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•MiniBooNE’s latest results give a 4.5σ excess of νe-like events, and the significance 
of the excess when combined with LSND and MiniBooNE antineutrino data is 6σ 

•MiniBooNE struggles to reject photon-induced backgrounds (red, yellow, brown), 
but constrains them with in situ measurements 

•The standard 3+1 sterile neutrino model does provide a good fit to world data, but 
other SM and BSM explanations for the MiniBooNE excess are plausible

MiniBooNE Anomaly
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PRL 121, 221801 (2018)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801
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Detecting Neutrinos with a LArTPC
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“Design and Construction of the MicroBooNE Detector”  
JINST 12, P02017 (2017)
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http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017
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LArTPCs offer two main ways to 
distinguish electrons and photons in 
neutrino interactions 

•Amount of energy deposited per unit 
length in the trunk of the shower — 
e− is one MIP, γ → e+e− is two MIPs 

•Gap between the neutrino interaction 
vertex and the start of the shower

e−/γ Separation in LArTPCs
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PRD 95, 072005 (2017)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.072005


L. Yates︱Rencontres du Vietnam

• MicroBooNE was proposed as 
a follow-up to MiniBooNE 

‣ Same beam, similar baseline 

‣ Aims to check existence of 
excess, whether it’s from e− or γ 

• The SBN Program consists of 
three detectors: SBND, 
MicroBooNE, and ICARUS 

• SBN will enable 5σ coverage 
of LSND allowed regions 

• Three detector data taking is 
expected to begin in 2020

The SBN Program at Fermilab
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First anode plane assembled, QC within specs

UK APA
US APA

Status of SBND
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Valve box being craned into position

Cathode plane assembly upright

• Production of TPC components 
in UK & US complete 
‣All major components delivered to FNAL 

• Successful alignment, coupling, 
and QC of first two anode planes 

• TPC assembly transport plane 
under construction at FNAL 

• Cryogenics platform, valve 
box, and proximity cryogenics 
installation completing this 
month 

• Many other components also 
coming together! (see backup)
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Detector refurbished at CERN 
(2015-2017)

Status of ICARUS
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Module lowered into warm vessel (Aug 2018)

Installation progress at ICARUS building at FNAL

• ICARUS previously ran at 
Gran Sasso and showed 
feasibility of large-scale  
LArTPC detectors 

• Underwent significant  
upgrades, refurbishment 
at CERN in 2015-2017 

‣ New TPC readout electronics 

‣ New photon detection system 

• In addition, new cosmic ray tagger system 

• Transported to Fermilab and arrived in 
August 2017, installation is ongoing 

• Commissioning will start this fall and expect 
first neutrino data within a year
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Status of MicroBooNE
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•Taking neutrino data since October 2015; 
now the longest-running LArTPC detector 

•Detector continues to operate smoothly, 
with 96% detector + DAQ uptime 

•13.4×1020 POT on tape to date 

‣ Half of this with our cosmic ray tagger (CRT) 
installed and taking data

CRT data taking
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How to Resolve an Anomaly
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1) Understand the Detector  
 

Model detector effects,  
calibrate detector response

2) Understand ν-Ar Interactions 
 

Measure low energy ν-Ar 
interactions and test models

3) Constrain Systematics 
 

Use side-band measurements to 
constrain shape and normalization 
of intrinsic neutrino backgrounds

4) Search for the Excess 
 

Define channel, develop selection,  
and search for anomalous excess 
using blinded analysis approach



L. Yates︱Rencontres du Vietnam

Understanding Our Detector
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• Developed novel techniques for noise filtering and signal processing 

• Full implementation of 2D deconvolution should improve reconstruction 
performance and reduce detector-related systematic uncertainties

“Ionization Electron Signal Processing in Single Phase LArTPCs” 
Parts I & II, JINST 13, P07006 (2018) & JINST 13, P07007 (2018)

“Noise Characterization and Filtering in the MicroBooNE 
Liquid Argon TPC”, JINST 12, P08003 (2017)

raw waveform, 
induction plane

after noise 
removal 

after 1D 
deconvolution

after 2D 
deconvolution

MicroBooNE

http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
http://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08003
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Understanding Our Detector
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•Have completed major calibration campaign 

•Use through-going and stopping muons as 
standard candles 

‣ For uniformity in position and time 

‣ For conversion from ADC to e− 

•Use protons to correct for recombination 
effects, i.e., for conversion from e− to MeV

arXiv:1907.11736 [physics.ins-det], submitted to JINST

Proton-enriched sample

Data

https://arxiv.org/abs/1907.11736
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Understanding Our Detector
• The E-field is not exactly uniform, primarily due to accumulation of slow-moving  

argon ions inside the detector produced by cosmic ray muon interactions 

• Two major effects on reconstruction in MicroBooNE 

‣ Changes in electron-ion recombination → changes in number of drift electrons 

‣ Spatial distortions of drift electrons → distortions of reconstructed positions, trajectories 

• Have measured our E-field in situ with cosmic ray muons and with UV laser, and 
have incorporated the results into our default simulation
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MICROBOONE-NOTE-1055-PUB

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1055-PUB.pdf
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Understanding ν-Ar Interactions
BNB: 
•νμ CC inclusive  

    arXiv:1905.09694 [hep-ex], submitted to PRL 

•νμ CC π0 
    PRD 99, 091102(R) (2019) 

•Track multiplicity 
    EPJC 79, 248 (2019) 

•νμ CCQE  
    arXiv:1812.05679 [physics.ins-det], submitted to EPJC 

•NC elastic  
    MICROBOONE-NOTE-1053-PUB 

•νμ CC Np, 2p  
    MICROBOONE-NOTE-1056-PUB 

•CC 1π+ 
•CC coherent π 
•CC K± 
•NC π0 
•… and more!

"13

NuMI: 
•νe CC inclusive 

    MICROBOONE-NOTE-1054-PUB 

•νe CC 0π 
•Kaon decay-at-rest (KDAR)

arXiv:1706.03621 [hep-ph]

https://arxiv.org/abs/1905.09694
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
https://arxiv.org/abs/1812.05679
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1053-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1056-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1054-PUB.pdf
https://arxiv.org/abs/1706.03621
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ν-Ar Interactions: νμ CC Inclusive
• Single and double differential 

cross sections are measured as  
a function of pμ and θμ 

• Use multiple Coulomb scattering 
for measuring muon momentum 

‣ Allows momentum measurement for 
both contained and exiting muons
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arXiv:1905.09694 [hep-ex], submitted to PRL

JINST 12, P10010 (2017)

https://arxiv.org/abs/1905.09694
http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010
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ν-Ar Interactions: νμ CC π0

•Exclusive measurements like this one allow us to study final state interactions 

•Can compare to past measurements performed on deuterium and carbon 

‣ Study scaling assumptions in models of production and transport of π in ν-nucleus interactions 

•First implementation of fully automated shower reconstruction to analyze LArTPC data
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MicroBooNE Data 
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PRD 99, 091102(R) (2019)

⟨σ(νμ + Ar → μ− + 1 π0 + X)⟩Φ = 1.9 ± 0.2 (stat.) ± 0.6 (syst.) × 10−38 cm2/Ar

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
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How to Resolve an Anomaly
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Which systematics need constraining depends on channel & selection

1) Understand the Detector  
 

Model detector effects,  
calibrate detector response

2) Understand ν-Ar Interactions 
 

Measure low energy ν-Ar 
interactions and test models

3) Constrain Systematics 
 

Use side-band measurements to 
constrain shape and normalization 
of intrinsic neutrino backgrounds

4) Search for the Excess 
 

Define channel, develop selection,  
and search for anomalous excess 
using blinded analysis approach
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Search for the Excess
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Unfolding method described in 
MICROBOONE-NOTE-1043-PUB

134 MeV electron

Simulation
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Electron-Like Model 
Electron Neutrino Events 

Photon-Like Model  
NC ∆→Nγ Events

MicroBooNE is pursuing 
two main signal hypotheses: 

• Electrons from νe 

• Photons from NC ∆→Nγ 

For each signal hypothesis, 
a few possible channels 

For νe: 

•νe + Ar → e− + 1 p (1e1p) 

•νe + Ar → e− + N p (1eNp) 

•νe + Ar → e− + X (incl.) 

For NC ∆→Nγ: 

•ν + Ar → γ + 1 p (1γ1p) 

•ν + Ar → γ + 0 p (1γ0p)

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1043-PUB.pdf
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Search for the Excess
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Electron-Like Searches Photon-Like 
Searches

Pandora Multi-Algorithm 
Reconstruction Toolkit

WireCell 
Reconstruction

Deep Learning 
Reconstruction

MICROBOONE-NOTE-1040-PUB
JINST 12, P03011 (2017)  
PRD 99, 092001 (2019) EPJC 78, 182 (2018)

Tomographic reco. 
Creates 3D space points 

and clusters in 3D 

Uses CNNs for PID and 
track/shower pixel labels

Clusters in 2D independently on each plane 
before matching across planes to form  
3D reconstructed tracks and showers

Space point creation

3D clustering

Pixel labeling example 
on a νμ CC π0 event

!

p

Simulated unresponsive channels

x, drift position

w, wire position
Interaction Vertex

"1

"2

5 cm

Reconstruction of 
a νμ CC π0 event

x, drift position

u

w

v

Fitted shower envelopes 
for v and w clusters

Predicted shower 
envelope for u cluster

Matching a shower 
across three planes

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1040-PUB.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/12/03/P03011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092001
https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6
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Pixel Labeling with Deep Learning
•Goal: separate tracks (yellow) and showers (cyan) to aid reconstruction 

•Validated on data using stopping cosmic muons with Michel electrons 
and νμ CCπ0 candidates 

•Disagreement in the pixel labeling between the network and a human 
physicist is generally below 2.5% of non-empty pixels in both samples 

•Level of disagreement is consistent between data and simulation
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MicroBooNE Data  
Preliminary

MicroBooNE Data  
Preliminary

MicroBooNE Data  
Preliminary

Input Image Human Labeling Network Labeling

PRD 99, 092001 (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092001
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Selections for νe Events
•Multiple complimentary searches 

‣ High purity, exclusive 1e1p with Deep Learning 

‣ High efficiency, more inclusive 1e0πNp with Pandora 

‣ Fully inclusive with Pandora, WireCell 

•Major challenges 

‣ Reconstructing low-energy electrons that do not shower 

‣ Rejecting non-νe backgrounds (cosmic and beam-related) 

•Have irreducible background from beam intrinsic νe

"20

1e1p Topology

p

e−

1e0πNp Topology

MicroBooNE 
Simulation

Reconstructed  
proton tracks

Reconstructed electron shower

MICROBOONE-NOTE-1038-PUB
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γ-Enhanced Sideband for Pandora 1eNp Analysis

νμ Sideband for Deep Learning 1e1p Analysis

Constraining Systematics for νe

• Want to constrain systematics on 
intrinsic νe backgrounds 

‣ Unconstrained flux and cross-
section uncertainties are 20–30% 

‣ Constraint should significantly 
improve our sensitivity to excess 

• Also want to constrain other 
beam-related backgrounds, such 
as various types of γ-like events 

• Without a near detector, we plan 
to use measurements of νμ events 
to constrain our uncertainties 

‣ Each analysis will develop its own 
self-consistent sideband selections
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1051-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1038-PUB.pdf
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Selections for NC ∆ Rad. Events
• NC ∆ radiative search is investigating both 

1γ1p and 1γ0p to maximize signal statistics,  
and is using Pandora reconstruction 

• Major challenge is understanding and 
rejecting NC π0 backgrounds 
‣ Topology for these is 2γ1p or 2γ0p, but second 

shower can be difficult/impossible to reconstruct 

• The NC ∆ → (p/n) + γ process hasn’t been 
measured in a neutrino experiment before, 
so this analysis expects to be the first
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MICROBOONE-NOTE-1041-PUB
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1041-PUB.pdf
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Constraining Systematics for NC ∆ Rad.
• Want to measure of NC π0 production because it will constrain systematics 

for this analysis in two important ways 

‣ Constrains NC ∆ radiative expectation, due to close relationship between processes 

‣ Constrains residual NC π0 backgrounds to the selection 

• Actively developing NC π0 sideband selection for this analysis
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Zooming in on 
beam backgrounds

MICROBOONE-NOTE-1041-PUB

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1041-PUB.pdf
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Summary
• The SBN program aims to conclusively address the possibility of  

sterile neutrino oscillations suggested by LSND and MiniBooNE 

• MicroBooNE has made significant progress towards analyses that 
will test electron- or photon-like nature of the MiniBooNE excess 

‣ Signal processing, calibrations, and detector physics measurements 

‣ Neutrino-argon cross section measurements 

‣ Developing selections for both electron and photon channels 

‣ Constraining systematic uncertainties 

• We are improving selections based on a better understanding of 
our detector and are pursuing studies of systematic uncertainties 

Thank you!
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