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2. Atmospheric neutrino oscillation     

● Matter effects enhance neutrino oscillation and depend on neutrino energy E𝝂 , direction 𝛉 or baseline L𝝂 , and matter density.  
● Neutrino oscillation is modified with matter effect with NO, whereas for IO, matter effects appears in antineutrino oscillation. 

Showcase the status of some key ingredients for NMO measurement with atmospheric neutrino in JUNO  

Survival probabilities with 2𝞶 mixing framework

6. Potential improvements towards a realistic estimation

4. Atmospheric sensitivity to 
neutrino mass ordering

● JUNO will provide the first 
measurement of atmospheric neutrinos 
interactions with liquid scintillator (LS) 
detector, down to 100 MeV.

● Accessible from the first year of data 
taking, with around 
○ 6 events/day.

● Atmospheric neutrinos provide 
independent sensitivity to Neutrino 
Mass Ordering (NMO) via matter effects.

● Combing reactor and atmospheric 
neutrino oscillations has the potential 
to maximize JUNO’s NMO sensitivity.

Assuming Normal Ordering 
(NO): m3> m2> m1

● Combine the oscillated spectra of νμ and anti-νμ events 
bin-by-bin.

● Each cos θr corresponds to a specific baseline value, Lr.

Binning:
● Ensure each bin contains more than 20 events.
● Use 3 equal bins for log10 Lr /Er ∈ [0, 1.5] in the 

down-going region.
● Use a bin width of 0.2 for log10 Lr /Er > 1.5 in the up-going 

region.

● The detector response, including the energy, direction reconstruction, favor identifications and with 
separation between neutrinos and antineutrinos, is crucial for the NMO measurement 

● In [6], the Expected NMO sensitivity with only JUNO atmospheric data of 10 years runtime is obtained 
to be 1.8𝝈. 

3. Analysis  workflow

Detector 
response

Yellow book [6] New Developments ->Potential 
Improvement

Features used for reconstruction

Event selection

𝝂e: Evis >1 GeV
     Yvis= Ehadrons/Evis < 0.5

𝝂𝜇: L𝜇 > 5m  (FC+PC)

Evis >1GeV -> ~ 30% more statistics visible energy

Energy 𝜎Evis = 1%/ √Evis 𝜎E𝜈  -> reconstruction of E𝝂 instead of Evis
ML-based on the total charge in PMT

Directionality 𝝂e:  𝜎𝜃𝜈 = 10˚ 

𝝂𝜇: 𝜎𝜃𝜇 = 1˚ 

𝜎𝜃𝜈 < 10˚ (Eν> 3GeV) 
-> neutrino energy dependence 

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

Classification 

CC-e/ CC-𝜇/ NC: 100%

𝝂 vs ⊽: 
 based on michel 
electron Ne and Yvis

CC-e/ CC-𝜇/ NC:
80%~95% eff. -> neutrino energy 
dependence

𝝂 vs ⊽: 
50% ~80% eff. -> better separation

+ event level features (neutron, 
Michel electron, multiplicity, etc.)

Systematic 
Uncertainties 

flux: 
● overall rate ~20%
● Energy dependence 

~5%
● Zenith angle 

dependence ~5%

       added new!
● (𝝂𝝁 + ⊽𝝁)/(𝝂𝝁 + ⊽𝝁) ~ 2%

● 𝝂𝝁 /⊽𝝁 ~5%

● 𝝂e /⊽e ~5%
better control on flux systematics 

Cross section: 
●  normalization ~10% ● normalization ~10% —

True oscillated spectra Detector response

Flux Oscillation 
numerical software

Oscillation 
parameter cross section Energy 

resolution Direction resolution PID 
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Analysis on 
𝝂 direction for 𝝂e:  𝜎𝜃𝜈 
= 10˚ 

muon direction for 
𝝂𝜇: 𝜎𝜃𝜇 = 1˚ 

𝝂e: Evis >1 GeV
Yvis=Eh/Evis < 0.5

𝝂𝜇: L𝜇 > 5m    (FC and 
PC)

This analysis

Honda flux solar 
min 

@JUNO site [1]

prob3++ 
[3] PDG 2020 [2] Genie 2.8.0 [4]

ML-based for 
Fully Contained 

(FC) events

ML-based for FC 
events

𝜎𝜃𝜈 < 10˚ (Eν>3GeV)

ML-based on hadron 
outputs 

50%~70% eff (anti-𝝂 
vs 𝝂)

❖ Event selection: 
➢ fully/partially contained
➢ Muon backgrounds
➢ Neutral current 

interaction

❖ Event reconstruction:
➢ Energy resolution
➢ Direction resolution

 ● For NMO measurement by exploiting the different matter effects in 
atmospheric neutrino and antineutrino, the reconstructions of 
neutrino  energy,  direction,flavor ID are crucial along with 
separation between neutrino and antineutrino

5. Directionality reconstruction of GeV neutrinos in JUNO  
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Conclusions
 1. The methods for reconstructing neutrino energy, direction, and particle identity (flavor and neutrino or 

antineutrino) in GeV range are developed in JUNO.
2. The atmospheric neutrino data in JUNO has the potential to observe the neutrino oscillation. 
3. Atmospheric neutrinos carry the imprints of NMO through different matter effects in neutrino and 

antineutrino. Therefore, the synergy between reactor and atmospheric neutrino events will boost the 
sensitivity of JUNO towards neutrino mass ordering.

● A novel directionality reconstruction method is developed for the atmospheric neutrino events in large homogeneous LS 
detectors based on waveform analysis and machine learning (ML) techniques (Efficient-v2, DeepShere, PointNet++) [3].  

● Features extracted from each PMT's waveform reflect the event's topological structure and carry information about the 
event's direction, energy and flavor types: multi-purpose reconstruction.

1. The JUNO experiment
The Jiangmen Underground Neutrino Observatory (JUNO) 
is the first multi-kton liquid scintillator (LS) detector ever 
built. It will be completed by the end of 2024.

20 kton liquid 
scintillator   17611 20” PMTs &

25600 3” PMTs

Water pool
~2400 20’’ PMTs

43.5 m

Main goal: Neutrino Mass Ordering (NMO) measurement 
with 3𝛔 in 6 years through reactor antineutrinos  

Source of atmospheric neutrinos : interactions of cosmic particles in Earth’s atmosphere.
Typical range energy : 100 MeV – few TeV,  isotropic distribution at E𝝼 > 3 GeV.

● Scintillation light photon 
distribution from a 
charged particle track in 
space and time is not 
isotropic

● Photo-electron as a 
function of time for 
PMTs at different angles 
with respect to a muon 
track

Matter effects in Earth (with 3𝛎 mixing)

first oscillation maximum

Focus of this poster:
1. Potential measurement of atmospheric neutrino 

oscillation with LS detector
2. The matter effects in atmospheric neutrino to boost 

JUNO’s NMO sensitivity 
3. Relevant reconstruction status for energy, direction, and 

particle ID of neutrino at GeV range 

Work in progress

Det. responses JUNO yellowbook [2] New Developments Features used for reco.

Event selection

        𝝂e: Evis > 1 GeV
        Yvis= Ehadrons/Evis < 0.5

         𝝂𝜇: L𝜇 > 5 m  

  Evis > 1 GeV –  ~30% more statistics
–

Energy 𝜎Evis = 1%/ √Evis 𝜎E𝜈  –  E𝝂 reconstruction instead of Evis ML-based on total charge in PMT

Directionality
           𝝂e : 𝜎𝜃𝜈 = 10˚ 
           𝝂𝜇 : 𝜎𝜃𝜇 = 1˚ 

𝜎𝜃𝜈 < 10˚ (Eν> 4 GeV) – E𝝂  dependent
ML-based on PMT features such 
as first hit time, time and charge 
at peak in waveform

Classification        

 

                     100%

    Based on Michel     
electron Ne and Yvis

80–95% efficiency –  E𝝂  dependent

50% ~80% efficiency – 
better separation

ML-based on PMT features as 
well as event level features 
(neutron multiplicity, Michel 
electron, etc.)
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● 0.8𝝈 - 1.4𝝈 with 6 years atmospheric data [2]
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CC-e / CC-𝜇 / NC

Expected spectra 
with true NMO

Expected spectra 
with test NMO

❖ Energy reconstruction
❖ Direction reco. 
❖ PID reco. of neutrino

Features related to event 
topology are extracted by a 
single PMT, after waveform 
reconstruction 
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