution
- black hole (BH) formation rates in the Universe

before cuts —pp  after cuts

% FV2
= = Reactor 7
o @8 'Li/ °He
« Detection in JUNO via IBD, with main S Egéﬁnfggw s |
background from NC atmospheric neutrinos B Aoy NC wio ''C 1
* Selection: [12-30] MeV + fiducial volume + @ ]
PSD (pulse shape discrimination, signal vs = 5
background) - efficient background rejection  §°
Lﬂm-z
107

12 14 16 18 20 22 24 26 28
Prompt Energy [MeV]
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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

- JUNO will be key in the discovery of the DSNB signal and constraining its flux

r L | 1._.-'_1 T T T T TT T L b ek mml I; ];_"'_.
L 10 -, { —e— JUNO (90%C.L.).10 yrsg JCAP 10 (2022) 033
% “*tuy.,. | —®— KamLAND (2021) : T T
- = === B = 0.5 yr Mpc B B
E = I —tr— SK-IV (2021) E 14 R, ._:tm = 1x10° yr! Mpf; — 18 MeV — BH: 0.40
o - = —»— SK-LILIII (2012) ] F = Ry (0) = 2410 yrt Mpc™ - 15MeV | | BH:027
w 10 - ¥ - & —— Borexino (2020) - 12E 8, 50%—30% [ 12Mev | [ BH:O
o /A - - 5, 30%20% . -
5 1 B - -
= 1 =i I
5 i = = 3
= - =] B E
) . & .‘i _—I
'; 107! 1 » = :
- -
- ~ = - L
Z ! F S ; :
i | F—(E)=12MeV,f =0 N ~ = .
9 v BH | ~ ~
Q1072 (£ )15 MeV, S 02T e ~ X X
Model I E=—(E =18 MeV, [ =0.40 \\ . al— —
d. t | i ] 2 4 6 8§ 10 12 14 16 18 20 10 20 10 20
predic lonl o Runing time [yr]

30 discovery after 3 years data taking for nominal model
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spectrum of natural sources:
I11) solar neutrinos (MeV)

1024
J,,-\\Cosmological Vv
10187 .~ %
N \ ~100keV-10MeV
4 1012 r Sup burst
1 I
> - Solar 987A)
qJ 1
= 10°] [
T '1
@G 10° 1 ™
T ' Supernova ant
wn -6 |
~ 10
= Atmospheric v
...L;J.. 10—12
5
— 10—18
L High-energy
astrophysical v
10—24
10-30 JUNO Cosmogenic v i
10-6 1073 1009 103 106 10° 1012 1015 1018
Neutrino energy (eV)
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Solar neutrinos

* The Sun the first astrophysical source observed in neutrinos — discovery of v oscillations
* Main detection channel - v_elastic scattering (ES)

* JUNO can benefit of its enormous statistics
* Different fluxes can be detected:

° SB

° 7B

* pep 10"
* CNO 10'2
10"
10"
10°
10°
107
10°
10°
10° |
10°
102

B16 - SSM

"Be [+ 6%]

pep [ 19%]

"B [+ 12%]

Solar neutrino flux [em™® s

hep [+ 30%]

....--"'"T'.I

MNeutrino energy [MeV]
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Solar neutrinos

High energy (3B neutrinos) — Chin. Phys. C 45 (2021)

* Possibility to use CC and NC interactions on **C Simult determination of sin?d
« Unprecedented detection threshold at 2 MeV - >imu ageou.s etermination ot sin“¢;,
« Better precision: contribute to solve metallicity puzzle and Am* , with both solar and reactor
» Spectral shape: study day/night asymmetry + other NSI neutrinos in one experiment
- 10° E 8
(5] +3B v-2 ES 3 0, 6 \ /
= X Ei hep v-e ES B8 [OVBALifHe - <3 T
;} 10 [ Reactor V- ES DHJTh E'"c."'Be '? - JUNO 1]
5 _; 10— y reactor ¥ (36) i
.:. 3 — [—10v®Bsolarv ] '
; 25 1 7
= e [ = 177
: '
?: : s
= sl ]
: ] i ~~%""’"""a--~--.
) j 3 10 0.15 ﬂll {!ll‘“i ul.a ':'}..Iu “{"]_'4 'E}.Iﬁl :IJHE%é
- Visible Energy [MeV] -t M

‘ P
@ M. Colomer Molla, “JUNO: neutrino physics and astrophysics”, IPHC neutrino seminar 22 63



Solar neutrinos

* Intermediate and low energy neutrinos (< 2MeV): (paper to appear on arxiv soon)
- Measure simultaneously pep, ‘Be and CNO fluxes - Crucial: internal level of radioactivity

TFC-Subtracted dataset TFC-Tagged dataset . . .
- —r - Different radiopurity
10° . Banaleia 10° — Baseline scenarios considered
: — Ideal — Ildeal
10 Borexing-like 10° Borexino-like

- Two datasets:
1C enriched / depleted

Events /p.e.
Events / p.e.

- Improve Borexino results:
7Be and pep in 1-2 years

L M i i i MR | I L i M | L L L Lo ah i i i
800 1000 1200 1400 1600 1800 2000 2200 2400 800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e ] Reconstructed energy [p.e.]

0 20 40 60 80 100 0 20 40 60 80 100
T T | T T T | T | T

T | : |

Borexino-like

Current best result |

14.8% :

Ideal

———— Baseline
—_—IBD
______ = == Borexino result

10

Borexino-like

Ideal
~——— Baseline
- |BD

= = Borexino result

6 8 10
Time [y] Time [y]
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Status of the central detector

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

mp =

——

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

265 pieces

* Installation completed
last June 2022

* Installation ongoing:
6/23 layers completed
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Status: liquid scintillator

Four purification plants to achieve target radio-purity 10717 g/g U/Th and 20 m attenuation length at 430 nm.

5000 m* LAB tank Add 2.5 g/L PPO and 3 mg/L bis-MSB

All the LS related systems will finish assembly in summer.

SS pipes to
underground

I pLw II q“‘!
-_'_'_.| H =

85%

Liquid scintillator:
LS mixing + purification systems are almost ready - will start commissioning after summer
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Status: electronics (PMTs)

i i i ' Photon Detection Efficiency
Synergetic 20-inch anc! 3-inch PMT systems to 1000 ——— ——
ensure energy resolution and charge linearity w00 | e
i g N" | ' 7, g - g
4 S 600}
| Underwater
o .
5 electronics
% 200 i
020 25 3I0 315 40
PDE Corrected [%] |mprOV8
Dark Counting Rate :
[ ALL:Mean = 27.6kHz, STD=15.TkHz Slg.nal to .
200 S e omnosa | NOISE ratio
_% 150
S5 Instrumented with
% 100 waterproof potting Improve E
e = resolution
50
25
5 | i
0 20 40 60 80 100
DCR [kHz]

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

Electronics: , Assembly and connection tests finished  Installation started in October
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Status: veto detectors

Water pool: Top tracker: (paper in preparation)

- 35 kton of ultrapure water cherenkov detector - Built from OPERAS's tracker layers
- will act as passive shield and veto for cosmic - Goal: study and veto cosmogenic
muons (> 99.5% efficiency, 2400 large PMTSs) backgrounds and atmospheric muons

: . ‘. Prototype working at IPHC A
* 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 \9 To be produced and tested this year 4
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JUNO: detector status

* Installation of the accrylic sphere and the large PMTs ongoing from the top
 All electronics are being installed and tested after installation
* Successful first light-off test done in December

> Full construction/installation will be finished at the end of the year
> Filling, commissioning and first physics test run expected in 2024
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JUNO - AN INSTRUMENT WITH AN
INCREDIBLE PHYSICS POTENTIAL




JUNO - TAO

TAO (Taishan anti-neutrino Observatory), arXiv: 2005.08745 _AcU  Plastc
satellite detector of JUNO: e | Top Shield (HDPE)

» 2.8 kton of Gd-dopped LS © o0 o
* Located ~30 m from one nuclear core
* Energy resolution: 1.5%/VE[MeV] |
* 94% coverage with SIPMs © O i

—_
19
rér‘*

T
BE

Goals: A

> Precise and independent measurement o o off <
of the reactor neutrino spectrum with . iy | Insulation (PU)
higher event statistics s B——11l Bt facid

> Monitoring reactor for nuclear safeguard =0

> Search for light sterile neutrinos o _

> Make improved measurements of 1:1 prototype under construction in China
Isotopic yields & spectra

= mEEnE)
e

(Lead)
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