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The Jlangmen Underground Neutrino Observatory (JUNO)

." ‘\ Taishan NPP
Vi ., 2X46GW,
Yangiiang NP/ \ e TAO

6X29GW,, . R

8 reactors

Ere el ) Top Tracker:
 Vertic — 3 plastic scintillator layers
Precision muon tagging (veto)

Central detector (CD):
20 kton of Liquid Scintillator (LS)

Accrylic vessel (¢ 35.4 m)
Steel structure (¢ 40.1 m)

a Civil construction ﬂnlshed in Dec, 2021

nght detectlon system:
>40000 PMTs in 2 sub-systems:
large (20-inch) and small (3-inch) PMTs

Water cherenkov detector:
35 kton ultra-pure water
2400 20-inch PMTs
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JUNO status: detector filling and commissioning
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7th Feb. 2025 — today:
Liquid Scintillator (LS) filling

1st Dec. 2024 Installation finished >
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Physics at Jiangmen Underground Neutrino Observatory

2 Neutrino Mass Ordering (NMO)measurement
-Reactor: JUNO will determine NMO with 30 significance in 6 years exposure
-Atmospheric neutrino: Combined analysis with reactor further improve the NMO sensitivity

¢ Precision measurement of oscillation parameters
- for sin?26,,, Am%,, |Am%,|, world-leading precision in 100 days,
and precision <0.5% in 6 years
¢ Many other physics programs
- Solar neutrinos  Talk by A. Gavrikov tomorrow

- Geo-neutrinos

\ I
Supernovaburst neutrinos ., by Yufeng Li tomorrow B i
- Supernova relic neutrinos el
: . h Wimp !
- Exotic neutrinos : N (dark mtter)
- Nucleon decay J Z"('igimo)/day Lo i
/ ,' +,’ Atmospheric v

10-20/day

Reactor v
~ 60 — 80/day
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Atmospheric neutrino oscillations

Atmospheric neutrinos (of several GeV) going through Earth’s matter
undergo the MSW effects

, detector

-> they offer complementary channel to measure the NMO
Matter effects depend on the neutrino energy, incident angle, and type

Oscillation probabilities under MSW effect are affected by the NMO

g &
With normal ordering (NO): m,> m,>m,
T P, — V) 1 T P(vy, — V) e
Good selection efficiency, g " i .
energy, direction and particle ¢ ‘
. . o L
ID reconstruction are crucial o I o4 -
for oscillation studies 05l . Interesting
—0. region for
I o2 NMO study
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Cosmic muons vs. atmospheric neutrinos

~650 m rock overburden suppress muon background
Expected muon rate ~ 5 Hz
Neutrino interactions in JUNO LS ~ 10/day

Remaining muons can be removed using
PMT features (charge and time patterns)

Max nPE

Correlation between CD and WP and TT Two red patches

f1h correspond to an »
are used to suppress most of the muons entry and an exit =
points of muon -

FCV ' PCV Cosmic

muon

on the contrary, FC

/ atm. v has a single :>
high nPE patch ’

\
|
\
\
\

* FC =fully contain:ad
* PC = patrtially contained
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Additional Veto PMTs on WP wall to improve muon veto

e 2rings of 20” PMTs (348) and 2 rings of 8" PMTs (600) on the side of WP top wall

e |mprove atmospheric neutrino reconstruction and muon selection
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Multipurpose reconstruction method

e Waveform features are extracted: first hit time, NPE, slope...
e Feed these information to Machine Learning models, trained to reconstruct the neutrino events
) ™|
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a . . . UNIVERSITE -
@ Marta Colomer Molla — ICRC2025 — Atmospheric neutrinos in JUNO LBRE ithe



Direction reconstruction

Scintillation light emission is isotropic, light emission from low energy patrticle is like point like

High energy particles travelling with speed larger than light in the medium, scintillation light form
cone light front structure, therefore, the first hit time in PMTs carry event directionality information

« d
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Particle directionality information is encoded within the PMT waveform
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Angular resolution
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Phys.Rev.D 109 (2024) 5, 052005

% For Ev >3 GeV, angular
resolution is around <~ 10 deg
« Interaction model impact:

Performance with GENIE and
NuWro found to be comparable
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Direction reconstruction

in the PMTS to reconstruct the emission probability -> trace back the particle trajectory -> angle

Compare with the traditional method: likelihood method to use the light pattern observed

ML-method works better (specially for electron neutrinos)
because this algorithm only uses charge and time
(no extra features), but similar order of magnitude
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Energy reconstruction

At Ev > 3 GeV
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For muon neutrino, better than 8%

1 3 5 7 9 11 13 15
E, (GeV)

Vul Dy 4 PointNet++
4 DeepSphere

WORK IN
PROGRESS

0.15
VelUe 4 PointNet++
4 DeepSphere
0.10 f
)
. 0.05 |
WORK IN
PROGRESS
. i ; 0.00

1 3 5 7 9 11 13 15

E, (GeV)

[&)

Marta Colomer Molla — ICRC2025 — Atmospheric neutrinos in JUNO

.UNIVERSITE -
LijW:] LIBRE e
DE BRUXELLES z.,x}mes

12



Neutrino flavor identification

e The event topology information is reflected in the PMT waveforms
e PMT waveform features (prompt trigger) are used to classify: u-like, e-like and NC-like
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arXiv:2503.21353[hep-ex]
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https://arxiv.org/abs/2503.21353

Neutrino vs antineutrino

- Antineutrinos transfer less energy to hadrons (less hadronic interaction): encoded in PMT waveform
- Antineutrino interactions tend to produce more primary neutrons than neutrino interaction:

In addition to PMT waveform information of prompt trigger,
neutron information from delayed triggers is also used

e energy between 2-2.7 MeV

e delayed time between 10 ys and 1 ms

800

600

(ns)

400

10* 200
@ @ 103
8 8
A %)
P 10° 2 s
B g102} |
=t — 1
Kol 8 I
E < :
102 :
10! ¢ :
)
: " arXiv:2503.21353[hep-ex]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
v, VS I, Score ve VS U, Score

@ Marta Colomer Molla — ICRC2025 — Atmospheric neutrinos in JUNO m D e e 14

DE BRUXELLES


https://arxiv.org/abs/2503.21353

Summary and conclusions

The large homogeneous liquid scintillator
(LS) detectors are capable to reconstruct
the energy, direction and type (PID)
atmospheric neutrinos

Atmospheric neutrino study in JUNO is
promising to boost the overall NMO
sensitivity of JUNO

New atmospheric neutrino study in JUNO
ongoing with the latest and more realistic
detector response -> paper coming soon.

LS filling and commissioning of JUNO is
ongoing (15.5/20 kton done), will finish in
September -> stay tuned for exciting results

Thank yau./
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Interaction models

Brief summary of GeV neutrino interaction models

J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)

314
v-nucleus cross E‘-1
section 2
0.
L %o.o
| <
cross section >0
Fermi motion:
Uncertain: nuclear ground state Final Sh:;;'n,hucﬂon
(axial mass) models

004 /
J

(strange axial
coupling constant)

Relativistic Fermi Gas (RFG)
Local Fermi Gas (LFG)
Spectral Function (SF)

different settings in
different models

« GENIE/NuWro/GiBUU
* NEUT incorporation in progress

—

! h
o12fNucleon momentgn/'i distribution in the ground
o1 /state of 2Cin theRFG, LFG, and SF meodels.
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GeV neutrino interaction is model dependent! Existing generators at JUNO:

We are working on the latest versions of the generators, within the Gev v-A
high-eNergY MEDium Effect (GANYMEDE) working group

)
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Major improvements in detector response

v, Evis > 1 GeV
Yvis= Ehadl Evis <0

v Ly>5m

NC/CCv,CCy, - 100%

E,.>1GeV
~30% more statistics

E, reconstruction
instead of E,;

0, <10° (E,> 4 GeV)
E, dependent

80-95% efficiency

ML-based on PMT
features: first hit time,
time and charge at
peak in waveform

ML-based on PMT

O = 1%I VE
¥.:0,. =10
V,,: 0'9,,= 1°

: : : E, dependent :
neutrino / anti-neutrino: features for primary
- based on michel e e triggers and neutron
electron N_and Y., ~80% efliciency:  (secondary) triggers
8 e better separation ( Y) trigg
neutrino / anti-neutrino
New analysis of atmospheric neutrino in progress!
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JUNQO’s NMO sensitivity with atmospheric neutrino

Sensitivity (o)
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Performance of flavor identification method

More steeper the Receiver 1.0 1.0
operating charact(_enstlc (ROC), o o
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https://arxiv.org/abs/2503.21353

Performance of the PID reconstruction

arXiv:2503.21353[hep-ex]
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