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Neutrino Physics Refresher
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Neutrino Physics Refresher

Mass state 
ordering? Charge-parity 

violation?
Sterile ν / BSM?

𝛿CP ?
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Deep Underground Neutrino Experiment (DUNE)
• neutrino oscillations
• BSM searches
• astrophysical neutrinos
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Deep Underground Neutrino Experiment (DUNE)
Measure 𝛿CP , improve precision on θ13, and 
determine sign on Δm213 (mass ordering) 

Primary energy range:
~100s of MeV to ~10 GeV



• neutrino oscillations
• BSM searches
• astrophysical neutrinos
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Deep Underground Neutrino Experiment (DUNE)

Accelerator Beam / 
Atmospheric Neutrinos

neutron multiple 
scattering blips

Phys. Rev. D 99, 036009 (2019)

Measure 𝛿CP , improve precision on θ13, and 
determine sign on Δm213 (mass ordering) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009


• neutrino oscillations
• BSM searches
• astrophysical neutrinos
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Deep Underground Neutrino Experiment (DUNE)

Journal of Physics: Conference 
Series 718 (2016) 062032 

Proton decay (pàνK+)

Primary energy range:
~10s of MeV to ~100 MeV

Proton decay, neutron-antineutron 
oscillations, heavy sterile ν, dark ν...

https://www.osti.gov/servlets/purl/1250799
https://www.osti.gov/servlets/purl/1250799


• neutrino oscillations
• BSM searches
• astrophysical neutrinos
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Deep Underground Neutrino Experiment (DUNE)

Journal of Physics: Conference 
Series 718 (2016) 062032 

Proton decay (pàνK+)

Z'

ν

N

ν
ℓ+

ℓ-
Blips from 
nuclear de-
excitation γs

Charged 
lepton 
pair

Up-scattered dark ν Charge & π/μ discrimination

Benefits of MeV-scale reconstruction capabilities in 
large liquid argon time projection chambers

Phys.Rev.D 102 9, 092010 (2020)

Proton decay, neutron-antineutron 
oscillations, heavy sterile ν, dark ν...

https://www.osti.gov/servlets/purl/1250799
https://www.osti.gov/servlets/purl/1250799
https://inspirehep.net/literature/1803328


• neutrino oscillations
• BSM searches
• astrophysical neutrinos
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Deep Underground Neutrino Experiment (DUNE)
Detect ν from sun and supernova bursts

~8cm

Simulated 20 MeV electron

Primary energy range:
~1 MeV to ~10s of MeV
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Solar neutrinos in DUNE

Phys. Rev. Lett. 123, 131803
DUNE as the Next-Generation Solar Neutrino Experiment

DUNE could see > 105 signal events (E>5 MeV) over its lifetime, enabling 
world-leading measurements of θ12, Δm122, and solar neutrino fluxes

8B flux content

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131803
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A galactic supernova should 
happen every ~10-50 years.

Neutrino signal = unique probe 
into astrophysics at core of 
explosion 

This would be a ground-
breaking achievement for 
the DUNE detector!

Supernova neutrinos in DUNE

Mass ordering determination

Supernova Neutrinos at 
the DUNE Experiment

2020 J. Phys: Conf Ser 1342

https://iopscience.iop.org/article/10.1088/1742-6596/1342/1/012052/pdf
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Past MeV-Scale Demonstrations in LArTPCs
ArgoNeuT

Phys. Rev. D 99, 012002 (2019)

μ track from νμCC 
(NuMI beam)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
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Past MeV-Scale Demonstrations in LArTPCs
ArgoNeuT

Phys Rev Lett. 124, 131801 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131801
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Remaining Challenges

§ Successful demonstrations in smaller LArTPCs... 
but can we do the same in large ones?
⎯ Lowering thresholds
⎯ Precise energy reconstruction
⎯ Controlling low-energy backgrounds

Critical for 
maximizing DUNE's 

physics potential
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Remaining Challenges

Radon

§ Successful demonstrations in smaller LArTPCs... 
but can we do the same in large ones?
⎯ Lowering thresholds
⎯ Precise energy reconstruction
⎯ Controlling low-energy backgrounds

Critical for 
maximizing DUNE's 

physics potential



12/15/2023 19

Remaining Challenges

(α,n) reactions à diffuse neutronsRadon

§ Successful demonstrations in smaller LArTPCs... 
but can we do the same in large ones?
⎯ Lowering thresholds
⎯ Precise energy reconstruction
⎯ Controlling low-energy backgrounds

Critical for 
maximizing DUNE's 

physics potential
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Remaining Challenges Opportunities?
arXiv:1210.7666

NEMO-3 0νββ 
experiment 

gaseous tracking/ 
scintillator detector

Short 214Po half-life 
makes it taggable 

(delayed coincidence 
w/ 214Bi β decay)

Radon as a 
background

Radon as a 
calibration 

source

https://arxiv.org/abs/1210.7666
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Radon in dark matter experiments

§ Existing methods of radio-purification in LAr: 
⎯ rigorous material screening
⎯ outgassing campaigns
⎯ specialized systems for filtering 

Rn from gaseous argon

1DarkSide-50: ~2.1 μBq/kg
2DEAP-3600: < 0.2 μBq/kg

1 Phys Rev D 98, 102006 (2018)
2 Phys Rev D 100, 022004 (2019)

§ DUNE aims to achieve < 1 mBq/kg to 
accomplish the goals laid out in previous slides

§ How will we accomplish this?
⎯ Filtration in the gaseous phase will be more 

challenging at large scale

222Rn Levels

Bq = decays per second

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.102006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.022004


12/15/2023 22

What does MicroBooNE have to say on this?

I will now present some recent results from MicroBooNE's
MeV-scale program that addresses challenges related to:
⎯ Reconstruction at the MeV-scale in large LArTPCs
⎯ Radon mitigation
⎯ MeV and sub-MeV calorimetry
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The MicroBooNE Detector
2017 JINST 12 P02017

~10m × 2.5m × 2.3m

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017
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Signal readout and processing JINST 13 P07007 (2018)

Drift ~ 2.3 ms

https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
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Signal readout and processing

JINST 13 P07007 (2018)

WireCell toolkit

Raw wire signals

Filtered signal ROIs

• Noise filter
• De-convolution
• ROI-finding

https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
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Signal readout and processing

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

• Search each ROI for 
ADC above threshold

• Fit pulses to Gaussians

JINST 12 P07010 (2017)

JINST 15 P12004 (2020)

https://iopscience.iop.org/article/10.1088/1748-0221/12/07/P07010/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12004
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Signal readout and processing

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

Pandora 3D track 
reconstruction

Tracks (recob::Tracks)

Clusters of hits from different wireplanes 
are matched in time to form 3D images

Long/extended patterns = 
less ambiguous matching
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Signal readout and processing

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

Pandora 3D track 
reconstruction

Tracks (recob::Tracks)

For individual hits or small clusters of hits 
from MeV-scale depositions, avoiding false 

matches becomes a challenge!
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Signal readout and processing

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

Pandora 3D track 
reconstruction

Tracks (recob::Tracks)

For individual hits or small clusters of hits 
from MeV-scale depositions, avoiding false 

matches becomes a challenge!

Phys Rev D 99, 012002 ArgoNeuT

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
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Signal readout and processing

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

Pandora 3D track 
reconstruction

Tracks (recob::Tracks)

Blip reconstruction
• Take non-tracked hits, 

perform plane matching
• Reconstructs 3D blips

MICROBOONE-NOTE-1076-PUB (2020)

MeV-scale reconstruction in MicroBooNE
⎯ Techniques pioneered in ArgoNeuT have 

been further developed in MicroBooNE
⎯ Dedicated algorithm class has since been 

written encompassing these tools à
flexible integration into other reco & 
analysis workflows

• Millicharged particle searches
• ν NC1p selection background mitigation
• Neutron tagging
• Radiogenic calibrations

MICROBOONE-NOTE-1050-PUB (2018)

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1076-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1050-PUB.pdf
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Blip reconstruction in a nut-shell
1. Isolated hits identification

Hits within tracks > configurable length are 
vetoed; optional 2D masking in regions 
surrounding long tracks

2. Hit clustering per plane
Hit width ('RMS') defines proximity threshold for 
clustering in wire-time space

3. Cluster plane-matching
4. Geometric requirement 

Wires must cross!
5. Relative charge comparison

Plane 2 charge [×103 e]

Pl
an

e 
1 

ch
ar

ge
 [×

10
3  e

]
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Ambient blips in MicroBooNE data
2-3 planes matched
(collection + 1-2 induction)

3 planes matched
(collection + both induction)

MicroBooNE Off-Beam Data

MicroBooNE Off-Beam Data

Y 
[c

m
]

Y 
[c

m
]
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Radon studies in MicroBooNE
§ During its 2021 R&D run, MicroBooNE

explored radon's calibration potential by 
doping Rn into the active volume of LAr
⎯ 222-Rn has a 3.8 day half-life 

à mixes throughout active volume
⎯ 214-Po has a short 164μs half-life 

à can tag the associated 214-Bi β

Monoenergetic αPo 

True βBi energy

True βBi energy 
(reco'd on coll plane)
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214Bi à 214Po Decay Tagging

wires

214Bi

charge drift direction

t < 0
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214Bi à 214Po Decay Tagging

wires

214Bi

t = 0 214Bi à 214Po

βBi ionization

charge drift direction

t < 0
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214Bi à 214Po Decay Tagging

wires

214Bi

t = 0 214Bi à 214Po

βBi ionization

t1 214Po

drift

charge drift direction

t < 0
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214Bi à 214Po Decay Tagging

wires

t < 0 214Bi

t = 0 214Bi à 214Po

βBi ionization

t1 214Po

t1
214Po à 210Pb

αPo ionization

drift

charge drift direction
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214Bi à 214Po Decay Tagging

wires

214Bi

t = 0 214Bi à 214Po

βBi ionization

t1 214Po

t1
214Po à 210Pb

αPo ionization

drift

t > t1
210Pb

drift drift

charge drift direction

t < 0
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214Bi à 214Po Decay Tagging

t > t1
210Pb

drift drift

dr
ift

 ti
m

e

wires
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214Bi à 214Po Decay Tagging

Regular ol' electron
dE/dx ~ 2 MeV/cm
Mean ~ 15,000 e-

up to ~80,000 e-
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214Bi à 214Po Decay Tagging

Heavily ionizing alpha
dE/dx ~ O(100) MeV/cm

In ionization clouds this dense, 
extreme "charge quenching" occurs
(e- -Ar+ recombination + collisional effects)

à Signal is fainter, < ~4000 e-

This 7.7 MeV α ends up only depositing as 
much charge as a ~150-200 keV electron!
('Electron-equivalent energy' = MeVee, KeVee)
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Lowering the energy thresholds

WireCell toolkit

Raw wire signals

GausHitFinder

Filtered signal ROIs

Hits (recob::Hit)

Pandora 3D track 
reconstruction

Tracks (recob::Tracks)

Blip reconstruction

arXiv:2307.03102

For this analysis, settings in the signal processing 
and hit-finding were tweaked to improve our energy 
sensitivity, especially on the collection plane.

αPo

Electron-equivalent energy deposited [MeVee]

https://arxiv.org/abs/2307.03102
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Doping radon into MicroBooNE

Filters aim to remove 
electronegative 
contaminants 

Copper filter
Cu-0226 S

removes O2

4Å molecular sieve
1.6-2.6 mm beads

removes water

500 kBq radium 
source attached to 
input Ar gas line
226Ra à 222Rn + α 
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Doping radon into MicroBooNE
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Bi-Po candidate rate: full filters

2022 JINST 17 P11022

Usual filter configurationRate (      ) on collection 
plane only

https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11022
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"Filter bypass"

> 99.9997% of Rn removed by 77L filter

Bi-Po candidate rate: filter bypass

2022 JINST 17 P11022

Rate (      ) on collection 
plane only

https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11022
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Radiological survey

LA
r f

lo
w

 d
ire

ct
io

n

226Ra source housing: 
15 μrem/hr

Confirmed accumulation 
of radon in copper filter
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Implications

§ This result was surprising! 
⎯ Our single-phase liquid filtration – designed to remove electronegative 

impurities – seems to also remove radon

§ Promising indications for DUNE

JINST 17 P11022 (2022)

https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11022


12/15/2023 49

Remaining questions...

2022 JINST 17 P11022

• What is the ambient Rn rate?

• Background rate from previous 
study would be equivalent to 
~20 mBq/kg

• Higher purity selection is 
needed to resolve this

~20 mBq/kg?

https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11022
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Taking a closer look at the radon datasets...

arXiv:2307.03102 Follow-up study was performed 
with improved signal selection:

• Require plane-matched β
• Fiducialization cuts
• Energy cut of Eβ > 0.5 MeV
• Additional cuts on α blip size

https://arxiv.org/abs/2307.03102
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Taking a closer look at the radon datasets...

arXiv:2307.03102

214Bi à 214Po + β + Nγ

BiPo signal can be faked by other 
beta-emitting isotope decays

https://arxiv.org/abs/2307.03102
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Taking a closer look at the radon datasets...

arXiv:2307.03102

https://arxiv.org/abs/2307.03102
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Taking a closer look at the radon datasets...

arXiv:2307.03102

https://arxiv.org/abs/2307.03102
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Background subtraction and ΔT template fitting
arXiv:2307.03102

Full filters in use

Filter bypass

https://arxiv.org/abs/2307.03102
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Background subtraction and ΔT template fitting
arXiv:2307.03102

Full filters in use

arXiv:2307.03102

Filter bypass

https://arxiv.org/abs/2307.03102
https://arxiv.org/abs/2307.03102
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Results on radon-doped data

Previous study's background 
rate (~5.5 candidates/evd) has 

been successfully removed

arXiv:2307.03102

https://arxiv.org/abs/2307.03102
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Calorimetric validation: βBi

arXiv:2307.03102

Same BG subtraction applied to β energy spectrum

https://arxiv.org/abs/2307.03102
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Calorimetric validation: αPo

arXiv:2307.03102

... and same for the αPo energy spectrum
(large uncertainties in charge yield/quenching)

https://arxiv.org/abs/2307.03102
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MC energy resolution

MC electron resolution:
§ 10% at 1 MeV
§ 8% at 5 MeV

DUNE requirements for:
§ SNe ν: ~10-20% 

Euro. Phys. J.  81, 423 (2021)

§ Solar ν: ~7% for > 5 MeV
Phys. Rev. Lett. 123, 131803 (2019)

arXiv:2307.03102

https://link.springer.com/article/10.1140/epjc/s10052-021-09166-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131803
https://arxiv.org/abs/2307.03102
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Results from standard data-taking conditions
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Results from standard data-taking conditions
arXiv:2307.03102

https://arxiv.org/abs/2307.03102
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Results from standard data-taking conditions

n =  ( 0.7 ± 2.5 (stat) ± 1.4** (syst) )×10-3 decays/readout

R* = 0.04 ± 0.15 (stat) ± 0.09 (syst) mBq/kg
 = 0.04 ± 0.17 mBq/kg
 < 0.38 mBq/kg at 95% CL

arXiv:2307.03102

DUNE Rn target: 
< 1 mBq/kg

https://arxiv.org/abs/2307.03102
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Implications

§ Combined with 'radon mitigation' result, this is a resounding indication that 
single-phase LArTPC liquid filtration can achieve high radon radiopurity
⎯ Comfortably within DUNE's requirements

§ Existing readout / reconstruction sufficient for DUNE to achieve baseline goals
⎯ Of course, this may be a little harder in DUNE due to its larger size... 

arXiv:2307.03102 (2023) – under review by PRD

https://arxiv.org/abs/2307.03102
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Conclusions

§ MeV-scale reconstruction is the 
'next frontier' in ν LArTPC physics

§ MicroBooNE has used its well-
understood detector to demonstrate 
these capabilities
⎯ Novel measurements for a large LArTPC
⎯ Results help bridge the gap between dark 

matter and νLArTPC worlds

MicroBooNE Data

Thank you!
and thanks to the Fermilab New Initiatives 
program for funding the radon-doping R&D! 



Backup
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Advantage of mm-scale tracking + calorimetry?
à e/γ shower separation
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Photo-ionizing dopants

Improving LArTPC Performance with Photo-Ionizing Dopants, Joseph Zennamo

https://indico.fnal.gov/event/22303/contributions/245966/attachments/157748/206865/SnowmassSummerStudy_PSDoping_2022.pdf
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Solar neutrinos in DUNE

Phys. Rev. Lett. 123, 131803
DUNE as the Next-Generation Solar Neutrino Experiment

Can break degeneracy between θ12 and φ(8Bi) by 
measuring two interaction channels via crude angular 
cuts:

Δm12
2 probed by day-night flux asymmetry 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131803
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Energy resolution improvements in LAr
Phys. Rev. D 99, 036009 (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009
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Low-energy physics

Light-based 
reconstruction

Charge-based 
reconstruction

WiresPads/
pixels

ML Traditional / 
algorithmic 

See previous 
talks from 

Nicholas and 
Kazu

Primarily dark-matter 
experiments

In R&D phase

Traditional reconstruction
§ Wire signals are noise-filtered and 

processed with deconvolution algorithms
§ ADC thresholded hit-finding via 

Gaussian fits to pulses
§ Advantages: 

⎯ Software infrastructure in place in LArSoft
& demonstrated with published results

⎯ Based on 'first-principles', no need to train 
a network

§ Disadvantages: 
⎯ Lowering thresholds is challenging
⎯ Limited by noise floor
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Yes, it's time for that diagram...

Scintillation light

Photodetectors

Liquid argon time 
projection chamber 

(LArTPC)

ü Prolific 
scintillator 

ü Scalable
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Yes, it's time for that diagram...

Liquid argon time 
projection chamber 

(LArTPC)

ü Prolific 
scintillator 

ü Millimeter-
scale 3D 
images

ü Calorimetry

ü Scalable
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Ion mobility in LAr

Phys Rev C 92, 045504

Some fraction of isotopes are 
positive ions à drift toward 
cathode at very slow speeds

Results from LXe in EXO-200

222Rn à 218Po+ fα = 50.3 ± 3.0%)
vd ~0.3 cm2 / (kV s)

214Pb à 214Bi+ fβ = 76.5 ± 5.7%

Implies that measured BiàPo rate 
can't be directly translated to a 222Rn 
rate, as some isotopes will have 
drifted and plated onto cathode

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.045504
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§ Looked at ratio of dE/dx for segments of ACP tracks near 
and far from the wire planes

§ Confirmed average ~8 ms lifetime (weighted by β
candidates over time), consistent with previous estimate 
from scaling the Bi214 beta spectrum
⎯ Removes an 'unknown' in the energy scale puzzle

Time period
[hrs]

Far/near 
dEdx ratio

Equivalent 
lifetime [ms]

0-5 1.01(2) > 180

5-10 0.940(8) 29 +/- 12

10-15 0.902(8) 18 +/- 3

15-20 0.855(11) 12 +/- 2

20-25 0.828(12) 9.6 +/- 1.8

25-30 0.820(9) 9.2 +/- 0.5

30-35 0.776(6) 7.2 +/- 0.5

35-40 0.758(7) 6.6 +/- 0.6

40-45 0.735(7) 5.9 +/- 0.4

20-40 cm from anode
220-240 cm from anode

dE/dx of trajectory point [MeV/cm]



12/15/2023 77

Charge vs energy for electrons

MicroBooNE (arXiv:1704.02927) and LArIAT (arXiv:1909.07920)
§ Analyses of Michel electron showers
§ For blips, assumed constant dE/dx (i.e., constant 

recombination) 

ArgoNeuT (arXiv:1810.06502) 
§ Nuclear de-excitation γ analysis
§ Used NIST data on low-E electrons, together with 

recombination, to directly relate measured Q to energy

https://arxiv.org/abs/1704.02927?context=physics
https://arxiv.org/pdf/1909.07920.pdf
https://arxiv.org/pdf/1810.06502.pdf
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Energy spectra backgrounds
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Simulated energy spectra

True simulated 
decays

Decays producing 
hits on coll plane

Decay vertex energy, βBi [MeV]
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Calorimetric validation: αPo

Using NEST-parameterized alpha charge-yield (QY) model 

Existing data for α 
charge yield in LAr

At 273 V/cm, 
~390 e/MeV

https://zenodo.org/record/7577399
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Heavily sculpted 
by hit-finding 

thresholds
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Monte Carlo Efficiency

α QY: +/-20%

DL: ± 1σ, DT: ± 30%

All charge scaled +/-5%

'Birks' model, and enhanced 
recombination fluctuations 

Final efficiency for BiPo 
rate measurement:

ε = (6 ± 3) %
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Contributions to efficiency
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CNN-based ROI finder in ArgoNeuT
JINST 17 (2022) P01018

https://doi.org/10.1088/1748-0221/17/01/P01018
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BlipReco code structure
ubreco/BlipReco (3.3 MB total)

"Blip" data object prototype (C++ struct)
§ Encodes XYZ, charge, & energy of 3D blips
§ Includes distance to nearest track & track cone-

cylinder region flag
§ Truth-matching information also encoded

Track
Blip trkdist

15 cm cone/cylinder 
regionUtils

DataTypes.h

DataTypes.h


