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Introduction to JUNO

wJiangmen Underground Neutrino 700m underground
Observatory (JUNO):
» Determine the neutrino mass ordering Top Tracker
e NMO(
» Measure neutrino oscillation Water Pool

parameters to sub-percent level
» SuperNova, Solar, Geo., Atm., etc.

wConstruction done, full -LS data taking  Central Detector

has started since 26 Aug AMTScMH H f?-"—»e'.:-,i;;w:':'.:'.;
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| ,~Hong Kong %6 43.5m

Macau The largest liguid scintillator
detector ever built.
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Iior more detalls see talk by Zhiyuan Chen (Friday)



Why Atmospheric Neutrinos in JUNQO?

Reactor neutrinos:
Sensitivity to NMO via
oscillation in vacuum
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Events per 1 MeV

Why Atmospheric Neutrinos in JUNQO?

Atmospheric neutrinos:
Sensitivity to NMO via
matter effects

Reactor neutrinos:
Sensitivity to NMO via
oscillation in vacuum
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AAtmospheric neutrinos provide independent sensitivity to NMO via matter effects.

ACombing reactor and atmospheric neutrino oscillations has the potential to maximize
JUNOOs total sensitivity.
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Key Factors

/ Differences between NO and IO in oscillation spectrum
Cosmic Rays ’ . / | . Honda CC( PNno - HO)|
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Key Factors
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A Liguid Scintillator Detector for Atmospheric Neutrinos?

AEnergy is not a problem, but
ANo direct tracking information.

AScintillation light is isotropic, Cherenkov
light Is only a few percent: no direct
directional information.

APID for neutrino interactions in GeV?

AAtmospheric neutrino oscillation
measurements in LS detectors have never
been reported before.

Kamland Borexino




Solutiog Event Topology In PMT Waveforms

0.2

______ = If muon
',"‘ .~“3~\ 0.78:—
/,/ PR e "'\3‘ > 65_ — 0 [0, 30)
N '/' \‘:\ 014 3 — 0 [30, 60)
: . ‘ ‘? 20'821;_ — 0. [60, 90)
e Gy I S i « 01 0190, 120
] | o 0.08F- 0 < [120, 150)
Iy 0.06F 6 € [150, 180]
T/ 0.04F
Ceel L Nl 0.02-
Qo 700 150 200 250 300 350

Time of PEs (ns)

APMTs at different angles wrt the track see distinct shapes of nPE(t)
AExactly how nPE(t) looks depends on:

ATrack direction;

ATrack starting and stopping points;

ATrack dE/ d x é

AEvent topology information in the PMT waveform.
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Solutiog Event Topology In PMT Waveforms
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Solutiog Event Topology In PMT Waveforms

0.2F
entTTTITTS < 018t [
"' \s\ 0162_ |
Y e N, 0.14F- —6<[0,30)
, , A = — 6 ¢[30, 60)
' q ' ‘? 30'125_ _ﬂ] — 0 < [60, 90)
S T @ 01 0<190, 120
: . : 0.08F | .I‘ 6 < [120, 150)
N oo Iy 0.06F L3 0 < [150, 180]
T/ 0.04F-
el ,;/ 0.022—
% 100 150 200 250 300 350

Time of PEs (ns)

APMTs at different angles wrt the track see distinct shapes of nPE(t)
AExactly how nPE(t) looks depends on:

ATrack direction; Directionality
ATrack starting and stopping points;]_> Energy

AEvent topology information in the PMT waveform.
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Solution: Event Topology In PMT Waveforms
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Solution: Event Topology iIn PMT Waveforms
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Solution: Event Topology iIn PMT Waveforms
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Ae-l i k e-like s NG identification based upon PMT features.
6

0.2
0.18
0.16
0.14

L0.12
a 0.1
0.08
0.06
0.04
0.02

Slope

— 0 € [40, 60)

O |||‘|||‘||I‘III‘III‘III‘III‘III‘III‘III‘II

] | | | | | | | | | | | | | | | |
100 150 200 250
Time of PEs (ns)

M5SIDE: 16. Theta: 1.75, Phi: 0.323112

o

300

Slope

(1GeV electron)

153846

I ]

15



A Multipurpose Machine Learning Solution
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A Multipurpose Machine Learning Solution
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A Multipurpose Machine Learning Solution
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A Multipurpose Machine Learning Solution

Direction
qe’; 4:_ Peak charge
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AModels are trained with large number of PMT feature pictures and learn to find
direction/energy/flavor/vertex etc. from the feature patterns.
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Directionality Reconstruction

25

Vu/Vy & EfficientNet-V2 Ve/Ve & EfficientNet-V2
¥ DeepSphere ¥ DeepSphere
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ACross-checked with different ML models.
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ABetter than PTU zenith angle resolutionfor O 0 GeVforboth’ |7 and’ ]~ CC events.



Directionality Reconstruction

Charged lepton
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ABoth lepton and hadron informations are used in the directionality reconstruction.

AL ow-threshold in LS detectors allows for more information from hadrons.

AThe reconstructed neutrino direction is less smeared from true neutrino direction compared with
the charged lepton direction.

AAn advantage for an LS detector with this method for atmospheric neutrino oscillation
measurements.



Energy Reconstruction

ATwo possible strategies on energy reconstruction:

AStrategy 1: Reconstruct the visible energy

(after quenching in the LS).
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Work in progress
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summed nPE(t) information

AStrategy 2: Reconstruct the neutrino energy

AFor fully-contained CC events only.
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ADetailed study is on-going on their impact on oscillation analysis.
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Neutrino vs Antl -neutrino
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Alt is possible to statistically separate’ and ™ with neutron-capture informations.

19 J Liu et, al. Phys. Rev. D 112, 012018 (2025)



Neutrino vs Antl -neutrino
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Neutrino vs Antl -neutrino

' -CC T -CC :
) A 6 \ T A O ¢ c
QE e N N € _ /
: N O ¢ N ‘“ L N O ¢ N e T
& rr 2.2MeV
RES ’ é O 1 r‘] 1 T r‘.]o 1 ‘8 1
e O ¢ e " — £ 0 g Mmﬂm o L A A
| Primary Secondary Secondary
DIS ’ v O N M V IS W Trigger Trigger 1 Trigger 2
0.4 —_— Ll 0.12 } E-I_-: Ve
—— '!'_"'IE | - _ _— L e
--__:| L 0.10 __-E I.r_.: - I-"'IH
i - f 1
0.3 | i - | N
| === U 0.08 L *‘
1. I H =
= . : A
ay 0.2 l i 0.06 [ =
I_I:::::u - e
; L 0.04 | -
0.1} eeen
! !::::q ra-a-.rl-a 0-02 :
= = = = =i
0.0 ' - - - - . . 0.00 - '
o 1 2 3 4 5 6 7 8 0.0 0.2 0.4
Neutron Multiplicity Yvis

Alt is possible to statistically separate’ and ™ with neutron-capture informations.

19 J Liu et, al. Phys. Rev. D 112, 012018 (2025)



Flavor ldentification Strategies
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features

Interaction Trigger (FHT, nPEé¢é )

Neutron Candidate
Trigger Selection

Secondary PMT Features
Triggers (FHT, nPE)
‘O ‘O
Neb Neb

Secondary PMT Features
Triggers (FHT, nPE)
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features

Interaction Trigger (FHT, nPEZé gvent
Irection,
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features
Interaction Trigger (FHT, nPEé ) Event
Direction,
Neutron Candidate Vert exé
Trigger Selection
Neutron Event
Secondary PMT Features | Capture _ Level
Triggers (FHT, nPE) position Features
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position
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features

Interaction Trigger (FHT, nPEé ) | Event
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Triggers (FHT, nPE) position
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PE, FHT, slope, etc

AStrategy 1 : Combine the PMT-level 1™
features with event-level features
(neutron-multiplicity, relative positions of

A

2 4 3 e | PointNet++ | =

Machine

Learning
Model

Event
Level —
Features

FC layer
(768/256+42)

Event level features
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Flavor ldentification Strategies

Neutrino Primary

Interaction \ Trigger
Secondary

Triggers

‘O
‘D

Secondary
Triggers
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features
Interaction Trigger (FHT, nPEé )

Secondary
Triggers

‘O
‘D

Secondary
Triggers
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features
Interaction Trigger (FHT, nPEé¢é)

Neutron Candidate
Trigger Selection

Secondary PMT Features
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Flavor ldentification Strategies

Feature Extraction

Neutrino Primary PMT Features
Interaction Trigger (FHT, nPEE¢€)
Machine Event ID:
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AStrategy 2: Directly input PMT features from multiple triggers into ML.
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Arbitrary Scale
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v,/v, Efficiency
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Arbitrary Scale
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v, Efficiency

Flavor ldentification Performances

—— Strategy 1, AUC = 0.93
— Strategy 2, AUC = 0.93
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Systematic Uncertainties
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Systematic Uncertainties

" Honda flux with normalization |

and shape uncertainties
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Systematic Uncertainties

Oscillation parameter
| uncertalntles from PDG

' Honda flux with normalization |

and shape uncertalntles
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Systematic Uncertainties

Oscillation parameter
_ uncertalntles from_ PDG

'~ Honda flux with normalization |

and shape uncertalntles |
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Brief summary of GeV neutrino interaction models

v-nucleus cross
section
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Spectral Function (SF)
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Systematic Uncertainties

Oscillation parameter
_ uncertalntles from_ PDG

'~ Honda flux with normalization |

and shape uncertalntles |
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Brief summary of GeV neutrino interaction models

v-nucleus cross
section
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Different generators and models |
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different settings in
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different models

Spectral Function (SF)
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. Honda flux with normalization
nd shae uncetainties
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Systematic Uncertainties

Possible data -driven
approaches with cosmic muons

rHonda flux with normalization i
3 and shape uncertainties
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Systematic Uncertainties

Possible data -driven
approaches with cosmic muons

rHonda flux with normalization i
3 and shape uncertainties
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G18_10b_02_11b || Nominal tune
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erators and models
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NUWERO 21.09.2 A Model NUWRO with Default configuration Wro, G“_BUU’ NEUT) | _
latest Hybrid Model New 17 production model d ReWelght . ( _ I E R : |
GIBUU 2025p1 Default With 27-BG contribution

A A dedicated group Is established to study the
neutrino Interactions for JUNOG® atmospheric
neutrino studies.
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Systematic Uncertainties

Possible data -driven
approaches with cosmic muons

rHonda flux with normalization g
and shape uncertainties J
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3-10 GeV, 6 yrs exposure, unoscillated
A A dedicated group Is established to study the
neutrino Interactions for JUNOG® atmospheric
neutrino studies.
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