Experimental overview of neutrinos
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Milestones in Neutrino Physics

Discovery of neutrinos and their properties

1930 1956 1962 2000 Neutrino mass
hypothesis ==) Discovery ..  Discovery o ==) Discovery ==) Majorana neutrinos?
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Neutrino oscillations

1998 2002 .

_ . _ : 2012 Mass ordering?
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Neutrinos as a tool to explore the universe

1960s1990s 1987 2007 Supernova Relic neutrinos
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Parameters in the 3 -flavor Neutrino Paradigm

E Neutrino oscillation indicates nonrzero neutrino mass

Neutrino flavor statend mass states are connected = o (@) — T
. . sol
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Osclillations from Different Neutrino Sources

Daya Bay
A discovered the thlrd _
n, neutrino oscillation * *“F sy
mode in 2012 s
A Completed data o ™7 T
taking in 2020 of T
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Long -baseline Accelerator Neutrino Experiment

TheNOvACollaboration., The T2K Collaboration. Joint
neutrino oscillation analysis from the T2K ad@vA
experimentsNature646, 818,824 (2025).

Inverted ordering
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Next-generation experiments (DUNE/Hypd€) will
push the oscillation precision frontier even further.




Reactor Antineutrino Oscillations

E Reactor neutrinos provide a clean tool to make precision measurements of neutrino

oscillations
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Mass Ordering by Reactor Neutrinos

Events per 1 MeV

Chinese Phys. C 46 (2022) 123001
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Require high statistics, excellent energy resolution and low backgrounds.



History of Reactor Neutrino Experiments

E We are entering a new era of reactor neutrino experiments

New results just released!

-----------------------------------------------------------------
- *

Short-Baseline
Experiments
(~2015-2023)

KamLAND

The 0, generation

Discovery of the
(~2011-2023)

Neutrino (1956)
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Presented by J. Pedro OchHBacoux
Physics of the Two Infinities Conference, 2025



Jiangmen Underground Neutrino Observatory

E Use reactor neutrinos to determine the mass ordering
E Equal distance to two reactor power plants for doubling the neutrino flux
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Talk by Y.F. Wang at ICFA seminar 2088tel2011;

TaisharNPP Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,
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JUNO is Actively Taking Data

JUNO Liquid Level Display

Height(m)

U On August22at ~22:12,water in Acrylic
tank was fully replaced by Liquid
Scintinator

1 Calibration started at 14:00 of Aug. 23

U Data taking for physics started on Aug. 26
,g at5:30am (Beljing time)

1 T T T T T 1
(V= = T I = (R L A o I ]

. U Total LS in CD: 23231.63m
. U Total water in pool: 41225.1

LS: 46.92 m CD Water: 0.0 m WP Water: 43.74 m
Vis: 23231.6 m? LSIn: 0.0 m3/h WaterQut: 0.0 m3/h
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A Golden Reactor Neutrino Event

N\

e
delayed  __-@ ] .

~200 ps /H Prompt e+ signal Delay neutron signal
Ve ® -~~~ @& prompt v (2.2 MeV)

P\ Zfew ns Mon, 25 Aug 2025 22:50:45 Mon, 25 Aug 2025 22:50:45
*\ RecEnergy = 6.3 MeV : RecEnergy = 2.4 MeV

N

Y (511 keV)« - - '@ - - - >y (511 keV) RecVertex (-9458, -9707, 3820) mi RecVertex (-10393, -9794, 4353) mm

€

Inversed beta decay




JUNO Detector

Central
detector (CD)
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~700 m overburden for cosmic
background suppression

Top Tracker and
calibration house

Top tracker for cosmic
muon veto
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Water pool

Water Cherenkov detector
for external background
suppression and muon veto
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Earth magnetic
field compensation

17612 20-inch CD PMTs

Photomultiplier

~ 75% coverage

25600 3-inch CD PMTs

Acrylic spherical
vessel filled with
liquid scintillator

~ 3% coverage

Acrylic supporting
nodes

20 kton liquid scintillator (LS)
LAB + 2.5 g/L PPO + 3 mg/L bis-MSB
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JUNO Timeline

JUNO Liquid Level Display
.0) 19.00.48 Loty J

Collaboration s etetor = | Start of First Resuclitls
formed construction LS filling announced:
2024 .12

2025.8.26

2014 3 2025.2
Civil Start of Physics data-

constructlon water filling taking start
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Clean and High -precision Detector
ENl ni t i Perf or mance
(arXiv:2511.14590)

0 €Chinésh Rhysld=G ect or o
,////f#—“ \\\\‘\
Keys to achieving good measurements /'
ﬂH% Calibration House
| o Top Tracker = ; |
A Highefficiency muon veto detector Cover | Rt _ 2 .
e e imney
’::-e o : —:‘ Acrylic spherical
. L Top WCDEMT A BN vessel filled with LS
A Ultra-low natural radioactivity inside .
detector Water pool S—— )
ki o 7| 3 woonwr
A Unprecedented energy precision and = i
resolution in large LS detectors

Supporting legs

0¥43.5m




Muon Veto Detector Performance

To ensure high detection efficiency in the WCD, water transparency Is very important.

A Ultra-pure water attenuation length ~75m A Cosmic muons tagging efficiency ~99.9¢
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Measurement of Cosmic Muons

A Measured muon flux & angular distribution highly consistent with Monte Carlo predictic

— 0.12F
. — MC :
0.20 -+ WCD L fl 0.10 7
<4 CD(Charge cluster) :
i0.15_ -4  CD(DeepSpher v i0.0S
w ’ o _
= = ’
a= — e 0.06
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| g
> > 0.04
] _ ] '
0.05
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cost [0)
The mountain profile is accurately simulated. arxiv:2511.14590
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Clean Detector

A Ultra-low natural radioactivity, fulfill reactor neutrino oscillation measurement

Central Detector

Specification Measure

Singles Rate (Hz) <7.2 Hz <7 Hz
239/ %32Th(3 10t g/g) <1 <0.1
21P0 &k 10*cpd/kt) <8 <5

Muon Veto Detector

Specification Measure

222Rn MBg/m?d) <10 <10
22Ra(mBg/m?d) <1 <0.01
U/Th @ 10*°g/g) <10 <0.4

102

10!

R 0
-15 -10 -5 O 5 10 15 10

X [m]

20,000 tons of liquid scintillator with
dust levels on the order of 10 milligrams.
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Low -Level Detector Performance

arXiv:2511.14590 © I NJI NI 0SS 2F

ALarge PMTs work fine e -

A1761216 LPMTs installetbr CD 400;; & = Dymde LPMT: |
A~22dead PMTs (0.1%3300flashing PMTs -l T MePLPMTs
A20.6 kHz and 22.7 kHz of Dark Count Rate (DCR) ofb |
dynode and MCIPMTSs, respectively. 3
0 ' ‘. ‘. L]
AGreat performance of electronics: P bor A
AGood grounding and low noise: Waveform of a typical PMT
A RMS ~2.8 AD@.C ~0.055 PE T AT 480, Ang 0 220090050055
APMT threshold0.2-0.3 PEzh. iiZiZ.”WWWWWWWWM

ATrigger and DAQ work fine o
ATrigger threshold=200 keV

111111
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Calibration System & Strategy

A Precisecalibration to understand
detector response, using

multiple sources,
from 1D to 3D:

arXiv:2511.14590
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Light Yield and Non -uniformity

Lightyield and residual noruniformity are essential to achieve the target
energyresolutionto measure the mass ordering

A Light yield ~160@.e/MeV for %8Ge and~1785p.e./MeV for
neutron, better than designed values
A Energy nonuniformity is better than = 1%in the R<16.5m region

1.04 e
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a‘ 1800 I k t 15 ﬁ I : i
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7 Position [m] arXiv:2511.14590 r? [m?]



Energy Non -linearity

A Energy NorLinearity Characterized te1%yprecision
-- a key factor for neutrino oscillation measurement

(70)

LPMT — SPMT

SPMT

1.05 |

0.90 |

Good agreement between LPMT and SPMT
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Good agreement between data and MC
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Energy Non -linearity

A Energy NorLinearity Model agrees well with calibration data armbsmogenic?B and''C

% 1.05F 2 nl2c 160+ n"Fe b x*/d.o.f=0.70
k= 10° ¢ { Data
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Energy Resolution

A En
A En
A Fu

By of 24Po [%)
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First Results from JUNO
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Legend:

CD - Central Detector
LS - Liquid Scintillator
WP - Water Pool

TT - Top Tracker

[ - Liquid Scintillator
[ -water

[J - Air

[%] - Rock

ERel eased oFirst Measurememt f.

reactor neutrino oscillations at JUNQD
arXiv:2511.14593

Press Conference in Jiangmen
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Press Conference for the Completion of JUNO

: and First Physics Results

2025%11K19H PE_SI
November 19,2023 Jangmens China
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Reactor Neutrino Selection

15.0 .
‘a

A Coincidence of energy, time and space o 125} mo

A Precise reconstruction of energy and vertex E sl i
C high precision measurement of oscillation 2 N 1
parameters = 2= N

A 95t " -
Antineutrinos (v.) Candidates Summary : o 2:0 * '2?5 10°

DAQ live time (days) 59.1 Delayed energy (MeV)  grXiv:2511.14593
Ve candidates 2379 ‘300"b ............
Selection Efficiencies (%) € Orel 2505_ ¢ D_a‘?a‘ ¢ ++
Fiducial volume 80.6 1.6 : ' + +
PMT flasher rejection >99.9 negligible 200:_+ +
@ veto 93.6 negligible = +
Multiplicity 97.4 negligible = 150} ++
Prompt-delayed coinc. 95.1 0.13 S | ¢
Total efficiency (etot) 69.9 1.6 100} ¢ ++
Vo signal (cpd?!) 50k R i
w/0 €tot corrected 33.6+1.7 ot co0e
W/ Etot corrected 47.9 2.6 059 0.3 0.6 R B B R TR TR ¥
Non-oscillated 7. 150.9+2.7

Time interval At (ms)

Spatial separation Ad (m)
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Backgrounds

Main backgrounds:

> >

>

Correlated signals from decay of lotiyed °Li/®He
Geacneutrinos: emitted from the decay of U and

Th in the Earth

World reactors: Neutrinos from other nuclear

power plants

Backgrounds (cpd) Pre-fit Best-fit
9Li/®He 43+14 3.9+0.6
Geoneutrinos 1.2+£0.5 1.44+0.4
World reactors 0.88+0.09 0.8840.09
214Rj-214pg 0.18+0.10 0.204+0.10
13C(a, n)'®0 0.04 +£0.02 0.044+0.02
Fast neutrons 0.02+0.02 0.02+0.02
Double neutrons 0.05+0.05 0.07£0.05
Atmospheric neutrinos 0.08+0.04 0.07£0.04
Accidentals (x10~2) 4.9+4+0.3 4.9+4+0.3

-1

didate rate (day

Ve Can

Good correlation betweerpredictedand
measuredreactor IBD rate after background
subtraction

RN R R R R R R N LR R R R R R RN AR RN R RE D RRRRR AR
S0L JUNO 2025 Prediction 3
- 59.1 days Q Data .
45 - .
a0t YJI on ]
C YJ4 on "
35¢E X ;
30 + :
- YJ4 off \ :
o +YJ1 off :
20 F .
prrn il bonenna b nn b nbonnnnn b bovnnnnlonrnnnbennnny

5 QD F O DO D DN
VRN NN A OURIN SNC OA¢
R RINC MR N A RN RN MR\ IR

Weekly Rate of reactor neutrino candidates

arXiv:2511.14593
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Results: Energy Spectrum

- : 175 - JUNO 2025
A Consistent results from three K 59.1 days
independent analyses BOF 5;_ + Data |
C . — Best fit ]
g 125 ; -:.:. U, signal E
A Unoscillatedreactor spectrum ~ 100" O Ijsl;g-glsci“ated% ;
. .. : : < B —— °Li/*He .
constrained through joint fit with g . f —— Geoneutrinos :
4 C E ———  World reactor B
released Daya Bay data LR: bt T s
>0 - Other backgrounds B
A The osclillation parameters were 25 - :
. B a -
extracted through a frequentist oF .
analysis using a binned with pull e CF L L | | :
terms: S T e e T i e
Qs A -3 N |. | .‘ T ..‘ | |. | | b‘ ]

X" (7, n, @) —
= (u—D)" V' (u-D) T T oS Pl et e -
T }‘iuis(ﬂ} T )‘ghape(ﬂf) + ngc(Siﬂz '913:- ﬂr"ﬂn*gl] g 2 N C‘ .
10 12

Prompt energy (MeV)  arXiv:2511.14593 77




Results: Neutrino Oscillation Parameters

Neutrino Oscillation Parameters

sin? f15 = 0.3092 + 0.0087 ,
Am3; = (7.50 &+ 0.12) x 107° eV*

World leading precision with
only 59 days of data taking

' |PDG2025 | JUNO

Y& 2.5% 1.55%
[ Q& 3.9% 2.81%

A Precisionof q,,andDm?,, improved
over experiments in the last 5
decades by a factor of 1.6

< 5t \
q s E
0 —_— : —— : - : — : — : .........
351 JUNO 2025 ;
- 59.1 days SNO+ 4
g0 F 1L .(2025) .
[ KamLAND [ ]
s [ (2013) 1t
5715
(D]
= 7.0}
X
“F 6.5 Ir
<}E I ¥% Best fit ||
6.0 _ + L It ¢
al SK + SNO W 20
: (2024) 30
5.5F
026 028 030 032 034 036 0 5
sin®f12  arXiv:2511.14593 Ax?

28



Rich Physics beyond Reactor Neutrino
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