


Neutrino Oscillation
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Neutrinos do oscillate

» Known parameters: 0,5, 0,,, 0,3 |AM?y], AM?,
» Unknown parameters: mass hierarchy(AM?,;), CP phase

1998 Atm. v osc. 0,,
2002 Solar v osc.0,,
2002 reactor v 0sc.0,;




Neutrino-related Questions

Experimental questions Physics implications

¢ Mass ordering (m; >m, ?) & Model building, fundamental properties

¢ CP phase =» Leptogenesis & matter-antimatter asymmetry in the Universe

¢ Only three generations ? Sterile ¢ Extension of Standard Model, parity
neutrinos ? Right-handed neutrinos ? restoration ?

¢ Neutrinoless double beta decays ? ¢ How to modify SM ? New physics beyond SM
Neutrinos are Dirac or Majorara ? (OvBPB not exclusively from Majorara neutrinos) ?

¢ Absolute mass ? & fundamental properties, Cosmology

¢ Relic neutrinos, ... ? & Cosmology

Reactor v is a great tool:
* In the past, used for v discovery, and first measurement of 6,,, 04,
* In the future for mass ordering, unitarity, sterile neutrinos, and Ov[[3/absolute mass



Reactor Neutrinos: Production and Detection

Signal: Inverse beta-decay (IBD) events

V,+p—e +n

l T~ 200us
Eeutrinos dinfr 235U a n+p >d+ v (2.2 MeV)
or example:
S U+n— X +X,+2n Prompt (e*) and delayed(nH) coincidence in
o 4 1:? time, space with distinctive energy features
0lr ss Ce
10.000 T T l T T T r I.'

Proton source: Liquid Scintillator (LS, C H,, .,) :
1000 | - » Proton rich material (highest per volume)

» Target and detector are the same

/ ' » High light yield, fast, “well” understood

0.100

U™ fission yield (%)

0.010

» Easy handling for very large volume
» Cheap, only second to water

0.001
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Mass number A

Each fission generates ~6 neutrinos =» 6 x10%° /s/reactor with 3 GW,,, power 4



Beginning of Reactor Neutrino Oscillation exp.

Savannah River experiment: ILL experiment in Grenoble

“Observation of neutrino oscillation” ]
> Techniques used up to now

_ n+n+e’ (ced) o
v, +d<n +p+7, (ned) > Results: no oscillation
€ » Ngyo/Nipeo-= 0.8910.04(stat.)+0.14(syst.)

R=r"_ymnea/ M ccd/ncd > First reactor spectrum calculation: | F. Boehm: disproved
—_ Nob] cea/nc cea/nc false oscillation
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A Great Success: KamLAND

. o 10 B
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After KamLAND: 0,,
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Measuring 0,5 at Reactors

At reactors P.5.~ 1—5in?20,,5in?(1.27Am?;L/E) — cos*0,;sin?20,,sin? (1.27Am?,L/E)
— A(p)ecos?0,;sin0,;esin(0d) L4E
. Ne 1| Site
¢ Independent from CP d and matter effect 1.2 “ar Hm,
& Relatively cheap and quick i *# _& _______
Precision of past experiments (3-6%): 5 sl ‘
Reactor power: ~ 1% EE ; Savalmah Rivet
Spectrum: ~ 0.3% 2 06 o Bugey
. . X Rovno
Fission rate: 2% 04 @ Goesgen
A Krasnoyark
Backgrounds: ~1-3% 02 O Palo Verde
B Chooz ® KamLAND
Target mass: ~1-2% 0.0 | I l !
Efficiency: ~ 2-3% 10" 10> 10° 10* 10°

Distance to Reactor (m)

) ~0.4% =2 +10 improvement !

obs exp 3

Our design goal: A(N



Daya Bay Experiment: Concept

Relative measurement to cancel Corr. Syst. Err.

= 2 near sites, 1 far site

¢ Multiple AD modules at each site to reduce Uncorr. Syst. Err. by 1/3N
= Far: 4 modules, near: 2 modules

¢ Multiple muon detectors to reduce veto ineff. = goal 0.5%

= Water Cherenkov: 2 layers

= RPC: 4 layers atthe top + telescopes



On Mar. 8, 2012, Electron anti-neutrino disappearance announced:

R =0.940 10.011 (stat) -0.004 (syst)

800 [~ —4— Far hall
—}— Near halls (weighted)
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Entries / 0.25MeV

400}
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12F
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10
Prompt energy (MeV)

Sin220,, = 0.092 + 0.016(stat) % 0.005(syst)
v*/NDF = 4.26/4, 5.2 ¢ for non-zero 0,

F.P. An et al., Phys. Rev. Lett. 108, (2012) 171803

* All three experiments ceased operation
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Compiled by Maxim Gonchar at git.jinr.ru/nu/osc

H.51 1024
8.92x0.03
7.1 11
8.6 1.2
10.2 =12
9.527543

@ r 120
8.5 1%

2.466=0.060
2,41 =oo7
5 0 +—0.08
2.19 —0.03

gy 003
24“ .04
2.40 {3
2.69 =012

a1 011
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248 1433

Final result from Daya Bay may reach 2.5%

2.8%
T1%
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14.0%
11.8%
16.9%

21.2%

2.1%
2.9%
2.8%
3.5%
4.8%
1.5%
5.2%

12.1%:
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Next Step: JUNO Experiment

e Continue to use reactor neutrinos and liquid scintillator
e To determine the mass ordering (sign of Am?;,) independent of the CP phase &
e Equal baseline to two reactor power plants: doubling the neutrino flux

Daya Bay

Mear Site

l Far Site
ILL

Savanmah River

Bugey

Rovno

Goesgen

Krasnoyark

Palo Verde

Chooz ® EKamLAND

10° 10° 10*

Distance to Reactor (m)

£ % Guangzhou - "
1 .-._‘."_.i'-.-'.!f":.'- - S} \ '_ : < g ‘ 8 5

G T ERO5 hdrive Teliie S <8

: B _ShenZhen™
' f.{ﬁ. [ :

L

MO ®xXOCXpe

En—

5 Taishan NPP Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;
Yangjiang NPP 9.2 + GW Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,
17.4 GW PRD78:111103,2008; PRD79:073007,2009
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Arbitrary unit

0.6 ~ Am§1 = &méz —|— &Tﬂf%l A 5
~E e Non oscillation COIA 2 2 2 M7 o
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0.5 ] — Normal hierarchy A2 2 2 31
- :: A Inverted hierarchy IH : |Aﬂ131| T |&m32| o |&m'21|
04 :_ .:' “.'#
S \ e Key parameters:
] * Detector size: 20 kt L 7han et.al
- ) * Ener lution: 3%/E RD79:0730!
ook gy resolution: 3% PRD79:073007, 2009
C . * Thermal power: 36 GW
01 “ * Baseline: ~58 km
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- i Ideal distribution i 20 AL<200m! L=52km ]
P..(L/E) = 1— Py — Py — Py 6. osc E res =% E ros=5%
Y . 20| 12 0SC. | : .
P> = cos*(#13)sin”(2612) sin®(Aa2) T | maximum
2 s 2 -2 palild T
P31 = cos®(f12)sin”(26;3) sin®(Asq ) B M = e (9 —
P3s = sin®(f12)sin®(2613) sin?(Ass) B i
5r 4
S. Petcov and Piai, Phys. Lett. B 553, 94-106(2002) :
J- Learned et aI-’ PRD 78(2008)071302 Du 20 I 4“ I Eu I so I 10“ I 12” 1;_0 I 13“ 0_5 * _l4 * _I3 * _12 * -{I * 6 * ‘; * ; * é * ; * 5
L. Zhan et al., PRD 78(2008)111103 L (Km) AL (km)

Y.F Li et al, PRD 88, 013008 (2013) 12



Solar Neutrinos

Examine the dynamics
of stellar evolution

Reactor Neutrinos

Determine neutrino mass ordering

Measure oscillation parameters

Current JUNO JUNO
(PDG2020) | (100 days) | (6 years)
Am?y, 1.3% 0.8% 0.2%
(Am?3,)
Am?,, 2.4% 1.0% 0.3%
sin?0,, 4.2% 1.9% 0.5%
sin?0,5 3.2% 47.9% 12.1%

Physics at JUNO

Supernova Neutrinos

Cosmic evolution, star formation,
supernova explosion mechanism

Diffuse Supernova Neutrinos:
Potential to discover

/T\\

700 m

/

|
|
|

v

Atmospheric
/ . Neutrinos

»  Complementary to
o reactor neutrinos to

improv the sensitivity
to mass ordering

Geoneutrinos

Examine the Earth's
geophysical model

New physics searches
e.g., proton decay and sterile

neutrinos

J. Phys. G 43 (2016) 030401
Prog. Part. Nucl. Phys. 123(2022), 103927 13



Project firstly approved in China in 2013 and later in other countries. Civil construction started in 2015
Collaboration established in 2014, now >700 collaborators from 70 institutions in 16 countries/rgions

s —r——e=———r ]
TET YB3 1 92 85 55 2 6 X I By O 4 4 2

The 26th JUNO Collaboration Meeting

Clina T USNINNCe

Germany
NCEPU
China  wu |Germany  jgwmAc 0 F 0} 0000
China  [Rvc6  Jcewany o jrom o} 0} 000000000000

+Observers: USTC, Peking Uni., Jilin Uni., Beijing Normal Uni., CIAE (China), PUC, UEL (Brazil)
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~ 600m vertical shaft,
~1300m sloped tunnel
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Detector Concept

» Target mass of 20 kt liquid scintillator =» x 20 KamLAND, x 40 Borexino
* Energy resolution <3%@ 1MeV = >1200 PE/MeV

KamLAND JUNO PE Ratio
Photon Statistics 250 p.e./MeV | 1200 p.e./MeV 5
PMT coverage 34% 75% 2.2
LS transparency ~12 m >20m ~0.9
Light yield(anthracene) 30% 45% ~1.5
Detection Eff.(QExCE) ~15% 30% ~2

Key technologies needed:
Transparent & high light yield liquid scintillator

High detection efficiency 20” PMTs

Radiopurity U/Th/K < 107 g/g for 20 kt LS

Detector Design(more than 10 options):
Central target container: acrylic or balloon ?

Mechanical structure: steel frame or steel tank ?

Buffer layer: Water or Mineral oil ?

Steel tank+ Acrylic tank

Steel Tank + Acrylic blocks

Steel Tank + Balloon



Concept of JUNO for Mass Ordering

e Two-layer structure for simplicity and cost: stainless steel frame + Acrylic tank
e Water as VETO and Buffer = radiopurity control of water

Calibration
house

VETO system

Top Tracker

Water VETO with 2400 20" PMT + 348
20” spare PMTs + 600 8” PMTs from
Daya Bay

Earth Magnetic Field shielding coils

Central detector
Steel structure (SSS)
Acrylic sphere(AS) + 20kt
Liquid scintillator
17612 20” PMT
25600 3” PMT

17



Central Detector

e SSstructure to hold the
acrylic tank and PMTs,
through steel bars with
springs and rotating heads

e Stress sensors on steel bars

* (Clearance between PMTs is
~3 mm, to maximize coverage

e 263 Acrylic panels thermally
pressed and machined to the
spherical shape, bonded
together in-situ through
PMMA polymerization

e Stress on acrylic < 3.5 MPa

* Difference of thermal expansion
requires =5 °C since construction

Eur.Phys.J.Plus 139 (2024) 12, 1128, arXiv: 2311.17314

18



Acrylic Tank Construction oo

Water soluble paper put onsite to protect
surface from Rn daughters: no class 1000
cleanroom needed during construction

\\ W
A Yy

- Thick plastic film from the manufacturer
to protect surface from damage of

transportation and dust




3

Check the Surface Quality of the Acrylic Mo

Minor defects may be developed to craze or even cracks
Sand them out to have smooth and clean surface




=
=
=

e Another leak of water to LS happened on March 19, 2026:

030

But Cracks Happenned Anyway

e Main structure is safe, stress within expectations
e However, a LS leak to water happened on March 21, 2025:

Bar fnr:)e 'kr\

Abnormal trigger rate observed and confirmed by under water robot _j: S T,
Leak was stopped within 1 week using epoxy and tape by divers I g

o~ and LS replacement

Further repair by epoxy and acrylic plate to reduce the stress (pulling o= oz
open the crack) by 50% “

=
-

Experienced divers were called to stop the leak within 2 days 2 o [ e ey
Further repair in the following two days wa|— M MELEEERL
A total of ~1Bg 222Rn went into LS, 13 days of data excluded | | |
No other increase of radioactive backgroundsin LS

00;00:18

bott
w

01/03 2025,

om
top

2026-03-21 14:10:57




Temperature
Contour 1

. 22.00 ==
21.80

r21.60
r21.40
r21.20
r21.00
- 20.80
r 20.60

20.40
I 20.20
20.00

[C]

Bottom CD and VETO

& Water VETO:
= 40 kt pure water for backgrounds shielding & tagging
= PMTs on the SS trust and on the pool wall
= 5mm HDPE+Tyvek as Pool lining for cleanness & reflection
= 100t/h pure water production plant with Rn & Ra removal
system

& Top tracker: refurbished OPERA plastic scintillators
& Earth magnetic field compensation: 10% residual

;
% Top tracker

———



PMTs and Electronics Juno

[ LPT(20inch) [SPMT@inch)
I T O T
" ouamiy | soo | 1soiz | zseo0
Oynamicrange | (0,10017Es | [0,21pEs

Eur.Phys.).C 82 NIM.A 1005
Reference

(2022) 12, 1168 (2021) 165347

LPMT Underwater box




PMT Installation

24
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JUNO-Tao

¢ To measure the reactor neutrino spectrum as a reference £ ,..

Energy Resolution

- & Data
| C= --Gamma

LI L]

= Mitigate possible fine structure and spectrum uncertainty issues 0.035 | = Pasivon
= Improve nuclear database, search for sterile neutrinos e = ]
¢ Idea: Gd-loaded LS @-50°C + SiPM T E
= 700k/year@44m from the core(4.6 GW ), with ~10% bkg. oons|
= Energy resolution: 4500 p.e./MeV = “2%@1 MeV oot0L i L L . L]
= 10 m2SiPM (>94% coverage) w/ PDE > 50% Eies (MEV)
= Operating at -50 °C to reduce the SiPM dark rate by 103 to 50 Hz/mn ; JUNO'TAO’T::fnwimmmum
= 2.8 ton(1t fiducial volume) new type of Gd-LS for -50 °C 5000_5 3 i;;"‘;;g“_““;i“a:121:;‘:;;_;

HDPE support S array
ACU
HDPE

1000+
i Foae Water tank
E —— Over‘flowtank x 118- I : I I : : I I I : I I I |: I||I| I| :III |I|
L ¥ 8 a 3 }} Prediction systematic uncertainty
(| PMT g Ml il W 2 £ 1.054 Sl
s GdLS and acrylic SR M L L B R E RSSO 55 Too ibpt byt } Y !
¢ ry 5 ‘V e el '.ﬁ““¢ 52 3 * } $ Data/ prediction
Bond Copper shell with SiPM 4‘3.,3“ i ;‘au.ﬂuu_ud%ﬁ:—ﬂ;j £ 9 0951 t {H NERIINEENIER
% U Vi) - 3
a [ Buffer tank with LAB Ve Rl i 8 S S ' O
I Melamine (thermal 133 . 1Lk k3 g_ !
§ : O ! L E 105 it
i insulation i'*tfgﬁﬂnpl‘sgn.ﬁ;g;;ﬂ*’ 23 1.00 { Pt ii};*r i
ba ; P .
o Lead and HDPE N A %g 0054 t }}IHI{II '” [
o Tk L 02 0903+t L DL L —
S DMl il il M e 55 A 2 4 6 8 10 12

Erec [MeV]



Liquid Scintillator

¢ For optimal transparency and light yield:
= Recipe: LAB + 2.5g/L PPO + 3 mg/L bis-MSB + 50mg/kg BHT
= Goal: LAB attenuation length > 24m, LS attenuation length > 20m, U/Th ~ 10'/ g/g

= Production: Four purification plants + LS Mixing + QA/QC + high purity N, and water

1800 m SS
pipes to
underground
z ™ = ’_" .:*:].___.
Lis .Ii.lj @;‘?_
OSIRIS to monitor Rn 4) Gas stripping to 3) Water extraction to remove 7

and other backgrounds remove Rn and O, radioactive impurities



Background Control before the quwd Filling sono

e U/Th/*K in raw materials:
> Steel <1 ppb, raw LAB <1 ppq, PPO <0.1 ppt, Bis-MSB <3
ppt, BHT <0.2 ppt, acrylic <1ppt, water <0.1-1.0 ppq

e \Water:
> Resistivity~18 MQ*cm, U/Th < 101> g/g, Rn < 10mBg/m?3

Water soluble paper film on acrylic | .
to stop Rn decay daughters '

e Surface protection and cleaning,
clean room and air dust removal, ...
e Airtight by leak check:
»> <1mBqg/m3222Rn in fresh LS
e Surface cleanness:
» Pure water wash to remove dust and
paper film
> Water filling before LS




Water and LS Filling Posters 17, 324 JuNo

-

JUNO Liquid Level Display

e Water filling for cleaning the CD, testing the mechanical
structure, as well as the detector commissioning “]

e Replace water by LS at a rate of 7 t/h, 6 months/volume

e Optical transparency and radioactive background control:
v Weighted average LS attenuation length > 20m

— 77T
O 0~ O W B W N

= @
v Weekly LAB/LS sampling: U/Th < 1x 106 g/g by ICP-MS 2™ 27
v' 222Rn in fresh LS by OSIRIS+CD: <1 mBg/m?3
v 14C ~(4-5)x 101 g/g measured by several methods
BOr | ' ' ‘ ' w L _— 15: 450 CDWater: 1425 m WP Water: 43,51 )
’a“”"r"} E[iﬂ EI&HHE E{ }ﬁ 5 by |C|:-|\/|S +FOCPY Vi 185561 m7  LSin:7.01m¥h  WaterOut: 6.96 m
S L N
2 s %{ . #* 1 » LSFilling completed on
_S_ 15.0 Weighted average % y ; 8/22/2025
g . attenuation length = 20.6 m S I 1 > LS in the CD: 23231.6 m3
:fj " L I II | » Waterinthe pool: 41225.1 m?
2025' Feb MI'&I" A]Pl‘ MJ&Y Jllm J;Jl AIUE 10 I0l2illlI0I3ill3l0l4-lll2IOISilIZlUlﬁilI]I()I?I-llll{]lS-IlIOI I

Sampling time 29



Important Contributions from In2P3

¢ Cooperation started in 2014

¢ Major contributions on top tracker, 3” PMTs & electronics, background study,
software and analysis

1

Arby

Counts / 10 keV
2 3

107

WNTIT NN III_JJ LLLMBE L 1

=

L

2 :

2 L

§ 10° = g

1D"E %

o ; - D%pns:ited- cn;rgv-lmf‘a’} N °

. 3-inch PMT and
Top Tracker: IPHC electronics: LP2i Radioactivity background:
SUBATECH, 1JCLab LP2i, CPPM

30



Performance of the Detector



* Large PMTs

 17612-16 LPMTs installed for CD, 2400-1 Preliminary 17 kHz . owene
. i, 15 kHz .
LPMTs installed for VETO : /AN o i
« ~26 dead PMTs + electronics, ~1.2/month Atypical SPE | 1 \ \f,:
. Em ,/ Py [
* ~600 flashing PMTs (turned off) ‘F’)V&"Teform b1 1] Variations due oHY Y T:::’”""M\ al
. nao i'| changes and water A
o Ga|n5 Of MCP (DynOde) PMTS are reduced 11590 u temperature \’.’:""‘
from 7 4)(106 t 0 4OX 106 (6 SX 106 t 0 . 0 P - e o oo 15,@& 15”"”5 1@*"'“\ ﬁm" f)w f},xm 16,11»* f,ﬁf:at:::::;n;&::e G z:l:)ﬁ’w w’“’"“\ Wxs 1@@,@ Mﬂs M\ 1«05"5
5.5x10°), efficiencies not affected
* Noise of electronics for LPMTs: R S S (107
103 PMTgpeMCP {103} A PMTgpeDpmade | Ty T T
 Stable pedestals X/NDF: 085 X//NDF:085 | 1 Dynode
10? [ Peak gain: 0.59 x 107 02l /D Peak gain: 0.71 x 107 0.8 I_: C]Bi]) LPMT
e RMS ~2.8 ADC ch. = ~0.055 PE g [\ Mean gain: 010X10" | B Mean gain: 0.64x 107 8 0
i AN W 5 =
« PMT threshold: 0.2-0.3 PE fwl [N\ |3 .. 0
* Dark rate continuously decreasing | w] | I H 02 H
* sSPMTs have similar performance 0123 45 678 0 1 2 3 4 5 6 RMS (ADC)
Charge [1 x 107] Charge [1 x 107]
° i
Trlgger threshold: ~200 keV SPE pulse shape and calibration Noise of Electronics

noise 32



Backgrounds of the Detector

17.2m<R = 17.5m; 0.7 MeV< E <6 Mi}53

e For reactor neutrinos: (r<17.2m & E > 0.7MeV)

= Clearly see the steel structure: acrylic surface background from
dust is limited = washing is effective
= Single event rate: < 6 Hz (design 7.2 Hz)

= Background simulation includes LS, PMTs, steel structure, acrylic
and water (including Rn) = Good agreement with data

Z [m]

® Current radioactivity levels in LS (new, preliminary):

-10 0 10
Fiducial volume 238 232Th 210pg [10* cpd/kt] X (ml
[10'17 g/g] [10'17 g/g] Present (Aug.30) IEDrellmmary

—+— Data

60
r<16.5m —+— Design MC

(hot spot at top 3.63+0.07 2.2+0.2 1.96+0.14
chimney removed) 40- E>0 7MeV
Backgrounds at the top & bottom chimney are mainly from Rn
Errors are statistical and systematic combined

Rate in FV [HZ]

16.0 16.5 170 175

FV radius [m] 33



Muon Events and Track Reconstruction

Muon trigger rate in CD ~5 Hz, in Water Pool ~4 Hz
Muon detection efficiency of CD through-going muons > 99.5%
Two types of track reconstruction methods: traditional and data-driven ML

Reconstructed angular distributions in good agreement with Monte Carlo simulation:

= Extremely important to veto muon tracks to reject cosmogenic 8He/°Li background

Work in prbgress

0.25 '
—— MC Truth
~~ ML (Edwin)
i~ ML (Amber)
0201 Joint 2
WCD Charge Cluster
=
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Muon’s flux and energy spectrum, mountain’s profile and density are well understood.
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e Data taking period for this analysis: 2025.08.30-2026.05.18
e (Golden data are selected for physics analysis

physics

calibration

commissioning
.maintenance
interruption

Power outage due to weather is one of the main causes of interruptions

Time fraction per day (%)

Data Taking

100 7
80
60
401

201

DAQ time (Calendar): 264.76 days

Good physics data: 207.63 days
(Phys+Calib) / DAQ time = 90.00%
(GoodPhys+Calib) / (Phys+Calib) = 92.38%
GoodPhys / Phys = 91.96%

I |;||
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mm Bad physics
I High Rn
Calibration
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—— Good physics
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Calibration
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Reconstruction and Energy Correction

e \Vertex and energy are determined by maximum e Residual r-6-t dependence (~1%) further corrected
likelihood taking into account PMT response, geometry, by 214Po in the whole volume
optical properties, verified by calib. sources e Energy scale anchored at nH from °Li+IBD
e Other reconstruction methods give similar results e Final performance checked by IBD nH in r < 17.2m
e Time dependent variations corrected by Po214 in the e Residual spatial non-uniformity RMS ~0.2%
whole volume, check by n-H from IBD ® Residual time dependent variation RMS ~0.3%
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Energy Non-linearity

Non-linearities of LS and
electronics are determined by
calibration sources at the center:

68Ge, 137Cs, >*Mn, %°K, °Co, Am-C,

and Am-Be

The non-linearity model for e* is
based on Geant4 and y-sources

The model is constrained by
cosmogenic isotopes, 1C(e?),
10C(e*), 12B(e’), 8Li (), 8B(e*),
®He(e’), etc. in the whole volume

Using sPMTs to correct and
constrain LPMT instrumental
non-linearity

RMS ~ 0.5%, Uncertainty < 1%
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Light yield at the detector center is ~1600 PE/MeV for ®8Ge and
~1785 PE/MeV for neutrons, in good agreement with MC
Energy resolution for ®8Ge is ~3.5% @ 2x 0.511 MeV at the
center, slightly worse than the expected 3.1%

= Better MC for C process, optical boundaries, & electrons, ...

= Possible improvements: ML to remove *4C, more calibration,
better reconstruction and fitting methods, ...
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Energy Resolution Model

® Energy resolution is particle type, energy and space dependent

e An analytical R-dependent resolution model for e* was built using Geant4 simulation and
data from calibration sources (a., )
® An energy response matrix was then used for e* spectrum fitting after adding *C pile-up

to 5% events
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First results using 59 days of data recently published
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Reactor Neutrino Selection

® Prompt and delayed coincidence in time, space with energy features

Criterion

Selection

PMT flasher
Fiducial volume
Prompt energy
Delayed energy
Coincidence time
Relative distance
Multiplicity cut

Water pool muon veto

CD muon veto
Spallation neutron veto

Muon track veto

Applied
rp<17.2m,lz,l<15.5m
(0.7, 12) MeV

(2.0, 2.5)U(4.5,55) MeV
(5. 1000) us

<1.5m

Similar to our
“Nature” paper

No other events > 0.7 MeV in the FV or (2.0, 6.0) MeV outside
the FV within 2 ms before and 1 ms after the delayed event

Veto if the delayed is within (0, 2) ms after NPE > 700 in WP
Veto if the delayed is within (0, 5) ms after NPE > 3 % 10* in CD

Veto if the delayed satisfies Ar < 4 m and Ar < 1.2 s after
spallation neutrons with NPEsp, € (3000, 30000) and Tipnoy €

(20, 2000) us
Veto if the delayed event:

i

Ar
L
2.5m +

2T

Correlated discriminator log(L.R.) > -1.26

J""Ir,l..ld
0.5 < 1

e What is new in this analysis:

e ~10% more fiducial volume (R=16.5m=>»17.2m)

e a factor of 50 reduction of accidental bkg. using likelihood cut
e ~60% reduction of °Li bkg.
e model independent estimate of the 21Bi bkg.
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Energy Spectrum and Solar Parameters

JUNO Preliminary. June 2026 @

250 ' '
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i Y @ 5t N\ L=
200f ' < NG’ )
! ] JUNO live time: 207.2 days NI S
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ggi 100 }' Y — Li/*He the near o : JUNO 59.1 days + (2013)
= H J 1‘; —— (Geo-neutrinos detector % 7.5 - q_ﬁ;
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. ctra from -
50 214B;- 24P, Spectra 1ro S 7.0¢f
Other backgrounds TAO and Daya é [
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4 | ‘ 13016, 161802) 5§ |
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B e T o SK + SNO
é; . :5 e® .:‘-. - . -t e, }.o & (2024)
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. . 12 0 0
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First Result of Am?

e Due to statistical fluctuations, JUNO only profiles of Am?;; have multiple minima

JUNO Preliminary,June 2026 @ —== DYB Constraint JUNO
20.0 — : : — . = = : — - - -
1 1 1 [
175 \ { \ !
i I 1 1
15.0 1 1 1 I
1 1 | 1
- 125 tl| JI ‘l l!
<>]' 10.0 \\‘ ,;' \‘\ l:’
5t \ ! \ !
) ) A !
\ ) ! [
5.0 A ! Y i
A I A I
9 Y ! \ 7
\\\ ,f! \\ Ilf
BT 28 26 21 22 20 18 T I3 2.0 22 2.4 26 2.8 3.0
Am3, [10 % V2] Amj, [10 * eV
o = ——Amj3, profile with DYB constraint
JUNO Preliminary. June 2026 @ :
. . . = ==-Feldman-Cousins lo
The final minimum for each mass 14 . 14 .
. . . | ] L\ s
ordering is obtained by using the b Am3 = — 24827508 < 107 eV 2b Ami =2.50975%7 x 1072 eV
2 . [ 1
Am?<;, constraint from the Daya Bay 10f [-1.05%, +1.00%] 10} [-1.00%, +1.08%]
result (PRL 130 16, 161802) ~, 8t ~, 8
< 6 < 6}
Feldman-Cousins (FC) method is used At ar
to determine the 1o range of Am?;;: 2f anh Nk O L e . 2t
~1% precision achieved Ry — 0
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Comparison of Results on Oscillation Parameters

sin?20,,
JUNO % | | '—0—' | | | I 3.036=0.064
SNO+ %, constrained ® 3.10 +0.12
Solar+KamLAND ® 3.07 +0.12
Solar global 3.06 +0.13
SNO 2.9 518
KamLAND > 316 J_rggé
28 29 30 31 32 33 34 35
sin’fy,, 1071
Am?2,,
JUNO ‘A‘I [ | | | | '-0-' 1 7.38840.078
SNO+ %, constrained —— 7.63 +017
KamLAND —— 7.54 T019
Solar+KamLAND =t 750 T8
SNO+ 48 —— 793 153
Solar global 6.10 4
SNO 5.60 110 2
40 45 50 55 60 65 70 T5 80

Am%l, 1075 V2

2.1%
3.9%
3.9%
4.2%
5.2%

9.5%

Results from JUNO have smallest uncertainties

2
Am~y,

3

1
JUNO

Normal mass ordering,

JUNO (+Daya Bay) o~ 2.50070 5 1.0%
NOvA —e— 2.5060 055 14%
NOVA+T2K —.— 2.51 004 14%
T2K —— 2.596 7005 1%
[ceCube —— 2.48 T007 18%
SuperK+T2K —— 2.5861 00 2.3%
Daya Bay nGd —— 2.54140.060  2.4%
SuperK —— 2.48 0T 329
MINOS+ —— 2.48 T00n 34%
RENO  nGd ———— 2.59 T4 44%
Daya Bay nH ——— 280 T 52%
ORCA ° 2,18 T2 13.8%
RENO  nH . 2.55 T8 11.8%
18 2.0 2.2 2.4 2.6 2.8
|Am3,|, 1073 eV?
. Inverted mass ordering

JUNO (+Daya Bay) o 2.482100% 1.0%
NOvA+T2K o— 240 004 159
NOvA —— 2.404x0.036  1.5%
T2K —— 2486000 1.7%
IceCube —— 2.32 008 1.9%
SuperK+T2K —— 2,409 000 2.4%
Daya Bay nGd —— 2.496+0.060 2.4%
MINOSH —— 2.37 00T 309
SuperK —— 2.40 1045 38%
RENO nGd —_ 2.55 To4d  as%
Daya Bay nH —e—— 275 10 53y
ORCA [1.76, 2.25]

RENO nH ° 251 7028 12.0%

1.8 2.0 2.2 2.4 2.6 2.8

|Am3,], 1072 eV?2



Adding Constraint from NuFit-LBL

Am?,, from reactor and accelerator neutrinos should align at the right mass ordering[1]
Adopt the NuFit-LBL results from [2]: normal mass ordering is favored at Ay? = 4.86

o —=+ DYB Constraint ~ —@— JUNO w/ DYB constraint
JUNO Preliminary. June 2026 @ ==+ LBL Constraint  —#— JUNO w/ DYB+}LBL constraints
BB T T T T T T T —y————§g T—————— 71— 7
\
/ \
\
/ \
! / \
510 f / \
/ \
I 4 \\
I s \
- . I/ \
> 505 /1,7 \
A
500 r
495 .. 1 L o~ L 1 L L 1 1 e f. L 1
—2.70 —-2.65 —2.60 —2.55 —2.50 —245 —240 -235 —2.30 230 235 240 245 2.50 2.55  2.60 2.65 2.70
Am3; [1073 eV?] Ami [1073 eV?]

[1] H. Nunokawa, S. Parke and R.Z. Funchal, Phys. Rev. D 72 (2005) 013009; V. F. Li et al., Phys. Rev. D 88, 013008 (2013)
[2] NUFIT 6.0 (JHEP 12 (2024) 216 [arXiv:2410.05380]), www.nu-fit.org and M. Maltoni private communication
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Neutrino Mass Ordering Significance

Frequentist approach using pseudo exp. to

convert Ay? to significance
Influence of 6., considered (scanned)
Normal Ordering is favored at 2.30

JUNO Preliminary. June 2026 @a

Ax? Distributions: 17.2m FV + LBL & DYB Am3, Pulls

0.10 -
—-— Data: A2 =4.855 : MO rejection: 2-sided / 1-sided
True NO - | NO: 0.7 0/0.0 0, p=0.489
——- [ 2 10:230/2.10,p=0.0197
0.08! True 10 i
I
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@ 0.06f
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0.0%5 20 : 0 10

AX? = Xfo it — Xiio, fit

30

Posterior Prob.

Bayesian approach using Markov Chain Monte
Carlo(MCMC) method

Normal Ordering is favored with a Bayes factor
of 10.18 = 2In k= 4.64

= Consistent with the frequentist Ax?

JUNO Preliminary. June 2026 @/ w/ DYB and NuFit-LBL const.

| | I ] I | | | 7l A | L | L | |
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|

Bayes factor
k=P(NO)/P(10)=10.18
2lnk=4.64

—_—
n

—_—
o

-2.5 -2.4 2.4 2.5 2.6
Am3; [107° eV?] Am3; [107° eV?] 47



New Results on Geo-neutrinos

e Fits are performed without constraint on geo-neutrino flux, but with 3.4+10% U/Th ratio
=  Constraining the geo-nu flux doesn’t change oscillation results

e (lear geo-nu signals at 1-3 MeV, giving a flux of 73 £ 11 TNU

=  Largest geo-neutrino samples so far, and most precise measurement
e JUNO resultis higher than expectation from existing models, but not statistically significant
e Need more JUNO data and more refined geological model predictions
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JUNO Preliminary. June 2026 @ @JUNO Preliminary. June 2026
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In 5 years from now, Nova+T2K/SuperK

+ORCA/Icecube +JUNO will determine the

mass hierarchy

In 10 years from now, DUNE+HyperK w
determine the CP phase

Ov[33 decay will be the next breakthrou

Hints from cosmology: < ~1 eV
Guess from Oscillation: ~1 meV
Katrin will probe to ~ 0.2 eV

(m , )" =[Z; | Ug; > m?  ]'2

Ov BP decay should target for ~ ImeV
|MBB| =2 (Uei)zmvil

gh

Sanford

Underground
Research
Facility =
g 2 bf}
4 ek
)

| m a8 | [Q ‘Vr]

Future of Neutrino Physics

T T
1o Range after JUNO Measurements //f
1071 g =
A
102 - 1// -
10_3 ;_::_:::::H:"'-\."—‘;" -t '_'I*Tt: ______________ _E
- : \ .'=: ] J.Caoetal.,
- ! \ [ 1 arXiv:1908.08355
1G—4 , A ——— T el .
-t 10-3 102 101
m, [eV]
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http://www.dunescience.org/wp-content/uploads/2015/03/LBNF_Graphic_021715.png

Once mass ordering is determined (~2030), JUNO will
be upgraded for B3-decays, in addition to existing
capabilities

Cosmogenic backgrounds can be removed by a cut of
LS volume along the muon track for seconds

Isotope Mass(t) <mgg>,meV
SNO+ 130T 8 19-46
KamLAND2-Zen 136X e 1 ~20
NEXT-HD 136X e 1 14-40
nEXO 136X 5 7-22
Darwin/Panda-nT 136X 3-5 7-22 ) )
L::ZV];';;;‘O(?O;’CDEX . e ¢ 1 oo Insert a balloon filled with

- - e -
136 130
AMOoRE-II 100V[o 0.1 12-22 Xe-loaded LS(Or Te)
CUPID 100Vo 0.24 12-20 into the JUNO detector
: 100 -

UL L 136M° 1 sl Zhao et al., arXiv: 1610.07143,
JUNO-BB Xe S0 4-10 CPC 41 (2017) 5

130T 100 3-14

50



Latest R&D for LS

Xe Loading (~ 3%) seems easy, but expensive and balloon seems needed

Te loading seems cheap but difficult, R&D status at IHEP:
= Backgrounds, in particular cosmogenic ones are still a challenge

Te-doping concentration: 3~5% Te — Achieved

Minimum impact on LS transparency — 1%Te-LAB: AL=20.1+1.1m
Minimum impact on LS light yield — 80% for 0.5%Te-LS, 66% for 1%Te-LS
Ultra-low radio background, 10-¢ - 10-7 —— Highly challenging, continued research

High-quality retention >10 years — Spectral stability > 3 years (0.6% Te) to dates ﬁﬁﬁiig;;ggﬁiji‘;ﬁ;i

We're here. Near Future
1 OSIRIS-20t

Lab-scale 100-kg
preparation production
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Summary

® ¢ O

¢ o

Neutrinos are mysterious, interesting and full of treasure

Daya Bay is a good start for IHEP/China

JUNO will bring us more: mass ordering, diffused supernova neutrinos, unitarity of
mixing matrix, and if we are lucky, a supernova explosion

JUNO-f3B is very promising for the future: Ov[3[3, neutrino absolute mass
International collaboration is greatly helpful !
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