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Resonance (3-8) GeV for vertical up-going νμ/ν̅μ
● for neutrino in Normal Ordering 
● for antineutrino in Inverted Ordering

ν/ν̅  discrimination allows DUNE improvement in 
sensitivity to mass ordering. 

𝝁-capture method (tagging M-e events) could 
be use in DUNE to make this separation

[Phys.Rev.D 100 (2019) 9, 093004]

● This method consists of discriminate muon charge using Michel-e to distinguish
decay events from non-decay events

○ μ+ always decays in e+

○ μ− can decay to e− (~ 28%) or be captured on Argon nuclei (~72%)

Physics case

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.093004


Strategy
● Goal: 

○ Optimize the tagging of Michel-e events in atmospheric neutrino events

○ Evaluate impact of νμ separation on Mass Ordering sensitivity
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μ+ (210 MeV)

e+ (49 MeV)

νμ (404 MeV)

● Strategy: 

○ Selection of νμCC events

○ Selection of the μ endpoint  

○ Search for Michel-e hits around the 
endpoint of the muon track

○ Evaluate the Michel-e tagged event 
sample



Michel-e tagging
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Michel-e tagging based on:
● Hits inside a circular region around the muon 

endpoint
● Number of hits inside the selected region
● Average CNN Michel score of the hits inside the 

selected region  

Study efficiency on:

1. Selected sample
○ True νμCC events
○ Muon track with a reconstructed endpoint 

within 3 cm of the true endpoint

2. Overall atm production

[Phys. Rev. D 107, 092012]

https://link.springer.com/article/10.1140/epjc/s10052-022-10791-2
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092012


True flavor Fraction

𝜈𝜇 CC 80.8 %

𝜈e CC 4.9 %

𝜈𝜏 CC 2.3 %

NC 11.9 %

● Applying realistic event selection (using only Reco info)
→ Allows studying backgrounds of the selected neutrino event sample

● STEP 1 : 𝜈𝜇CC events selected with a CVN
○ For each event, the reconstructed flavor is selected as the flavor with the highest output 

score from the CVN

○ Fraction of true flavor in selected 𝜈𝜇CC events:

● STEP 2: Muon track
○ Selected as the longest track of the event

○ Applied recovery when the endpoint
is not reconstructed correctly:

■ Broken tracks → endpoint reconstructed before the true one
■ Longer tracks → endpoint reconstructed after the true one

Selection of 𝜈𝜇CC events 6

https://indico.fnal.gov/event/71804/contributions/327130/attachments/192978/267608/A%26E_WG_29102025.pdf


Selection results with Reco informations 7

● STEP 3: Michel-e tagging. 
○ Considering Hits inside a circular region of radius R = 10 cm

■ Number of hits: between 5 and 40 in the selected region
■ CNN Average Michel score > 0.2 

Efficiency 

( # selected 𝜈𝜇CC / # true 𝜈𝜇CC )

Purity

( # selected 𝜈𝜇CC / # sel. evts. )

after STEP 1 87% 81%

after STEP 2 82% 81%

Efficiency
( # selected M-e / # true M-e )

Purity
( # selected M-e / # sel. evts.)

after STEP 3 32% 90%



Michel-e tagging stability 8

Results in Michel-e event tagging using selection based on reco events:
● Tagging efficiency: = 32%

Dependence on the energy of the Michel-e and of the muon
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Results in Michel-e event tagging using selection based on true 𝜈𝜇CC events:
● Tagging efficiency: = 32%

Depending on the angle between muon and Michel-e



Michel-e tagging stability 10

Results in Michel-e event tagging using 
selection based on true 𝜈𝜇CC events:
● Tagging efficiency: = 32%

Dependence on the muon endpoint position



M-e’s background events

From the final Michel-e events sample → event backgrounds

● Fraction of true flavor in:
○ Michel-e tagged events
○ Non-tagged events
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M-e tagged

Non-tagged

All 𝜈𝜇CC 

`

DUNE Work in Progress
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Impact on sensitivity 
to Mass Ordering



Building event samples 13

M-e and non-M-e samples, tagged with Michel-e, using: 

MO sensitivity increases because non-Michel-e sample is enriched in neutrinos

With εt =0.52, purity=1

DUNE Work in Progress

M-e tagged

Non-tagged

Perfect tagging: εt = 1, purity=1

M-e tagged

Non-tagged



Atmospheric parameters fit 14

MaCh3 analysis framework:
● Oscillation analysis based on 

Markov Chain Monte-Carlo 
● Get posterior distribution for 

oscillation parameters 

Features of the fit:
● Input files: atmospheric 

neutrinos
● exposure: 400 kt yrs
● Not including systematics

Taking in account (νe+ νe) sample + (νμ+ νμ)  splitted in 5 ways:

1. No νμ/νμ separation

2. Perfect νμ/νμ separation

3. Perfect M-e tagging εt = 1, no backgrounds 

4. M-e tagging εt = 0.52 + backgrounds

5. M-e tagging + realistic event selection ε = 0.32 + backgrounds

- -
-

-



Posterior probabilities 15

1. No 𝜈𝜇/𝜈𝜇 separation

2. Perfect 𝜈𝜇/𝜈𝜇 separation

3. M-e tagging εt = 1.0

4. M-e tagging εt = 0.52

5. M-e event sel. ε = 0.30

-
-

Normal Ordering oscillation parameters

→ testing the ability to discard IO



Posterior probabilities 16

1. No 𝜈𝜇/𝜈𝜇 separation

2. Perfect 𝜈𝜇/𝜈𝜇 separation

3. M-e tagging εt = 1.0

4. M-e tagging εt = 0.52

5. M-e event sel. ε = 0.30

-
-

Inverted Ordering oscillation parameters

→ testing the ability to discard NO



Impact on MO 17

● Bayes factor (B10 ) → how much data favors H1 over H0 

NO

IO

● M-e tagging method less sensitive to 
perfect separation but can make a 
decisive contribution

● There is still room for improvement in 
reconstruction and selection.

As a complementary study:
● Krittika is evaluating M-e tagging’s 

impact on MO using fast-osc-feedback

https://github.com/DUNE/atmospherics-tools/tree/master/fast-osc-feedback
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ProtoDUNE HD
data/MC comparison



19Plans
● Goal: estimate uncertainty on efficiency

○ can be used as a systematic in the study of oscillation parameters

● Sample:

○ ProtoDUNE HD cosmic data from this list

○ Stopping muons from Beam + Cosmics simulation

https://wiki.dunescience.org/wiki/ProtoDUNE-HD_Data_Catalogue#ProtoDUNE-HD_Good_Cosmic_Runs


20Plans - Analysis

● Sample of stopping muons
○ Jérémy has already done a great job on ProtoDUNE for this purpose
○ Two analyzers as a starting point (seems not many changes are needed)

● Selection on charge information
○ Apply my selection to tag Me events
○ Compare results respect the two samples

● Selection on light information
○ Shu is developing a study 

on Me light response
○ Idea is to combine my charge 

selection with his light selection

https://github.com/quelin-lechevranton/michel-module/blob/master/MichelAnalysis_module.cc
https://indico.fnal.gov/event/69308/contributions/332802/attachments/195126/270958/Michel_CM_Jan2026_Shu.pdf


Conclusion 21

Summary: 

● Michel-e tagging
○ Performed only on well-reconstructed 𝜈𝜇CC events (e=0.52)
○ With realistic selection on atm production, incl. backgrounds (e=0.32) 

● Performed first study with MaCh3 considering M-e event selection and tagging
○ M-e tagging significantly improves the rejection of the wrong mass ordering

Ongoing:

● Test the Michel-e selection on ProtoDUNE HD cosmic data vs MC
○ In this moment -> testing modules on data
○ Combined different studies



Thank you!


