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@ Jiangmen Underground Neutrino Observatory

JUNO is a large multi-purpose liquid-scintillator neutrino experiment in Southern China

» Located at a baseline of ~52.5 km from 8 reactors in Yangjiang and Taishan NPPs
» 35 m diameter sphere with 20 ktons of liquid scintillator (LS) surrounded by water Cherenkov detector
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JUNO detector

Key parameters: See detector detail in
Monica's talk on Oct. 2

» Large statistics:
* Huge target mass — 20 ktons LS

Top Tracker and
calibration house

» Energy resolution: Vi
+ 17,612 20-inch PMTs and 25,600 3-inch PMTs = v | AN
Large PMT coverage (~78%) g ':' // N
« Designed for unprecedented energy resolution k-~ i/
(~3% at 1MeV)

« Control of energy response systematics (< 1%)
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» Powerful nuclear reactors (26.6 GW,,)

» Optimized baseline (~52.5 km)

» Low background See detail in Guanda‘s talk on Oct. 2
« ~650m overburden for cosmic background
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https://agenda.infn.it/event/44606/contributions/269085/
https://agenda.infn.it/event/44606/contributions/273400/

JUNO status

JUNO Liquid Level Display

JUNO Timeline:
Collaboration Detector Start of
formed construction LS fllllng
2015 | 2024.12 | 2025.8.26
2014 _I | 2022 I 2025.2 |
Civil Start of Physics data-
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@ Status of v oscillation physics

» Neutrino oscillation implies non-zero neutrino mass: beyond Standard Model

T | — ()’ (m,)’ e— —
. -i4- - (Aﬂl )so
1 0 0 cosf, 0 sinf,e %) cosh, sinf, O () l ol
U=|[0 cosB, sinb, 0 1 0 -sinf,, cos6, O
0 -sinf,, cosf,,/|-sinfe™ 0 cosf, 0 0 1 2 .o
(Am°),,
Y (Amd),,,
» Known:  |Am3,|~2.5x1073eV? Am2,~7.5x10"5eV?2 .
Sin2 923 "’05 Sin2 912 ~03 Sin2 013 "’002
> Unknown: — e m— ()’
(Am®),
. dcp, octant of 6,5 - () (my)’® " e—
 Dirac or Majorana particle, absolute mass scale Normal ordering Inverted ordering
ms >m, >my m, >m; > my

Main goals of JUNO: Determine the neutrino mass ordering (NMO), and measure Am3.,
Am3,, and sin? 8, at <1% level via reactor antineutrinos
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@ JUNO physics program

» JUNO can detect neutrinos and antineutrinos coming from several sources:

Covered in this talk See Vannesa’s talk

Reactor

~50/day >100/year >100/day ~10%/10 s @ 10kpc ~400/year

\ J
h 4

Neutrino oscillation properties e

Neutrinos as a probe
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https://agenda.infn.it/event/44606/contributions/269083/

Reactor oscillations in JUNO

Oscillation: (quasi-vacuum)

P(Ve - 17@) =1 — COS4 013[Sin2 (2312)]Sin2 ) —[Sinz (2913)J(C052 812 Sin2 L) + SinZ 912 Sin2 L))
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slow fast
» Simultaneously probe two oscillation frequencies, no 10028
- 6 years of data taking —— No oscillations
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.. . . . . . [ —— Normal ordering
80
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
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Antineutrino detection in JUNO

§ oé— } \ ; » Measure neutrinos from fissions of 4 main isotopes in reactor

S ik 1 o via Inverse Beta Decay (IBD)

i : ‘3 « Prompt: kinetic energy loss of e* and e*e™ annihilation ys

“of %« Delayed: n-capture on H (2.2 MeV) or **c (4.95 MeV)

T~200us

Antineutrino Energy (MeV)

IBD threshold 1.8 MeV
Liquid Scintillator
» Time-space coincidence between prompt positron and

= +
Vgt P26 vl delayed neutron signals - powerful background suppression

<|

: :’) - @n » Relation of positron energy and neutrino energy
- Evis(e*)~Ey, — 0.78 MeV
Je e H MY
WIMWY 1.'_.,0 2.2 MeV
X=1.022 MeV
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Mon, 25 Aug 2025 22:50:45 Mon, 25 Aug 2025 22:50:45

RecEnergy = 6.3 MeV A% RecEnergy = 2.4 MeV ‘
RecVertex (-9458, -9707; 3820) mm: RecVertex (-10393, -9794, 4333) mm

Prompt e* signal Delayed neutron signal
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@ Detector response

Antineutrino Deposited Visible Reconstructed
ener ener ener ener _ . : :
& & & % » Liquid scintillator non-linearity
E, — Egep — Eyjs — Erec (LSNL), visible energy o
IBD reaction  Light emission Smearing detected photo-electrons:
JUNO 6 data taki
I U P D Y?ar? ?ala - 1] Evis = fLSNL(Edep) ) Edep
500 = Chinese Phys. C 46 123001 LOSp—————————— -
B $ 1 i
400 N E’ 0.95 _
> L 0.9 . —— 1 .
g —————% 1 » Energy resolution:
8 300 - Deposited Energy Edcp [MeV] B 2 5
2 F = ol —LPMT 1 s (_a ) +b2+( - )
. = 20f — =
2 - . N Ey; [E. . Ey;
200 f — wioNL&Res N — SPMT - VIS Evis VIS
5 C —— w/NL st I3 a: stochastic Poisson term
- B Qb . : : :
100 — —— LPMT w/ NL&Res 2 ’ 2 'b14E e [val S b: dominated by non-uniformity
- 1S1DI€ Energy vis (] - .
0 ) T SPMTwiNLERes o AN, T c: PMT dark noise
0 2 4 6 8 10 12
Energy [MeV]
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9

Signals and backgrounds

Event selection and background suppression:
With fiducial volume (FV), energy selection, time

Main background:

coincidence, vertex correlation, and muon veto

~ 82% efficiency for IBD events

Accidental coincidences from radioactivity - FV cut
«  Muon-induced °Li/ ®He = muon veto 3
Irreducible backgrounds: Geo-v, World reactors 3
=
Backgrounds Rate [day~!] B/S [%] (>300 km)
Geoneutrinos 1.2 2.5
World reactors 1.0 2.1 c
Accidentals 0.8 1.7 5
9Li/8He 0.8 1.7 £
Atmospheric neutrinos 0.16 0.34 S
Fast neutrons 0.1 0.21 g
13C(a.n)0 0.05 0.0l  Low B/S ratio 3
Total backgrounds 4.11 8.7

Selection Criterion Efficiency (%) IBD Rate (day™")
All IBDs 100.0 57.4
Fiducial Volume 91.5 52.5
IBD Selection 08.1 51.5
Energy Range 99.8 -
Time Correlation (AT),_q) 99.0 -
Spatial Correlation (AR,,_4) 99.2 -
Muon Veto (Temporal&Spatial) 91.6 47.1
Combined Selection 82.2 47.1
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JUNO 6.5 years X 26.6 GWm
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Residual background
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E B World reactors  mmm 13C(a,n)'®0
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https://iopscience.iop.org/article/10.1088/1674-1137/ad7f3e

Satellite detector: JUNO-TAQO

Taishan Antineutrino Observatory: site at 44m from one of the Taishan cores
« Primary goal: provide precise un-oscillated reactor v spectrum for JUNO NMO sensitivity
« Expect < 2% energy resolution @ 1MeV (~94% coverage with SiPM)
« Sub-percent spectral shape uncertainty

aco - . Chinese Phys. C 49 033104 (2025)
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https://arxiv.org/abs/2005.08745
https://iopscience.iop.org/article/10.1088/1674-1137/ad7f3e

Sensitivity to neutrino mass ordering

g

Reactor Ve signal IBD event number (x107%)

. . . . 0 50 100 150 200 250 300
» Fit data respectively in NO and 10 scenarios T .
6 - i A
«  NMO discriminator: E s5g ! _———
) ) . ) s T PR W i -
A)(NMO - |Xmin(IO) - Xmin(NO)l L 40 i -
. e e I e L
» Reactor-only: 30 median sensitivity in ~7.1 years of = = .
< | 3o =1 ]
. . o I S L —
data taking, with 11/12 duty cycle (6.5 years x 26.6 i i :
2L i ]
GWth eIXpO‘SlIJre)‘ . _ __ I E i —— NO: stat. +all syst. E
L Chinese Phys. C 49 033104 (2025) /ﬁ///LH 1p i I Lloé:S:;.t-.i-::l)SIYSt. N
9 .l pr il E i ————— 10: stat. only -
z e ~t %0 2 a4 6 8 10 12 14 16 18 20
-Eg [ JUNO and TAO DAQ time [years]
g » Dominant systematics: reactor spectrum uncertainty,
> 100 - . . .
-:z; ‘ backgrounds, and non-linearity uncertainty
TJ [ [l . .
= » Reactor + atmospheric neutrino analysis in JUNO
107! Hr—EH . .
1 2 3 4 5 6 7 8 - further improve NMO sensitivity (ongoing)
Reconstructed energy [MeV]
— JUNO Total —— Backgrounds | —— Non-equilibrium » Synergy with LBL and other atmospheric experiments
: :t;at:sticts i : "I\'IAOI-.base.dtﬂux —_— ;pcte;t n:cle'atri.uel o PhVS. REV. D 88, 013008
o syremates = ey it - enhance NMO sensitivity  s¢i rep 12 5393 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.013008
https://www.nature.com/articles/s41598-022-09111-1
https://www.nature.com/articles/s41598-022-09111-1
https://www.nature.com/articles/s41598-022-09111-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.013008
https://iopscience.iop.org/article/10.1088/1674-1137/ad7f3e

@ Precision measurements on oscillation parameters<&s,

00days _  6years  20years R . 5 2 2
102: E E —— Stat.+syst. _§ Sin 812’ Am21’ |Am31|
e i s Stat. only ] . . .
................... , ® omi % aml | * In 2 years: sub-percent precision
10t e . L e % s - world-leading measurement

* In 6 years: precision < 0.5%, one order
of magnitude improvement!

Relative Precision [%]

. I S| Prccision | PDG 2025 | 100days | 6 years
2, domingnt ¢+ 4 1 Am2 11 % 0.8% 0.2 %
102 103 104 105
JUNO Data Taking Time [days] Am%l 25 % 1.0 % 0.3 %
Chinese Phys. C 46 123001 sin® 0, 3.9 % 1.9 % 0.5 %
Sinz 913 28 % 479 % 121 %
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9

Systematic uncertainty on precision

Dominant systematic uncertainty:
> Am3;: shape uncertainty of reactor
neutrino spectrum

> Am54: backgrounds (especially within
low energy region, i.e., geo-neutrinos)

> sin? 645, sin® 8,5: rate uncertainty of
normalization factor, including flux and
efficiency

Chinese Phys. C 46 123001

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

Statistics 0.17 Statistics 0.16
Reactor: Reactor:
- Uncorrelated <0.01 | - Uncorrelated 001 |
- Correlated 000 J§ - Correlated 0.03 -
- Reference spectrum 005 [N - Reference spectrum 0.07 -

- Spent Nuclear Fuel <0.0T - Spent Nuclear Fuel 0.07 |
- Non-equilibrium <0.01 | - Non-equilibrium 0.14 _
Detection: Detection: I
- Efficiency 0.01 l - Efficiency 0.02 '
- Energy resolution <0.01 I - Energy resolution 0.01 .
- Nonlinearity 0.04 - - Nonlinearity 0.05 -
- Backgrounds 0.04 - - Backgrounds 0.18 _ I
Matter density 0.01 . Matter density 0.01 l
All systematics 0.08 [N All systematics 027 |
Tota T = 032 |

0.0 0.1 0.0 0.2
% %
sin26,; 10 (%) sin20,3 10 (%)
Statistics 0.34 Statistics 8.94
Reactor: Reactor:
- Uncorrelated o010 N - Uncorrelated 253 |
| - Correlated 027 | - Correlated 6.3 |IEEEEEN

- 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 l
- Nonlinearity 0.09 - - Nonlinearity 2.09 -
- Backgrounds 0.20 _ - Backgrounds 4.89 _
Matter density 0.07 . Matter density 0.98 .
All systematics 040 | Al systematics 516 |
Tota =l R 21 |

o
w

X
"
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https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9

@ Conclusion

»JUNO is a multi-purpose large liquid scintillator experiment

» Great physics potential using reactor v, dataset:
« Am3., |Am§1|, and sin? 6;, measurements with < 0.5% precision in 6 years
« NMO sensitivity via oscillation interference in vacuum: 3o in 7.1 years of data taking

»JUNO detector has been fully constructed, and LS filling has been completed.

» The physics data taking began at the end of August
* Results from reactor neutrinos will come soon !
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Detector performance

&

YV YV V

Chinese Phys. C 49 (2025) 013003
Measured light yield better than expectations based on simulation:

- >1600 PE/MeV for %Ge, >1800 PE/MeV for neutron capture (~1785 PE/MeV in expectations)
Energy resolution for alpha from 2!#Po gives ~3% @0.92MeV

Energy resolution for %Ge ~3.4%@2x0.511 MeV, close and worse than expectation 3.1%

Further improvement coming: more calibration data, noise/flasher removal, reconstruction and fit, ...
Light yield for 8Ge and neutron

BGe at CD Center
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Detector performance

Residual Energy Non-uniformity

Energy Non-uniformity and Resolution of *'*Po
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Spectral shape uncertainty from TAO

101 g

100 p

Relative uncertainty [%]

1071

Reconstructed energy [MeV]

—— TAO Total —— Nonlinearity —— Fiducial volume
-—-~- Statistics —— Fission fractions diff. —— Non-equilibrium
—— Total sytematics ——— Backgrounds —— Spent nuclear fuel

—— Energy scale

2025/9/30

Han Zhang, IHEP

20




