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* Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.
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* Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.
 Remaining questions about the neutrino mass:
 Absolute mass scale?

 Mass origin (Majorana or Dirac)?
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* Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

 Remaining questions about the neutrino mass:

e Absolute mass scale?

 Mass origin (Majorana or Dirac)?

 Which is the lightest neutrino mass state (the sign of Ams{ or Ams2)?

Normal ordering (NO): mi<ma<ms

Inverted ordering (10): ms<mi<my



How to Determine Neutrino Mass Ordering?
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How to Determine Neutrino Mass Ordering?

i (I (m,)
B v
(Am®),, _
Yy
H
N = (m,)*
(Am‘)sol
p— (ml)2

normal hierarchy

(m,)

(Am”),

2 v
L | —
(m,)"®

inverted hierarchy

(mg)?'_ E— /
s (AI‘II?') sol
2 ==

C

Solar neutrinos

Historically, sign of Am122 IS

determined by solar neutrinos with
matter effects.
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How to Determine Neutrino Mass Ordering?
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How to Determine NMO: Reactor Neutrinos
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« Vacuum oscillation utilizing small differences in | Am321 | and | Am322\ for different MO.
* |ndependent from 023 octant and Ocp .

 Made possible by the relatively large 015 value.

 Currently JUNO is the only experiment with such configuration.

 Need excellent statistics, energy resolution and low-background!
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The JUNO Detector
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The JUNO Detector
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The JUNO Detector

« /00m underground a angdong province, China
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The JUNO Detector
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The JUNO Detector

« /00m underground a angdong province, China
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The JUNO Detector

« /00m underground a angdong province, China

 Top tracker refurbished from

Cal. House |} ¢ 1r the OPERA experiment for
. ' 1 — .
* Central detector with35.4m  ———— & & _—_ , cosmic muon veto
diameter acrylic sphere and 1§ >t 8- B Dbt -’
20k ton liquid scintillator ., + | Ls
Clumney == ' Acrylic Sphere
Water || &  Water Cherenkov detector
7 : — SS Structure
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~7 “ .
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Target mass 20 ton ~ 300 ton ~ 1 kton 20 kton

. 1

Energy resolution 7.5%/,JE 5%/\JE 6%/\/E 3%/\JE

¢ 2 Energy calibration 1,9% ~ 1% 2% <1%

30
( ’ Optical coverage 12% 34% 34% 78% ructure

Light yield 160 p.e./MeV 500 p.e./MeV 250 p.e./MeV ~1600 p.e./MeV
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Callbration house

ROV guide rail

Central cable

w303l
Side cable
[

‘- - >— —

o epeet
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Q’é\d@
Sources/Processes | Type Radiation
137Cs v 0.662 MeV
*4Mn y 0.835 MeV
%0Co y 1.173 + 1.333 MeV
40K ~y 1.461 MeV
BGe et | annihilation 0.511 + 0.511 MeV
241 Am-Be n, -y neutron + 4.43 MeV (}2C*)
24 Am-13C n, -y neutron + 6.13 MeV (160*)
(n,y)p v 2.22 MeV
(n,v)*2C v 4.94 MeV or 3.68 + 1.26 MeV

wennecnnns (G liration System
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Multiple calibration sources (68Ge, 137Cs, 54Mn, 69Co,

0K, 241Am-C, laser ) with 1/2/3D locations to ensure
the understanding of detector response.



Detector Status

JUNO Liquid Level Display
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LS:46.31 m CD Water: 6.86 m WP Water: 43.73 m
Vis: 22812.1 m-> LSIn: 7.07 m3/h WaterOut: 7.05 m3/h

* Now at the final stage of the LS filling which is to be fully finished very soon!



Detector Status

View Control 5 1m

LV o H | con | veto TN

AutoRotm Opaque m Elec.Ra

DAQ Status m S, I
Group: dag RunTag: LSFilling lng e

RunNumber: 8421 StartTime:25-08-04 11:1

Photoelectron ||
Waveform . |

Participating GCUs:
cD WP

tq wt 1q wt
5878 5878 918 918

darkRate {53 bandwi... 83 DDR 53

Count Count Count
20007 13594 13590 n

200 400 600
Time
 The detector is under commissioning data-taking during water-phase and mixed-phase.

» PMTs/electronics/calibration systems etc. working well
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Signhal and Background

Signal: electron antineutrino Inverse

bete decay (IBD):
V,+p—oe +n

* coincident of prompt (positrons)
and delayed signals (n-captures).

 Expected rate: 47/day (after event
selection)

~
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Prompt signal

Y (2.2 MeV)

Delayed signal
(~200 ps)
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Signhal and Background

» Signal: electron antineutrino Inverse
bete decay (IBD):
V,+p—oe +n
* coincident of prompt (positrons)
and delayed signals (n-captures).

 Expected rate: 47/day (after event
selection)

 Backgrounds: Geoneutrinos, world
reactors, cosmogenic isotopes, fast
neutrons etc.

 Expected rate: 4/day (after event
selection)

Prompt signal

Y (2.2 MeV)

Delayed signal
(~200 ps)
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Signhal and Background

Y ,
......................I{e .................... >
......................D.e .................... >

Signal: electron antineutrino Inverse
bete decay (IBD):

V,+p—oe +n

coincident of prompt (positrons)
and delayed signals (n-captures).

Expected rate: 47/day (after event
selection)

Backgrounds: Geoneutrinos, world
reactors, cosmogenic isotopes, fast
neutrons etc.

Expected rate: 4/day (after event
selection)

e
Prompt signal
De
A Y (2.2 MeV)
n D Delayed signal
(~200 ps)

JUNO 6.5 years X 26.6 GWth Chin. Phys. C 49, 033104 (2025)

WW World reactors mmm 13C(a,n)'®0 107 1 2 3 4 5

| Wmm Accidentals Atmospheric Reconstructed Energy [MeV]

; / \ — Reactor v Ve signal: NO -
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! 103 | I I I I | I I I I | I I I I | I I I I |

400 I > Background spectra ~

o UA ¢ 102 ]
RV, o , o . 1
Q 300 X N (: 10 -
p Residual background 3> 100 i
ZCD 200 B Geoneutrinos B Fast neutrons = _

100 | s °Li/BHe Neutrinos
5 0 S ———— ]
= 1.0 ]
Q , ]
I= |0 best-fit to NO Asimov data |
§ 0.5 U V”D) in each bin h
v ]
: T, — D;)? i
= —— Best-fit Z( v,-,-) of AxZn ]
© i=1 _
&) OO T T T SO R N R B T T T R R N N B

Reconstructed Energy [MeV]
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Energy Resolution

Chin. Phys. C 49, 013003 (2025)

= - ELEELEELE B B n
> > >, 3 - —— Total PE E
o — ( a ) +b2+( ¢ ) .g - \ —- Scint. Stat. -
L VE i | § 25 N\ \ —- Scint. Quench.
2 - \ Cherenkov -
O _ \ - —
e a: statistical term mainly driven by the Poisson = 2 - \\~ —- Covariance -
statistics of detected PE o0 [ N Summation 5
0 1.5 \ N, - —
: - N~ T -
* b: constant, independent of energy and mostly = - \ ~__ - -
contributed by the scintillation quenching effect, 1 \ e T e
Cherenkov radiation, and energy non-uniformity - L T —e— -
- o -
e c:the PMT dark noise and positron annihilation ys - T -
O IR T T T N T TN TN N TN SN TR AN T SR N S T ]

0 2 4 6 3 10
| | E .. [MeV]

* Light yield: 1665 PE/MeV (CD center).

* Energy reconstructed by a data-driven likelihood method.

* Estimated energy resolution: 2.95% @1MeV.
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A Near Detector for Flux: JUNO-TAO

5100 _ .
Chin. Phys. C 49, 033104 (2025)

B X 101
» 9 @ @ O e «w —
>
et
Water tank =
s @ o Q @ « y
Q
| O
C

© o «f - 10°
o © >
N K o 0
o) @ & [
a'd

{Tivi
N ) o o« 101
Reconstructed energy [MeV]
)
_[ —— TAO Total —— Nonlinearity —— Fiducial volume
-——Statistics —— Fission fractions diff. — Non-equilibrium
©2100 — —— Total sytematics = —— Backgrounds —— Spent nuclear fuel

—— Energy scale

2.8 ton Ga doped LS detector with SiPM (94% coverage) by the Tanshan NPP.
Energy resolution better than 2% @ 1 MeV.

Measurement of reactor v/, spectrum with no oscillation.

Provides model-independent reference spectrum for JUNO with subpercent shape uncertainty.

Physics potential for sterile neutrinos etc. by itself. Talk by L. Delgadillo Franco, Aug 22nd afternoon
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Sensitivity to NMO

Reactor V. signal IBD event number (x103)

N

2
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30 measurement of NMO in ~6 years.
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Precise Measurements on Oscillation Parameters

100 days
I

6 years

20 years

Chin. Phys. C 46, 1

23001 (2022)

I I
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102 103 104 10°
JUNO Data Taking Time [days]
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Precise Measurements on Oscillation Parameters
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More for NMO: Atmospheric Neutrinos
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Sensitivity benchmarked by A)(2 = | )(]%;0 —)(120 |

 Atmospheric neutrinos are sensitive to NMO via matter effects.
 Requires measurements of neutrino directionality and flavor identification.

* Traditionally not measured in a LS detector.
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atmospheric neutrinos’ direction reconstruction,
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A Multi-Purpose Experiment: Solar Neutrinos

APJ 965 122 (2024)
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A Multi-Purpose Experiment: Supernova Neutrinos

DSNB neutrino sensitivity

JCAP 10 (2022) 033
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 Supernova burst neutrinos: 3 detection channels sensitive to all flavors (JCAPO1 (2024)

057)

* EXxcellent capability for early warning

* Diffused supernova background: 3o in 3 years and 6o in 10 years (JCAP 10 (2022) 033).

 More topics not covered in this talk: geoneutrino, proton decay etc.

18



Future Upgrade: Neutrino-less Double Beta Decay Search

 Possible for future 100-ton scale isotope loading
 Good energy resolution (< 3% @ 1 MeV)
LS shielding for low background.

 Potential to explore normal mass ordering parameter
space of Majorana neutrino mass.

« R&D Iin progress.

Excluded by KamLAND-Zcn,
GERDA, EXO-200, CUORE
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Summary

JUNO is the largest LS detector ever build with rich physics
programs: NMO and more.

A very exciting moment: finishing the final LS filling.
Detector in good shape with commissioning data-taking.
Physics data-taking very soon.

Stay tuned!
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Events with Commissioning Data
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 Cosmic muons candidates in water phase commissioning data.



