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€ Neutrino Oscillation Physics at JUNO
* 3-flavor oscillation paradigm
 What does JUNO aim for?
* Key features to achieve the goal

@ Other physics at JUNO
* More sources: Solar neutrino, Geo-neutrino, supernova neutrino
* More physics (BSM): sterile neutrino, nucleon decay, dark matter, etc.

@ Status of JUNO (if time allows...)



3-Flavor Neutrino Oscillation

v

B Neutrinos are mixed: |3—
Ams,

VE’ Vl AmEIIZ- i Amg,
2n 2n

v | = Upmns | v2 | T 3

Ve V3 NO 10

Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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3-Flavor Neutrino Oscillation

v
B Neutrinos are mixed: |3—
Am3,
Ve V1 Am%lIZ- o Am3,

2n 2n
v | = Upmns | 2 1 <OLGE 2
Vr V3 NO [e)

Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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3-Flavor Neutrino Oscillation

v
B Neutrinos are mixed: |3—
Am3,
Ve V1 Am%lIZ- o Am3,

v | = Upmns | v2 1 <R R

Vr V3 NO 10

Probability of finding the a neutrino flavor in the i-th neutrino
mass eigenstate. The CP-violating phase is varied (0—2m).
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Open Questions in Neutrino Oscillation Physics

* Neutrino mass ordering: * Precision measurements of
Normal ordering (NO) or mixing angles and mass splittings
inverted ordering (10)?

* CPviolation? » 3 flavors only or any sterile states?



Open Questions in Neutrino Oscillation Physics

* Neutrino mass ordering: * Precision measurements on
Normal ordering (NO) or mixing angles and mass splits
inverted ordering (10)?

* CPviolation? » 3 flavors only or any sterile states?
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Neutrino Oscillation Physics in JUNO

Slow component Am
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Neutrino Oscillation Physics in JUNO

Slow component Am
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Neutrino Oscillation Physics in JUNO

Slow component Am?2 L Fast component L
— 4 ., . 2 & 21 .2 2 .2 3 ., ", 32
Py v, =1 — cos™0;35in“20,,sin T sin“204; [cos 0,,sin T + sin“04,sin 4E
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. o Amy,L 1 _,AmEL - [Am3]L
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AE 2 4E AE
2 0520, ,/sin?20 ]sinAm—%1L sin (A3, + Amg)L NMO sensitive
2 12 - AE 4AE
i e B I JUNO:
’ ) e Ordering  Measurement of mass ordering

‘ Only solar term:
B, | --—-- sin® 6y = 0.282,
sin? ths =0

(sign of Am?;,) is independent of &,
« Can measure sin’0,,, Am?,,;, Am?;,
to sub-percent precision

Survival probability
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Neutrino Oscillation Physics in JUNO

Slow component Am
Py, = 1 — c0s*0;35in%26,,5in* =——— — s5in*20;3 | c0s*0;,5in"

B rpaine A
AE AE 12 AE

Solar dominated AmZ2.) 2 2
. o Amy,L 1 . -_ m3L . lAm3,L
= 1 — cos*0,35in?20,,sin? -3 sin®203 | sin? 8 T sin? =—==

] Atmospheric dominated

4E 4E
2 2 2
2 c0520,,5in?20,4sin Amz, L sin (A3, + Amg)L NMO sensitive
2 12 L 4E 4E
XL e No oscillations x1/7 . I n J UNO .
25 "’___q_,-——-«\\ Normal Orderirllg ¢ ]
. ’ | e e  Measurement of mass ordering
N B sin? A = 0.282,

(sign of Am?;,) is independent of &,

« Can measure sin’0,,, Am?,,;, Am?;,
to sub-percent precision

B Requirements

* Large statistics

e High energy resolution (3%)

Low background

Precise reactor v spectrum as input

sin?f;3 =0

Survival probability
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Key Features of JUNO

B Requirements
* Large statistics

* High energy resolution (3%)

* Low background

* Precise reactor v spectrum as input

19



Key Features of JUNO

B Requirements [JUNO paper: arXiv 2405.18008]

* Large statistics

Reactor Power [GW,,] Baseline [km] IBD Rate [day ']
v" Powerful nuclear reactors T Oz ok T
Core 1 4.6 H2.77 9.2
* High energy resolution (3%) Core 2 4.6 92.64 9.2
Yangjiang 17.4 52.46 35.3
Core 1 2.9 H2.74 5.8
Core 2 2.9 52.82 5.8
Core 3 2.9 52.41 5.9
Core 4 2.9 52.49 5.9
* Low background Core 5 2.9 52.11 6.0
Core 6 2.9 52.19 5.9
Daya Bay 17.4 215 3.65
Total IBD rate 7.4
* Precise reactor v spectrum as input * 2 nuclear power plants

* 8 reactor cores
e 26 GW,,

20



Key Features of JUNO

B Requirements
* Large statistics

Top Tracker and

v" Powerful nuclear reactors calibration house
v’ 20 kton liquid scintillator e
* High energy resolution (3%) et X TR Water pool
T /(‘/ /' Ji /— , Q IR Earth magnetic
0 708 /‘ / /' Jb o\ ' field compensation
| . e ) J — . coils
- 5 C 9 o g .
* Low background . ‘”\ o
. " ?:.%v :s Photomultiplier
5 WS - tubes
S\ RS
“ :‘ AT
e ok Acrylic spherical
] — AS AP S vessel filled with
* Precise reactor v spectrum asji/i — 2 B liquid scintillator
input Sl ——
Acrylic supporting
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= v 21
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Key Features of JUNO

B Requirements
* Large statistics

Top Tracker and

v" Powerful nuclear reactors calibration house
v" 20 kton liquid scintillator e
* High energy resolution (3%) s Tt G Water pool
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Key Features of JUNO

B Requirements
* Large statistics

Top Tracker and

v" Powerful nuclear reactors calibration house
v" 20 kton liquid scintillator R e _
* High energy resolution (3%) » : oo | Water pool
v" High light yield ; s |
v’ 78% geometric-coverage / i /', o\ 3 Tox Earth magnetic
/ A field compensation
" - - o coils
* Low background i1 - SN N
s oUU . | 't\ %’: % Photomultiplier
N vALAR A
- AN WS tubes
S\ HEes
L S g Acrylic spherical
. — AS AR A vessel filled with
* Precise reactor v spectrum asjj/i B30 10 WL & liquid scintillator
input il ] |
i P — %48 !,\ 4 Acrylic supporting
P N I ANL nodes -
FHEIE TR Y BF N E AW RETO)




Key Features of JUNO

B Requirements

* Large statistics
v Powerful nuclear reactors
v’ 20 kton liquid scintillator

* High energy resolution (3%)
v" High light yield

v’ 78% geometric-coverage Hamamatsu NNVT HZC
v High PMT efficiency (30%) Quantity 5000 15012 25600
* Low background Charge Collection = Dynode MCP Dynode
Photon Detection 550  30.1% 25%
Efficiency
Dynamic range
. _ . [0, 100] PEs [0, 2] PEs
* Precise reactor v spectrum as input for [0-10] MeV
Coverage 75% 3%
Reference Eur.Phys.J.C 82 NIM.A 1005
(2022) 12, 1168 (2021) 165347 | **




Key Features of JUNO

B Requirements
* Large statistics
v Powerful nuclear reactors
v’ 20 kton liquid scintillator
* High energy resolution (3%)
v" High light yield
v’ 78% geometric-coverage
v High PMT efficiency (30%)
* Low background
v' 650m overburden (1800 m.w.e.)

e CosmicmuoninlLS: ~5Hz

* Precise reactor v spectrum as input
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Key Features of JUNO

B Requirements

Large statistics

v e Cosmic muonin LS: ~5 Hz
Powerful nuclear reactors

v’ 20 kton liquid scintillator \Sl;to Strateigy 1 4 £l BHa /d
High energy resolution (3%) r.eactor V + 71 B-n decay of °Li/"He /day
Residual: ~ § after muon veto

v" High light yield
v’ 78% geometric-coverage
v High PMT efficiency (30%)
Low background
v' 650m overburden (1800 m.w.e.)
v" Muon veto strategy (reduce 96% of °Li/2He)

92% reactor v, + 4% B-n decay of °Li/®He /day

Precise reactor v spectrum as input
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Key Features of JUNO

B Requirements
* Large statistics
v Powerful nuclear reactors
v’ 20 kton liquid scintillator
* High energy resolution (3%)
v" High light yield
v’ 78% geometric-coverage
v High PMT efficiency (30%)
* LOW baCkground ICP-MS & neutron activation analysis developed :
v' 650m overburden (1800 m.w.e.) P o w
v Muon veto strategy (reduce 96% of °Li/®He) Hm o0

5000 m? LAB storage tank 1) Al,O; for optical transparency 2) Distillation for radiopurity

v’ Material screening + clean environment = ---------=--T___T S o-oeo-- ---Tmess LM U: <030 .-

FOC: U: <0.28 - Th: <0.24

* Cosmic muon in LS: ~5 Hz

Veto Strategy

57 reactor V, + 71 B-n decay of °Li/®He /day

Residual: ~ § after muon veto

92% reactor v, + 4% B-n decay of °Li/®He /day

* Minimum U/Th requirement for NMO <
10> g/g, aiming for 10 g/g

=

iU:(G.ZiO.?) ;
sas 4 Th: (10.721.1) B¥

Acid wash & filter: &
U: <0.28 b

Th:<022  |i§ Th: <0.23

Mixing LAB witn FgU ana pis-MSB

* Precise reactor vV spectrum as input v h U030 Bl
RN x ’—"' “2__!‘! U: (0.34+0.06)
SR . BT Th: (0.85:0.09)

4) Gas strippin to  3) Water extraction to remove
remove Rn and O, radioactive impurities

27
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Key Features of JUNO

B Requirements
Large statistics
v Powerful nuclear reactors
v’ 20 kton liquid scintillator
High energy resolution (3%)
v" High light yield
v’ 78% geometric-coverage
v High PMT efficiency (30%)
Low background
v' 650m overburden (1800 m.w.e.)
v' Muon veto strategy (91.6%)
v' Material screening + clean environment
Precise reactor v spectrum as input
v JUNO-TAO

JUNO-TAO

* <2% energy resolution at 1MeV

* Sub-percent shape uncertainty

» Provide precise reactor v spectrum
as reference for JUNO

arXiv: 2005.08745 ACU Plastic

| Top Shield (HDPE)
3" PMT
+- Water Tank

L

_,nmﬁ

t- Overflow Tank

- LAB Buffer
- GALS
- Cooling Pipe

Cu Shell
- SiPM Amay

8 8 8 8 8 8 8
O (o] (o] O (0] O 0]

Relative uncertainty [%]

=

o
—
L

=

o
Cl
L

107!

~ T
3

1 2 4 5 6 7 8
Reconstructed energy [MeV]
—— TAO Total —— Nonlinearity —— Fiducial volume
--- Statistics —— Fission fractions diff. =~ —— Non-equilibrium

—— Total sytematics
—— Energy scale

—— Backgrounds —— Spent nuclear fuel
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Inverse Beta Decay (IBD)

Ve +p — e +n
(interaction threshold: 1.8 MeV)
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Inverse Beta Decay (IBD)

Ve +p — e +n Prompt signal:
(interaction threshold: 1.8 Me Solve for neutrino energy
E,=E++ Amn_p + T3,

Delayed signal:
Neutron capture at 2.2 MeV on H
or at 4.9 MeV on 2C within ~200 ps

0.9

-y
(=
2, B

Inverse Beta Decay Cross Section (cm?)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Antineutrinos / MeV / Fission

0.1

o 1 2 3 4 5 6 7 ) °
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Inverse Beta Decay (IBD)

Ve +p — e +n Prompt signal:
(interaction threshold: 1.8 Me Solve for neutrino energy
Y E,=E++ Amn_p + T,

S Y | Delayed signal:
Neutron capture at 2.2 MeV on H
or at 4.9 MeV on 2C within ~200 ps

-y

(=
A
h

0.9

0.8

=

0.7

Selection of IBD candidates: (82.2% efficiency)
* Fiducial Volume:r<17.2 m (91.5%)
e Selection cuts (98.1%)
* E,:[0.8,12.0] MeV
* E,;[1.9,2.5]U [4.4, 5.5] MeV
 Time difference: AT < 1.0 ms
* Vertex difference: R, 4<1.5m
 Muon Veto (91.6%) o

0.6
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0.4

0.3

0.2

Antineutrinos / MeV / Fission

0.1

Inverse Beta Decay Cross Section (cm?)
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Backgrounds for Reactor Neutrino Signal

B After IBD selection: [JUNO paper: arXiv 2405.18008]
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Backgrounds for Reactor Neutrino Signal

B After IBD selection:
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02F
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[JUNO paper: arXiv 2405.18008]

Rate Shape

Rate
Background [day-1] Unc. Unc.
R 7 I 73

ncoens |08 | 1| 0
e | os | 20| 10

Total 4.11

Reactor neutrino signal:
47.1 day? + 1.5% (syst.)
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Energy Resolution in JUNO

d Goal: 3% at 1 MeV for e* from IBD signals Multiple calibration campaigns & sources
o a 2 ¢ 2 T \ (1D)
— 9 Automatic Calibration Unit
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Calibration house

Central cable

Side cable

source storage
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Energy Resolution in JUNO

d Goal: 3% at 1 MeV for e* from IBD signals Multiple calibration campaigns & sources
o a 2 ¢ 2 T \ (1D)
— 9 Automatic Calibration Unit
Eﬁﬁ J( E'V'iS) + b + (E?is) | ROV guide rail
Calibration house
T Central cable ﬂ

Side cable

* Photon statistics

source storage
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Energy Resolution in JUNO

d Goal: 3% at 1 MeV for e* from IBD signals Multiple calibration campaigns & sources
. 2 \2 N2 T Scintillation quenching effect (1D)

E — J( E ) + b2 _I_ (E ) | e CherenkOV radiation Automatic Calibration Unit
VIS v i $ v * Detector uniformity and reconstruction | [_ - RoYqude vl

T Central cable

Side cable
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Energy Resolution in JUNO

d Goal: 3% at 1 MeV for e* from IBD signals Multiple calibration campaigns & sources
2 5 | * Scintillation quenching effect (1D)
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Vi v s $ N * Detector uniformity and reconstruction | [_ - ROV L
T Central cable - g
* Photon statistics | | * Annihilation-induced y’'s —— g
* Dark noise T T < 15

ii Bridge

g (2D)
I\ %
) %
Source
6‘5‘

" (3D)

oQ
oM 38

Light yield in CD .
center [PE/Mey] | ="V Reseton

Previous Estimation 1345 3.0% @ 1 MeV

Photon Detection
Efficiency (27%->30%)

New CD Geometry +3%

New PMT Optical
Model & LS Properties

AURORA

+11% 1P

+8%

(Boundary %o,

o



Energy Resolution in JUNO

1 Goal: 3% at 1 MeV for e* from IBD signals [JUNO paper: arXiv 2405.17860]
2 2 | * Scintillation quenching effect
a (1 . C .
- \/( = ) + b2 + (E ) .| * Cherenkov radiation
Ve T vis 4 T * Detector uniformity and reconstruction
* Photon statistics | | * Annihilation-induced y’s < — T T T T T T
« Dark noise = 3E — Total PE E
S 55 C \‘ —= Scint. Stat. .
. . . R 4 — Scint. Quench.
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Q C \ N Summation 3
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Precision Measurement on Oscillation Parameters

[JUNO paper: Chin. Phys. C 46 (2022)]
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Precision Measurement on Oscillation Parameters

[JUNO paper: Chin. Phys. C 46 (2022)]
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Central Value PDG2020 100 days
M%[ (x1073 eV2) 2.5283 +0.034 (1.3%) +0.021 (0.8%)
Am%l (x1075 eV?2) 7.53 +0.18 (2.4%) +0.074 (1.0%)
sin 62 0.307 +0.013 (4.2%) +0.0058 (1.9%)

sin® 03 0.0218 +0.0007 (3.2%) +0.010 (47.9%) 41




Precision Measurement on Oscillation Parameters

[JUNO paper: Chin. Phys. C 46 (2022)]
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Precision Measurement on Oscillation Parameters

100 days
| T

[JUNO paper: Chin. Phys. C 46 (2022)]

6years 20 years

102

B World leading measurements on sin?8,,,
Am?,,, |Am?;;| in 100 days

B Precision < 0.5% in 6 years

B One order of magnitude precision
improvement with respect to current
global precision
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Neutrino Mass Ordering (with Reactor Neutrinos)

B JUNO’s median sensitivity to NMO [JUNO paper: arXiv 2405.18008]

 Reach 30 (3.10)significance in 7.1 years of DAQ time when NO (10) is true

Reactor U, signal IBD event number (x103)
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Neutrino Mass Ordering (with Reactor Neutrinos)

. e Design: [JUNO Yellow Book] arXiv 1507.05613
. V4
JUNO’s median sensitivity to NMO Now: [JUNO (recent) paper] arXiv 2405.18008

 Reach 30 (3.10)significance in 7.1 years of DAQ time when NO (10) is true

Reactor U, signal IBD event number (x103) Thermal Power 36 thh 26.6 thh (26%”
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Neutrino Mass Ordering (with Reactor Neutrinos)

. e Design: [JUNO Yellow Book] arXiv 1507.05613
. V4
JUNO’s median sensitivity to NMO Now: [JUNO (recent) paper] arXiv 2405.18008

 Reach 30 (3.10)significance in 7.1 years of DAQ time when NO (10) is true

» Consider atmospheric v can improve sensitivity

Reactor U, signal IBD event number (x103) Thermal Power 36 thh 26.6 thh (26%”
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.16
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I : Muon veto efficiency 83% 91.6% (11%T1)
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Neutrino Mass Ordering (with
Yrimary cosmic ray
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Neutrino Mass Ordering (with
Yrimary cosmic ray c ot +,
.air molecules I-’ pt et +v,+v,
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E~0.1GeV-10TeV
L~ 15-13000 km
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect: v(V:A = -A) [JUNO Physics Book: J. Phys. G43:030401 (2016)]
' L
P(v,, — ve) & sin® O3 sin” 26073 sin” [1.27(Am§1)mE—]

(Am3)™ = Am3 \/(cos 2013 — A/Am?2,)? + sin? 20,3
SiIl2 2913
(cos 2013 — A/Am3,)? + sin? 2613

A = 24/2GrN.E,

sin? 207 =

ol



Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect:

* Pyo(ve = vg) = Pro(Vy = V)

cos(6)

10" 10°
E,in GeV

10?

Vv (V: A= -A) [JUNO Physics Book: J. Phys. G43:030401 (2016)]

L
P(v,, — ve) & sin® O3 sin” 26073 sin” [1.27(Am§1)mE—}
(Am3)™ = Am3 \/(cos 2013 — A/Am?2,)? + sin? 20,3

SiIl2 2913
(cos 2013 — A/Am3,)? + sin? 2613

A = 24/2GrN.E,

sin? 207 =
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect:

* Pyo(ve = vg) = Pro(Va — )
e Resonance EZ'™:3-10 GeV

cos(6)

10? 10° 10?
E,in GeV

Vv (V: A= -A) [JUNO Physics Book: J. Phys. G43:030401 (2016)]

L
P(v,, — ve) & sin® O3 sin” 26073 sin” [1.27(Am§1)mE—}
(Am3)™ = Am3 \/(cos 2013 — A/Am?2,)? + sin? 20,3

SiIl2 2913
(cos 2013 — A/Am3,)? + sin? 2613

A = 24/2GrN.E,

sin? 207 =

53

E,in GeV



Neutrino Mass Ordering (with Atmospheric Neutrinos)

With matter effect: v(V:A = -A) [JUNO Physics Book: J. Phys. G43:030401 (2016)]

cos(6)

Pyo (Va N "B) = Py, (\—,a N ‘_’B) P(v,, — ve) = sin® 03 sin® 207% sin? [1.27(Am§1)mE%}
Resonance E3t™: 3-10 GeV (Am2)™ = Am \/ (cos 2013 — A/Am3,)? + sin? 2613
Signal channel: Charged Current (CC) _ sin? 2613

Background: Neutral Current (NC), cosmic muons (cos 2615 — A/Am3y)? +sin® 2615

0.0 A= 2\/§GFN6EJ/

0.0

_0.2 \~. ‘\ _0.2

W \\‘

I
cos(0)

e

ARAL
10 10° g 10+ 10° 10 54
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

B 78% geometric coverage offers great potential in PID, direction and energy reconstruction

95



Neutrino Mass Ordering (with Atmospheric Neutrinos)

B 78% geometric coverage offers great potential in PID, direction and energy reconstruction

e e/u separation * Vv energy
e v/V separation * track direction
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

B 78% geometric coverage offers great potential in PID, direction and energy reconstruction
e e/u separation * Vv energy
e v/V separation * track direction

» 0.8-1.40 on NMO @ 6 years with atm v only
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

B 78% geometric coverage offers great potential in PID, direction and energy reconstruction
e e/u separation * Vv energy
e v/V separation * track direction

» 0.8-1.40 on NMO @ 6 years with atm v only

» Combine reactor + atmospheric v to boost NMO sensitivity
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Neutrino Mass Ordering (with Atmospheric Neutrinos)

B 78% geometric coverage offers great potential in PID, direction and energy reconstruction
e e/u separation * Vv energy

e v/V separation * track direction

» 0.8-1.40 on NMO @ 6 years with atm v only

» Combine reactor + atmospheric v to boost NMO sensitivity

» Install spare PMTs on top of water pool to improve PID and direction reconstruction

~Spare PMTs

59




JUNO: A Multipurpose Neutrino Observatory

* Reactor neutrino
 Atmospheric neutrino

60
JUNO Physics Book: J. Phys. G43:030401 (2016)



JUNO: A Multipurpose Neutrino Observatory

* Reactor neutrino
 Atmospheric neutrino
e Solar neutrino

* Geoneutrino

SuperN‘ova v
5k in 10\‘5 (10 kpc)

e Supernova neutrino “ " wimp

! (dark mf!atter)
Solar v ; o

(1051000} /day #r3 Atmospheric v

10-20/day

Reactor v
~ 60 — 80/day

Reactor v
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JUNO: A Multipurpose Neutrino Observatory

* Reactor neutrino

* Atmospheric neutrino
e Solar neutrino

* Geoneutrino

5k in 10\‘5 (10 kpc)
\

 Supernova neutrino | .t 8
(dark m;atter) L
Solar v ‘\ ? ! VA

* Sterile neutrino R o ooy e

/
7/
¢,/ Atmospheric v

* Nucleon decay

Reactor v

* Dark Matter ~ 60— 80/day
* OvBp (in next generation)

New
+ Physics
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High Energy Solar Neutrino (°B)

B 2B v to measure solar oscillator parameters: [JUNO paper: Astrophys. J 965, 122 (2024)]

* Channel: ES (dominated) + CC + NC ES: v,*+e v, +e”
CC: v, +13C->e” +15N
NC: v, +13C->v,+13C

63



High Energy Solar Neutrino (°B)

B 2B v to measure solar oscillator parameters:
Channel: ES (dominated) + CC + NC

» Signal / background: 60k / 30k (in 10 years)

Vv
[
()

W

-~ Bv-e ES
hep v-e ES

’B,’Li,’He
[JReactor V-e ES [[]*°Th [ ]'°C,''Be

Events/0.1Me
2

Visible Erllgrgy [MeV]

[JUNO paper: Astrophys. J 965, 122 (2024)]

ES:
CC:
NC:

V, T e —-v,t+e"
Ve + BC > e” + 13N
v, + BC - v, +13C
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High Energy Solar Neutrino (°B)

B 2B v to measure solar oscillator parameters: [JUNO paper: Astrophys. J 965, 122 (2024)]
 Channel: ES (dominated) + CC + NC ES: Vote —v, +e-

* Signal / background: 60k / 30k (in 10 years) CC: v, +8BC—-e” +15N
> 8B flux: 5% (3% w/ SNO) sin%0,,:8% Am?,; :20% NC: v, +13C - v, +13C
» Measure reactor and solar v to solve the tension
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Intermediate Energy Solar Neutrino

10"

B Good sensitivity to 'Be, pep and CNO neutrinos <2 MeV ;-

: . 10"
» Improve the understanding of v-emitting solar processes 1o°

— 109
L1t N ——

S, 107
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pp (£0.6%)

5 10°
L_I. 105
10*
10°
10?

\
H——T I-"JI B (+12%)

/hep(ﬂ]
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1 1 1 1 1 I 11 I
107" 1 10
Neutrino Energy [MeV]
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Intermediate Energy Solar Neutrino

10"

B Good sensitivity to 'Be, pep and CNO neutrinos <2 MeV

107

pp (+0.6%)
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» Improve the understanding of v-emitting solar processes 10" o)
= 10 i pep (+1%)
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» First CNO measurement without external constraints e !9 Ak
. . g 10° -——1 B (+12%)
» Improve Borexino results on ’‘Be and pep in 1-2 years e ,{,J
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Geoneutrino

B Neutrinos from U/Th inside the Earth
» JUNO will collect the largest dataset of geo-v: 1~2 events/day
» Precision of 8% in 10 years with fixed U/Th ratio

* In comparison: KamLAND ~15%, Borexino ~17%

» Leading precision of U and Th components l
o F 10 years, no assumption on Th/U ratio:
c — -
q>, 8005 Dataset 232Th %\ ~35%
Ll 200 = - Fit result \V
= 2381 ~30%
600 - »
_EIN 232Th+238) ~15%
| 232Th /238U ~55%
400H Reactors
300
*°H” _Geoneutrinos
100
i Other‘fiackgrounds
R S S .
Energy [MeV]




Supernovae (SN) Neutrino

B 3 detection channels sensitive to all flavors
» ~10% events (5k IBD) for a typical SN @ 10 kpc
* Prompt monitor can identify signal in 10-30 ms
» Excellent capability of early warning: >90% of core-collapsed SN (CCSN) at d<200-300 kpc
» Be able to determine flavor content, energy spectrum and time evolution of SN burst v

~ Garchin Nakazat
T 104_EXp_eCted threshold Q'S'f\?@ﬁ@'\% eplc e 1Mo 0 —= 2TMg 10 == 1Mo IO == 30Mo, 10
> o e 11Mg, NO e 2TMg, NO == 13Mg, NO w— 30My, NO
o | -= IBD,I0 = IBD, NO - '
= ' ~~ eES,I0 ~—— eES, NO 010~ JCAP 01 (2024) 057
£ —— pES, 10— DES, NO :8 i
D 1n3 £08F n
> 10°F JCAP 01 (2024) 057 v =
© b5 :
Z 0.6- :
[ |
| I
102§ 0.4 E
r I I
|
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““L  FAR: 1/month
i |
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Diffused Supernova Neutrino Background (DSNB)

2

—_
(=]

Events in 3.6 kt x 10

yrs [MeV™']
2,

2

B Superposition of v from all past SN explosions (yet to be observed)
* Selection: [12,30] MeV with fiducial volume cut & pulse shape discrimination

» S/B ratio improved from 2 to 3.5

before cuts after cuts

FV2
— DSNB

B Reactpr V
(] Ii’Li?é)He
@@ Fast neutron
@@ Atm-v CC

@ Atm-v NCw/ ''C
@ Atm-v NC w/o ''C

10 15 20 25 30 12 14 16 18 20 22 24 26 28
Prompt Energy [MeV]
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Diffused Supernova Neutrino Background (DSNB)

S

—
o

Events in 3.6 kt x 10

yrs [MeV™']
2,

2

B Superposition of v from all past SN explosions (yet to be observed)

* Selection: [12,30] MeV with fiducial volume cut & pulse shape discrimination

» S/B ratio improved from 2 to 3.5

» 30 (>50) detection significance in 3 (10) years of data for nominal model

before cuts

after cuts

FV2
— DSNB

B Reactpr V
[ %Li/d‘?ﬂe
@3 Fast neutron
@@ Atm-v CC

@ Atm-v NCw/ ''C
@l Atm-v NC w/o ''C

20

25 30 12 14 16 18 20 22 24 26 28

Prompt Energy [MeV]

Sensitivity [oO]

L = === R (0)=0.5x10" yr! Mpc™

= Ry\(0) = 1x10™ yr! Mpc”|

-
-
-

-

Byygt 50%—>30%
B 5, 30%—20%

= = R (0)=2x10" yr Mpc"

8

10

12

14

16

" 18Mev | |- BH:040
[ 15Mev | [ BH:027
[ 12MeV " BH: 0

—o—i
LA LN L L L L
I |
S e

© [N LI L L L LN |
o

I l
18 20 10 20 10 20

Running time [yr]
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Sterile Neutrino (at TAO)

B Taishan Antineutrino Observatory
* 44 m from a 4.6 GW reactor

e 2.8 ton Gd-dopped LS

* 94% geometric-coverage of SiPM
 Operated at-50 °C

5100

o
Lo
T @ @ O @ «
Water tank I
o @ @ @ “.l:
o) @ @ 5 @
o @
o O o
™| © —
| & o0
o @ @ : ) @ ™
afigE N B
o @ @ @ @ ig
) @ () ® «
3 ]
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Sterile Neutrino (at TAO)

B Taishan Antineutrino Observatory

e 44 m from a 4.6 GW reactor » sensitive to sterile neutrino
e 2.8 ton Gd-dopped LS » Will provide new constraints
. . i 2 2 i
* 94% geometric-coverage of SiPM in 0.1-3 eV° Am“region
o o e e e SR R S S S TR e S S
 Operated at-50 °C o [mereme - : EREREEE
5100 S Heteomincs
E il === JUNO-TAO 99.7% C.L.
< L
=== PROSPECT-199.7%: C.L.
o @ Q@ @ § Q@ 1
Water tank o i
m @ @ @ @ g
3|2 10"
e @ @ .N o @ 02%
.‘.‘E‘. i ﬁ4
w @ @ Q@ 10.2
7\ \ 10° 73

#2100 8l



Nucleon Decay via triple coincidence

B 20 ktons of LS: 1.45 x 1033 free protons & 5.30 x 1033 bound protons/neutrons
Proton decay
po>Kt+ v
Prompt pulse Signal: K* and decay daughters

T =|12.4ns

+ + =
Delayed pulse BT TV vV

» Kt 5t + 70

L 8.4x10~®%ns

—_— 2
T =|26ns + 14
T oV, +u

Al a00f

220 _ 34l
N C + + ':10
o| 200F H pov+k 5
N 4goE example >
1 - 3‘
o~ 160 =
o = @
S EMO: §1033—;
™| 3120} @
—| 1005 £
N o
Q| 40 g
o 20F-
U 0: 1111 I 11111 Lod Lol

1 10 102 10° 10¢ 0 2 4 6 8 10 12 14 16 18 20 4
hit time (ns) Running Time (Year)




Nucleon Decay via triple coincidence

B 20 ktons of LS: 1.45 x 1033 free protons & 5.30 x 1033 bound protons/neutrons

Proton decay Neutron invisible decays
4+ v 1 12 11-* . A
PR Y * N—>Inv ( C--C ) Signal: de-excitation
; . KH . .
Prompt pulse Signal. K afd decay daughters e nn = inv (12C - 10C*) of excited nucleus
» K7 - Vu +u Prompt(1st) e,
- * Proton recoil by neutron 11 = 10 =
T =[i24ns “-0- set+v.+7 * Neutron inelastic with 'C uC. =gy lngs t (B =3.0%)
Delayed pulse e u * y(3.35MeV) and proton (0.922 MeV) oc an+y +l C:fs ] (Bny = 2.8%)
10+ | a—
C*=-n + C' (Bnni=6.2%)
» K* >t +n0° . ' nn
L~ AT 0C* sn4p+ B (Bum = 6.0%)
|_, 8.4x10"®ns ehisiocdile & + Neutron capture (220 us, 2.2 MeV) = :
T =|26ns 14
Tt >y,
; = 10— g
o~ 2205_ ut p— U+ K+ _ 10% E —— JUNO Sensitivity (n — inv)
o 200 | P - Y¢  SNO+ Upper Limit (n — inv)
ﬁ 180;— eéxampie ?é,": 10335_ —— JUNO Sensitivity (nn — inv) _: .
| 160 s = °f e KamLAND Upper Limit (nn — inv) &9
™| 3120} » E DS
=| ©400- = 2 f / "
- 40-5 — 1031::_ —

- 80 = 2 E - 15
N - 3 £ F Invisible o
< 601 S 10% & r d d t
O 40 5 o g ¥ ecay modes
o.  20F E
O ot AP VAP PSP PSP ISP PRI PO PSP PO P I - | | | | L1 75
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Dark Matter

B Leading sensitivity to MeV dark matter annihilation in the galactic halo

* Look for monochromatic neutrinos (E,= m,) from xx — vv decays
 Get power from energy resolution and pulse shape dicrimination

XX~ V0, Jayg=5, 90% CL
S. Abe, et al. _ A. Olivares-Del CL.xmpo et al.
Nlin |
10 = 0ol [ -
C (op]
_ QA
— - O
T L JUNO, with SK-DSNB upper bound (10 years, this work) E}l
v
M - _’_’_'_'_,_n——'_'- ~—
- - o
L N. F. Bell et al. o
A 10—25 . for Hyper Kamiokande (10 years) -
% C JUNO, DSNB model (10 years, this work) 8
V =3
- C. A. Angulielles et al. (a1
- for Super Kamiokande (15.94 years) <
Thermal relic O
- ﬂ
10720k
C | |
10 20 30 40 50 60 70 80 90 100 76
my (MeV)




OvBB in Next Generation of JUNO

B JUNO could be transformed into a OvBp search experiment after 10 years

» Key advantage: size, energy resolution
* Aim for O(100 ton) scale loading of Te or Xe
» R&D in progress
* Goals: Te-loaded LS with high light yield, high transparency, long-term stability, low bkg

Insert a balloon filled with
136Xe-loaded LS(or 39Te)

into the JUNO detector

77

Zhao et al., arXiv: 1610.07143, CPC 41 (2017)5



OvBB in Next Generation of JUNO

B JUNo could be transformed into a OvBB search experiment after 10 years

» Key advantage: size, energy resolution

* Aim for O(100 ton) scale loading of Te or Xe
» R&D in progress

* Goals: Te-loaded LS with high light yield, high transparency, long-term stability, low bkg
» Potential to explore normal mass ordering parameter space at lowest masses

Isotope Mass(t)  <my;>,meV s 107
SNO+ 130 e 8 19-46 5 E s 10 Range after SUNO Mensuroments |/
mm '~ Rangs after JUNG Measurements ] 1
KamLAND2-Zen 136X e 1 ~20 0 | rr,"' [ o
NEXT-HD 136X e 1 14-40 _ ey ol el
nEXO 136X e 5 7-22 3 -~ / = /
Darwin/Panda-nT 136X e 3-5 7-22 =0 ff’ / 1 = }
LEGEND-1000/CDEX-1t  Ge 1 10-40 =  — 1 E |
AMORE-II 100V 0.1 12-22 00 ' 1072 ¢ -
CUPID 100Vo 0.24 12-20 ! [
CUPID-1T 100 1 4-7 |
JUNO-BB 136X e 50 4-10 10—+ - ' [ md PRI PR e
1307Te 100 3-14 10— 10— 102 10! 004 005 006 007 008 009

1 Cao et al_ arXiv-1908 08355 m, [eV] £ feV] 78



Status of JUNO



A Long Journey

Tunnel Digging

-~

Start of civil
construction
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A Long Journey

Tunnel Digging

Beginning of
detector
installation

2024 Dec 1

Start of civil X > S~ End of

construction o &, tis " \ detector
A / installation

Early Time of Detector Installation
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A Long Journey

Tunnel Digging Ispe_tin of bnding lines

T

-

Beginning of

detector
installation

2024 Dec 1 2024 Dec 17

Cleaning & installation
_ of extra PMTs
Start of civil \ e End of @

construction [ G detector
N5 / installation

Early Time of Detector Installation Completion of acrylic vessel installation *
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Final Cleaning & Filling Scheme

Reduce Rn, dust to class <1000

*

| days settlement with
proper moisture Remove the protective film

Complete CD
construction

and wash the acrylic surface

replacing water in FiII_ CD anql VETO by by the high pressure water spray
CD by LS high purity water

Water for CD: U/Th<10-%° g/g, ??°Ra<0.1 mBg/m3
Water for VETO: U/Th<10-4 g/g

LS filling(7m3/h)

]

Drain water(7m3/h) 86




Liquid Scintillator Production

@ Four purification plants designed to reach a radio-purity of 1017 g/g (U/Th) and 20 m
attenuation length at

Distillation to remove
radioactive impurities

=i
n Ul
L |
= = —
an " 1
o ~
9 o - v |
. |
7 WA ’ I
] e
34 SR
3
i

.

t OSIRIS for LS qualification Gas st.rippi_ng to remii/e Rnand O, Water extraction to remog$
radioactive impurities



Water Filling Phase

2024/F12 B22 B

Start of End of
water filling water filling

Water Phase

Calibration

Test runs
2024 Dec 18 2025 Feb 1 2025 Feb 7
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Water Filling Phase

Start of End of
water filling water filling

Calibration Water Phase

Test runs
2024 Dec 18 2025 Feb 1 2025Feb7 M Highlights:

e Calibration of 20" PMTs (gain, time
delays) with laser data

e Small failure rate of 20" PMT:
~20/20k (0.1% loss during
installation/due to high dark rate)

e C(Calibration sources work as
expected (Am-Be and Am-C) and

used to probe low-energy threshold
89




Water Filling Phase

20244F12 f22H B 4 - ;b‘ 3
Start of End of -
water filling water filling

Water Phase

Calibration

Test runs
2024 Dec 18 2025 Feb 1 2025Feb7 M Highlights:

e Calibration of 20" PMTs (gain, time

- . delays) with laser data
* Small failure rate of 20" PMT:
198 2 w0 ~20/20k (0.1% loss during
§ ool f E, 5 installation/due to high dark rate)
el oo : £« Calibration sources work as
oA 10 20 20 10 REIE0 0 expected (Am-Be and Am-C) and
’ used to probe low-energy threshold
%0 e o0 T a0 0 ° .. * Observe first muon events! *



Current Phase: Liquid Scintillator Filling

Expected
end of LS
filling

Start of End of Start of LS

water filling water filling filling

Water Phase Mixed Phase

Calibration

Test runs
2024 Dec 18 2025 Feb 1 2025 Feb 7 2025 Summer
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Current Phase: Liquid Scintillator Filling

Expected

Start of End of Start of LS end of LS

water filling water filling filling filling

Water Phase Mixed Phase

Calibration Intensive calibration
I I I I S e e e -r

Test runs Monitoring radiopurity an
2024 Dec 18 2025 Feb 1 2025 Feb 7 LS properties 2025 Summer

JUNO Liquid Level Display

Absorption __ 4801  2025.08-17 16:54:37 Pa_|
—— 0626_Raw_MS{with BHT) K o
0627_Raw_MS({with BHT) 44.0 4 = '. L s
—— 0628_Raw_MS(with BHT)
o005 |:| === 0327M.5._5% new acid*1 + water washing*3_centrifuged 200 r
--~ 0626M.5._wat hing*3_centrifuged(with BHT) . -0 1 L2
0627M.5._water washing®3_centrifuged(with BHT) Attenuation Len gt h~22.4m s
-=-- 0628M.5._water washing*3_centrifuged(with BHT) 36.0 L 4
----- LS
. A 1.00016:0.00029 32.0 I
UV absorption spectrum | g 1o S 2 LS reaches K
o ' Le
..... -~
0.995 £ a i
24.0 4
£ , to4.5m B
0.990 D200 h s
,,,,, g above the N
0.985 16.0 8 I ’i
CD bottom /
uuuuu 0.980 ’ 4 16
17
0.975 80 18
nnnnn 40 19
0.970 20
5800 0.0 A
LS: 45.73 m CD Water: 8.62 m WP Water: 43.66 m
“““““ w30 230 ai0 450 450 270 280 0.0 0.1 0.2 03 0.4 05 0.6 0.7 Vis: 22166.0 m? LSIn: 7.07 m3/h WaterQut: 7.16 m*/h 9 2
Wavelength [nm]
Length (m)



Status of Detector Performance: PMT & LS

Dark rate of 20” PMTs in CD Waveform of a typical PMT Performance of LSin CD
e / . PT: 0400, A 2225099999995 e 22Rp in fresh LS: < ImBg/m?3
20 kHz/ MT S8 N N WMMM e Current Rn level: < 0.1mBg/m3
, f" 2 N - . U/Th: <106 g/g
£ from AmBe calibration
7 e Attenuation length: ~20m
| | | * Light yield: ~1600/MeV

Time

Total p.e. of AmC n— H ~

Good grounding and low noise:

RMS ~2.8 ADC ch. = ~0.055 PE AR | W
Current PMT threshold: 0.2 PE/ch. { Total Bvents: 130105
Total PMTs installed: 17596 Trigger: ~ 300 PMTs/225ns FETIE S T
Unstable or Flashing: <1% => ~150 keV S $ |
Gain stable within 1% (Under adjustment) w0 A S
100 S

2000 4000 6000 8000 10000
Delay Event [PE]

All in agreement with the design and expectations v



Summary

€ JUNO will be the largest liquid scintillator experiment with rich physics program
€ Unprecedented sensitivities in neutrino oscillation physics

@ Currently under liquid scintillator filling phase

@ Taking commissioning data: detector is in good performance so far ©

€ Expect physics data-taking by end of summer 2025

Neutrino Oscillation Parameters Precision of sin’6,,, Am?,,, Am?;, <0.5% in 6 years

Neutrino Mass Ordering 30 in ~7.1 years by reactor neutrinos o
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Backupl: Precision Measurement of Oscillation Parameters

[Chin. Phys. C 46 (2022)]

am%, 10 (%) Am3, 10 (%)

Statistics 0.17 ] Statistics 0.16 1

Reactor: Reactor:

- Uncorrelated <0.01 | - Uncorrelated 0.01 |

- Correlated 0.01 . - Correlated 0.03 .

- Reference spectrum 0.05 - - Reference spectrum 0.07 -

- Spent Nuclear Fuel <0.01 - Spent Nuclear Fuel 0.07 -

- Non-equilibrium <0.01 - Non-equilibrium 014  |EE—

Detection: Detection: |

- Efficiency 0.01 . - Efficiency 0.02 .

- Energy resolution =0.01 I - Energy resolution 0.01 '

- Nonlinearity 0.04 - - Nonlinearity 0.05 -

- Backgrounds 004 | - Backgrounds 018  |IEEG—_—

Matter density 0.01 . Matter density 0.01 '

All systematics 0.08 _ All systematics 0.27 _

Total 0.19 | Total 032 |

0.0 0.1 0.0 0.2
% %
sinZ8;, 10 (%) sinZ0,3 10 (%)

Statistics 034 | ] Statistics 894 | ]

Reactor: Reactor:

- Uncorrelated 0.10 - - Uncorrelated 2.53 -

- Correlated 027 | - Correlated 653 |

- Reference spectrum 0.09 - - Reference spectrum 3.48 -

- Spent Nuclear Fuel 0.05 . - Spent Nuclear Fuel 1.55 .

- Non-equilibrium 010 [ - Non-equilibrium 265 [N

Detection: | Detection: |

- Efficiency 0.23 _ - Efficiency 5.81 _

- Energy resolution 0.01 I - Energy resolution 0.39 '

- Nonlinearity 0.09 |HE - Nonlinearity 209 |l

- Backgrounds 0.20 _ - Backgrounds 4.89 _

Matter density 0.07 . Matter density 0.98 .

All systematics 0.40 _ All systematics 8.16 _

Total 052 (I Total 1211 [

JUNO 6 years
B 68.27% C.L.
95.45% C.L.
99.73% C.L.
*  Best-fit

p=-0.032

0.0 0.2 0.4

f=1
w
ES
=
o

2.52 2.54
Am2, [1073 eV?]

I |
7.5 7.6
Am2, [1075 eV?]

0.305 0.310
sin2912
96



Backup2: Uncertainties of Neutrino Spectrum at JUNO

=
o
ek

Relative uncertainty [%]

10_1 L —r 1 1T —r r 1 r r L
1 2 3 4 5 6 7 8
Reconstructed energy [MeV]
—— JUNO Total —— Backgrounds —— Non-equilibrium
-—— Statistics —— TAO-based flux —— Spent nuclear fuel
—— Total sytematics —— Nonlinearity Matter density+

Energy resolution 97



Backup3: Atmospheric Neutrino Oscillation

PNH(Va — V[J’) = F’IH(ﬂa — 17[3) JPIH(VO! — V[:?) — PNH(I_/Q — 176)
o P(ve = v.) =~ 1— sin?207%sin? [1.27(Am§1)mE£] ;

v

L
P(ve »v,) =~ P(v, — ve) ~ sin® a3 sin® 2607} sin? [1.27(Am§1)mE—] :
Am2, + A+ (Am2)™ L
P(v, —v,) =~ 1— cos®8}ssin?20,3sin” [1.27 M3 + ;_( m31) E]
[ _Am2, +A— (Am2)™ L
— sin? A% sin® 2093 sin? 1.27 M3 T 5 (Amsz,) E]

[ L
—sin® fp3 sin? 207 sin? |1.27(Am3,)™ E_] :
i v

(Amgl)m = Amgl \/(COS 2913 - A/Am§1)2 + SiIl2 2913

e sin? 26,5
sin” 2073 = (cos 2013 — A/Am3;)? +sin® 26013

oo Am?2, cos 26,3 g/cm® 0.5 Am

[on 31 = 32.1GeV 31 cos 26
v 2v/2G N, p Y, 243 x 10—3eV?2 v

98




Backup4: JUNO-TAO

B Taishan Anti-neutrino Observatory (TAO) -
* A satellite detector of JUNO o . 8o
* Independent and precise measurement - 11T
of reactor neutrino spectrum I .§ : ) "g
e 2.8 kton Gd-dopped LS “ :m
e ~44 m from nuclear core e o o o
* Resolution 1.5% at 1 MeV £2100 s
* 94% optic coverage with SiPMs | - \ =
* Gd-LS and SiPM at -50 °C N N LY
B Status = e
» Installation finished, under filling phase e "
! 7

» Plan to start data-taking this summer

99
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Backup5: Neutrino Spectrum & Uncertainties at TAO

x 104 TAO 6.5 years x4.6 GWy,
FrTrrrrjrrrryrrrryprrrryrrr 1 rrr1rrrr 1T T
N \\ —— Flux ® Cross-section ] _
— . . = 2 1]
1.25¢ \ ——— including energy leakage — E 10
- —— including LSNL and resolution A =
B = M
> 1.00 mm °LiBHe 1 £
[ - ] 0
~ - Bl Fast neutrons 1 5 1004
— : — m
Q 075 B Accidentals -4 2
N 0
—~ 1 o
o = o
o ]
L —
z 0-50 _ 10—1 —
. 1 2 3 4 5 6 7 8
i Reconstructed energy [MeV]
025 " —— TAO Total —— Nonlinearity —— Fiducial volume
- -—-- Statistics —— Fission fractions diff. —— Non-equilibrium
7] —— Total sytematics = —— Backgrounds —— Spent nuclear fuel

—— Energy scale

1 2 3 4 5 6 7 8 9
Energy [MeV]

100



Backup7: Calibration System in JUNO

B Multiple calibration campaigns - (1D)
 Determination of e* energy non-linearity at <1% Automatic Calioration Unit (ACU)
* Optimization of e* energy resolution at <3% level at 1 MeV  |camaionrouse [ "
» ACU works well so far, in LS filling g
» 137Cs, >*Mn, ®°Co, ®8Ge, 24! Am-Be, **'Am-13C used T I I*T— _5
* 4 rounds of calibration along z-axis have been done 3
Sources/Processes | Type Radiation ﬁ _ﬁ Brogs
137Cs ¥ 0.662 MeV AURORA " g
Mn v 0.835 MeV % (2D)
60Co Y 1.173 + 1.333 MeV [ XT e
10K 5 1.461 MeV 3
8Ge et | annihilation 0.511 + 0.511 MeV %, 5
21 Am-Be n, vy neutron + 4.43MeV (12C*) %%Qo . \ ..9466\()
241 Am-13C n, v neutron + 6.13MeV ('°0*) e/'&';»:,) R eb&‘@
(n,y)p 0 2.22 MeV (Boundaryo‘&%,,, @*o‘?é& (3D)
(n,7)*2C o 4.94 MeV or 3.68 + 1.26 MeV o b

Radioactive sources + laser sources + natural radioactive isotopes
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