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JUNO studies how reactor v.’s oscillate (disappear) into other flavors
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JUNO collaboration

= 70 institutes, > 700 participants

Country Institute Country Institute Country Institute
Armenia | YerPhl China SDU Italy INFN-CT
Belgium ULB China SJTU Italy INEN-FE
Chile SAPHIR China SUSTech Italy INFN-LNF
Chile UNAB China SYSU Italy INEN-MI
China BISEE China THU Italy INEN-MIB
China CDUT China UCAS Italy INFN-PD
China CNPRI China WHU Italy INFN-PG
China CUGB China WuYiU Italy INFN-Roma3
China DGUT China XJTU Pakistan PINSTECH (PAEC)
China ECUT China XMU Russia JINR
China GXU China ZZU Slovakia FMFEI-UK
China HIT Czech Charles U. Taiwan-China |NCTU
China HunanU Finland JyU Taiwan-China NKNU
China IGGCAS France CPPM Taiwan-China |[NTU
China IHEG-CAGS France 1JCLab Taiwan-China | NTUT
China IHEP France IPHC Thailand CHULA
China IMP France LP2iB Thailand NARIT
China JNU France Subatech Thailand SUT
China JXNU Germany EKUT U.K. U. Liverpool
China KNRC Germany GSI U.K. U. Warwick
China Nankai U. Germany U. Hamburg USA UClI
China NCEPU Germany JGUMainz USA UMD-G
China NJU Germany RWTH-AC
China RNCG Germany TUM




JUNO detector

o0 YEARS

e Stainless Steel structure
* Finished in June 2022

 Acrylic sphere with 35.4m diameter
* Done in Oct. 2024

SRR Acylicsphere * 20,012 20 PMTs + 25,600 3” PMTs
Water i RSOSSN \‘C"\”"" ) .. )
——l oo n N e | SN Stochre « Installation finished in Dec. 2024
1 oo | , ;'-::::::::i:::::::::::::::‘., :"”‘ .
NI 1E T ;\i\:;;{5};};};}:2;;:};;{5“?.;;}.?: CD PMTs « PMTs + electronics working well
ettt gy veropus N
v I R = 2 | 20kt Liquid scintillator
‘ - fg‘\r Connecting Bars
oBe b o By e Supporting Legs « Filling finished on Aug. 22, 2025
/ ’<\<
b;ﬂ“ lgl\\,
N




Group photo on Dec. 4, 2024




More detector photos

2025.6 Top tracker installation finished
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Liquid filling

Filling strategies:
= Leakage (single
component < 106

‘ is_ mbar-L/s)
= Cleaning vessel
SS before filling

pipesto - Clean environment

undergr -
ound = Water/LS filling

JUNO detector CD FOC system 4) Gas stripping to 3) Water extraction to remove
remove Rn and O, radioactive impurities




Height(m)

CD Water: 0.0 m
LSIn: 0.0 m3/h

LS: 46.92 m
Vis: 23231.6 m?

WP Water: 43.74 m
WaterOut: 0.0 m3/h

S B B |
Ww W o~ 3 W e W

T T
=

L1

tage

vV VvV

Aug. 22, 2025, at ~22:12, water In
Acrylic tank was fully replaced by LS

~90 t lower quality LS at the bottom
were further replaced

Calibration started at 14:00 of Aug. 23

Data taking for physics started on Aug.
26 at 5:30 am (Beljing time)

Total LS in CD: 23231.6 m?
Total water in pool: 41225.1 m?3
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o0 YEARS

m Precise calibration to
understand detector response,
using multiple sources,
from 1D to 3D

m No Radon leakage during

routine and special
calibrations

Calibration system
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Reactor neutrinos

o0 1EARS
The strongest artificial neutrino source on the Earth

2 X10%° v’s per second per GW thermal power, >99.7% from 23>238 and 23%241py

Uranium-235 Fission

fission fragments -
elal’ed
\%V~ray
\ 5

uranium - 235 @ antineutrinos

o
thermal neutron /
« \ @  promptneutrons
% ’

uranium - 235

:"’ ‘\\ of\s
g Ot = 585b ! \ayed peut e

1
i i prompt y-rays de
| energy release = 210 MeV/fission |
1 1
1 !
i 90 quadrillion fission per second i
] .
‘\\ in 3000MWth reactor ";' de/a

- Veg v
~F
s
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Reactor neutrinos

The strongest artificial neutrino source on the Earth

2 X10%° v’s per second per GW thermal power, >99.7% from 23>238 and 23%241py

Easy to detect via the Inverse Beta Decays (IBD) o tmpsiad "
4.0 = 1.6
= (a) isotope V. spectra (1/fission/MeV) -
323 - +-H-+ ' 2% 10-42 914 S
o + (b) IBD cross section (cm*x107%) . |
3.0 (©O+ s . , o oJ12°
" - +(c) expected Ve in near site ADs (105/MeV) ”
= C ] o
S o ] ~—
£ 2.0F Jo08 &
< u . 5
g 1.5 J0.6 @
LOE Jo4 5
0.5 f— _: 0.2 .
o — T
2 4 6 8 1 0 1 2 cs - C:Ebraatcion System
antineutrino energy /MeV — o e
[ - Air
[Z] - Rock
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Mon, 25 Aug 2025 22:50:45 Mon, 25 Aug 2025 22:50:45
RecEnergy = 6.3 MeV 2 RecEnergy = 2.4 MeV
RecVertex (-9458, -9707, 3820) mm: RecVertex (-10393, -9794, 4333) mm

Prompt e+ signal Delay neutron signal




N
g\‘ﬁ‘ Ll

U TEARS

« Data taking time larger than 98%

Usually two times of calibration per week

Detector maintenance occupied with the calibration source moving

 Physics data taking time larger than 92%

Runs 9737 - 11039
-

100 | I A I L | D R Y T
Total good data time: _
° = _160 -
S~ = -
,:; 801 fgood 59.08 days _'__-::::_..// %
= Fraction of good data: _Lr T 500
*é . tgood/tphys = 99.44 % _;;_:' S
_:; tgood/tphys + calib = 94.60 % 40 E
S tgood/tatterrn = 91.44 % B Bad/test data 20 3
"'g 40 tgood/tcalendar =85.92 % High Rn data E
pu Calibration (258 runs) 20f_3'3
. Good data (665 runs) £
uEi L == - = DAQ time (phys.+calib.) -108
- Good physics data
0 : | B S . — I — 0
9 oY ) N ’b © 1O ’L ‘9 2 4 'b © A9 11 1% S
%ﬂ, %’L S Q o ok o Q q'\, g‘\y g:\, s A gﬂ, gl g'l 0 00 30'0 ,\9:\’ Q:& Q:& o> o o Q’L 03

AV ADT ADT A0 A
02l ’Ldf) ’Ldfb ’Loff) ff) 02 ()

S0 450 S A5 ° 50 g5 950 160 607 160" 007 607 oA o o
QL7 QL7 QL7 QL7 QLT 1GET Q7 QL7 QL7 4G 407 4G 0T {:ﬂ 1O AL Q0 Q7 Q17 o 13
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o0 YEARS

§

Keys to Physics: clean detector i

Measured radioactivity in LS and water better than specification

« Radiopurity control of raw material, cleaning of inner surface, %?Rn control

Central Detector Specification Measure (17.6m<R<17.69m; 0.7<E<6MeV)
Singles Rate (Hz) <7.2Hz <7Hz b ) R g “-_ I
238y /232Th (x10%5 g/g) <1 <0.1 10 | - Lo?
210pg (x10% cpd/kt) <8 <5 - > 8
S 0%

Muon Veto Detector Specification Measure h _5."-.1 101
222Rn (mBg/m?) <10 <10 —10
226Ra (MmBq/m3) <1 <0.01 —-15 Bt el .

— 10
U/Th (x105 g/g) <10 <0.4 RV
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Keys to Physics: muon tagging

« Water attenuation length at 405nm wavelength longer than 75m

 Muon tagging efficiency of Water Cherenkov detector > 99.95%

« Untagged muons enter CD via chimney, Top Tracker detector helps to tag

90 [T T i T T il T ™ 8 15 T 1
[ e ] ®  WCD muon
@ %0 i j O Water resmthl‘.[y I 1 E WeD
= T I e  Water attenuation length l { = 3 10}
= L | | 1 o 3 000000000000 00000000000000000000,0000000300000000000000000000000000
5070 ! ! g =
p— L __ "~ C
g 60:- I E EE I E I E I I .
= [ I I 1475
S sof : : "2 100.000
50 13°3 o 9990 37F FLIN Y X Ko SR X ey o L T o ¥ o P X ol
% 40t : F I ] & % 99.980 | I B II II IIIEII H IE H II 7 $Ely Ty Y ]
5. I | 122 2 g )
g 30} Iz l NI
B : ‘ ) | 11 B M 99.960
20l =8 fWater circulation started | Nitrogen sealed ]
S |- TS SR 'Y SN S 99950 09/05 09/13 09/21 09/29 10/07 10/15 10/23 10/31 11/08
N\ (N} N\ N W\ N\ W) W) Date
& géo g\%‘ SO REEN ™= e R o

Date
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Keys to Physics: precise energy

 Energy nonlinearity calibrated to better than 1% precision

o0 YEARS

 Energy resolution is near the design level

« Keep improving from comprehensive calibration and better reconstruction algorithms

21.05 a al2C 160 n%Fe b x?/d.of=0.70 5.0 5 T T ! T
2 3 { Data | ] |
El_oo - 10 = Best fit /T E— S T A R D 1
£ X2/ dof=0.75 5 il : 137
200 S ® °'Cs
8 093 Best fit 510 i
%090 ¢  Single-y source e S 40 _""""""'g;l ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' ]
'E_. $  Multiple-y source ) — o Mn 1
0.85 | X el T I R M R S ]
s 3103 S = 3.5 ® e 1
= = e o |
: oSS Dommem- R STt E oﬁ o P S — JUORS SN SN SR N N
g 3 2 4 6 g 10 3T e 8 0 1214 1618 = - e K :
Effective gamma energy (MeV) Reconstructed energy (MeV) \L |
y g T A & @1 H
125t € x*/d.o.f=1.09 1.05 © e Co 5
E 00 — Best Fit L T ]
1. . |
= { Data >1.00 ;
2075 E ®n-C 160)*)
ha 2 A S SN S S A L O
ot £ 0.95 Best fit + 68% C.L. 1.5 ! 1
g0.50 g = c : : :
2 | : :
= = 0.90 v P N R R IR S R
0.25 =
- - = 105 1 2 3 1 5 6 7
= 3 0.85
T ol r————— E,ee [MeV]
g 3 1.0 1.2 1.4 1.6 1.8 2.0 0 2 4 6 8 10 12 . . . .
- Reconsructedcnrgy (MeV) Trueancrgy (eV) More details in Mingxia’s flash talk
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Reactor neutrino sample

o0 1EARS
- Reactor neutrinos are selected according to ' "5ox y [otion |
T 45F
the time, space and energy correlations : Y11 on
3 * YJ4 on
* Neutrino rates consistent with power prediction ¢ f + l
"b; 30;—
* More details in Mingyuan’s flash talk 5 o5k Yo +Y\”tf
205—1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
& ¥ ¥ ¥ ¢ ¢ F ¢ ¢
15.0 —— . . — .
ra ¢ Data r € +
S1asf W IBD ~ Fi .
S | : | | r=203147.7ps | 4 ¢
< 10.0f | ! N
5 kN ty
% 7.5;- i ; '
= 50| E- ¢ Y
= [ L ! +++
- 2.5} i i‘ | ¢ RS

1.0 15 20 25 0.3 0.6 0.9 00 03 06 09 12 L5
Delayed energy (MeV) Time interval At (ms) Spatial separation Ad (m) 17



Oscillated spectrum

» Residual °Li background will be reduced by veto along muon tracks

« Reasonable good efficiency, will be improved with larger fiducial volume

Prompt energy (MeV)

175 - -' JUNO 2025 Antineutrinos (v.) Candidates Summary
sof oo 59.1days DAQ live time (days) 59.1
E : + Data ] Ve candidates 2379
> 125 =, - _BBS_t fit | ] Selection Efficiencies (%) 5 Orel
§ C Ve Sighal ~ ] Fiducial volume 80.6 1.6
—w00F & 0w Non-oscillated e - PMT flasher rejection >99.9 negligible
e Co % —— °Lif*He ] u veto 93.6 negligible
Z - - i —— Geoneutrinos B Multiplicity 97.4 negligible
o Fod * 5 —— World reactors ] Prompt-delayed coinc. 95.1 0.13
= r + : ——— Il4pj2lipg ] Total efficiency (£¢ot ) 69.9 1.6
50 o Other backgrounds - Ve signal (cpd!)
25 o B w/0 ot corrected 33.5%x1.7
L a - w/ €Etor corrected 47.9+2.6
0 o o Non-oscillated v, 150.9 2.7
—_ 3 L L T ] T Backgrounds (de) Pre-fit Best-fit
O L T L T 2 _ 9Li/*He 43+14  3.9+06
'5 0 E‘--.'r.n.'"':"‘\l:.".'.':.:".:".:'.:b'"_":."""""""“'““"'.";)'" Geoneutrinos 1.24+0.5 1.44+0.4
o Fe * * DL L 2T World reactors 0.88+0.09 0.88+0.09
214Bj-214po 0.184+0.10 0.20£0.10
S L 13C(a, n)1%0 0.044+0.02 0.04+0.02
i £ = ittt vigts S i B B M S == Fast neutrons 0.024+0.02  0.02+0.02
3 Zé c - Double neutrons 0.05+0.05 0.0740.05
= T Atmospheric neutrinos 0.084+0.04 0.07+0.04
10 12 Accidentals (x10~2) 49+03 49403
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First physics result

o0 YEARS

[ T " T T« 7 T T T Experiment Value
C\l>< 5 _ \ PDG 2025
<1 : SNO (2011) — H— 0.299 *0%5 5.08%
_......:: .:.:.:.__........_ 0097 .
8.5 . JUNO 2025 1t : SK (2024) e 0.324 Topps 7.72%
- 59.1 days SNO+
80 F Y ] (2025) all solar v (2024) —_— 0.306 f8:8%§
Tl KamLAND {f ]
—~ [ (2013) — 1f : KamLAND (2013) 0.325 098 12.02%
& .
L 75t
Q L 4 ]
e \ JUNO — 0.309 *8:882
= 70¢F 1t -
v; [ 0.5 03 03 04
“gg 6.5 _ i Experiment Value
4 : ¥ Best fit 1t ] SNO (2011) 5.6 19 29.46%
6.0 [ —— Bilo i ¢ A
) SK + SNO 20 | ] SK (2024) 6.10 ¥125  17.38%
[ (2024) 3c
ST T | ] all solar v (2024) —_— 6.10 £095  14.43%
026 028 030 032 034 036 0 5 KamLAND (2013) —_— 7.54 +0.19
Sil’l2 912 AX2
SNO+ (2025) —_— 7.96 £948  5.65%
. 2
sin® 612 = 0.3092 + 0.0087, ono - sy
PDG 2025 ’
2 —5 2 4 5 6 7 8 9
Am21 — (750 :]: O. 12) X 10 eV Am3, [x1075 eV?]

Consistent results from three independent analyses arXiv: 2511.14593 19


https://arxiv.org/abs/2511.14593
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|
o0 YEARS Stay tuned!

Neutrino oscillations, mass ordering (3-4 o), precision measurement (<0.5%)

Astro-particle physics, supernovae neutrinos, geo and solar neutrinos

New

physics

~5000 IBDs for
CCSN @10 kpc

~60 IBDs per day Several per day Hundreds per day Several IBDs per

day

Neutrino oscillation & properties I

Neutrinos as a probe
IBD: inverse beta decay v.+p — et +n

CCSN: core-collapse supernova

20
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Jiangmen Underground Neutrino Observatory




