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Booster Neutrino Beam (BNB)

NuMI Neutrino Beam (8° off-axis) SBND
• 110 m
• 112 ton
• ~2024 -

MicroBooNE
• 470 m
• 85 tons
• 2015 - 2021

ICARUS
• 600 m
• 476 tons
• 2020 - 

• Part of the Fermilab Short-Baseline Neutrino 
(SBN: SBND, MicroBooNE, and ICARUS) Program

• Liquid Argon Time Projection Chamber (LArTPC) 
detector

• MicroBooNE Collaboration: ~190 collaborators 
(~ 50% students and postdocs)

PRD 105, 112005 (2022) PRD 104, 052002 (2021)

On-axis BNB Off-axis NuMI

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002


MicroBooNE Detector
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2.56 m

2.32 m

10.36 m 𝜐s

JINST 12 P02017 (2017)

Charge Collection System 

Light Collection System 

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017


MicroBooNE LArTPC
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E = 273 V/cm 

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.

photon candidates 
from 𝜋! decay

Vertex of neutrino 
interaction

Proton 
candidatesPion candidates

Delta-ray candidate

Detailed images of events:
• ~mm spatial resolution.                      JINST 15, P03022 (2020)

• Sub-MeV energy threshold                 arXiv:2307.03102 

• ~ns timing resolution                          PRD 108, 052010 (2023)

A candidate of neutral-current interaction

https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022
https://arxiv.org/abs/2307.03102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052010


MicroBooNE Science Program
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Investigate MiniBooNE Low Energy Excess (LEE) & search for BSM
• same neutrino beamline & roughly same location as MiniBooNE

Study neutrino-argon interactions
• Largest 𝜈-Ar data collected to date (~500k neutrino interactions)

Develop LArTPC techniques (hardware and software R&D)
• First large-scale LArTPC constructed in U.S. and longest-running 

LArTPC in the world



Short-baseline Neutrino Anomalies
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§ Series of anomalous results seen at short-
baselines using a variety of neutrino sources 
(LSND, MiniBooNE, BGALLEX/SAGE, etc.)
• if caused by oscillations, are not 

consistent with a 3-𝜐 picture

MiniBooNE:
• Mineral oil Cherenkov detector
• Measured 𝜐! → 𝜐" and 𝜐̅! → 𝜈̅" appearance
• Observed low energy excess (LEE): 4.8𝜎 
• Largest background from photons (𝜋# or 

Δ → N𝛾)
• Could not distinguish between 𝑒± and 𝛾

PRD 103, 052002 (2021)

MiniBooNE

𝛾 → 𝑒"𝑒# Single 𝑒"

Hard to distinguish 

photon
electron

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.045805
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002


𝒆/𝜸 Separation in MicroBooNE
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PRD 104, 052002 (2021)

Electron shower Photon shower

photon
electron

Leading Shower dE/dx (Collection Plane) [MeV/cm] 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002


Possible MiniBooNE LEE final state topologies mainly include  

• Electron

• Photon

• 𝒆%𝒆& pair

MicroBooNE – Low Energy Excess Searches
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Overlapping 𝑒#𝑒" Overlapping 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" 
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Overlapping 𝑒#𝑒" Overlapping 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" 

MicroBooNE’s first series of LEE search results (~50% BNB data)

NC Δ decay (1𝛾0p, 1𝛾1p)  
PRL 128, 111801 (2022)

CC 𝜈! multiple final states
PRL 128, 241801 (2022)
PRD 105, 112004 (2022)
PRD 105, 112003 (2022)
PRD 105, 112005 (2022)

Light sterile 𝜈 oscillation
PRL 130, 011801 (2023)

• No evidence of excessive 𝜈" and NC Δ decay 
as a sole source of MiniBooNE LEE anomaly

• No evidence of sterile neutrino oscillations 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801
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Overlapping 𝑒#𝑒" Overlapping 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" Highly asymmetric 𝑒#𝑒" 

Additional analyses under development



MicroBooNE – BSM Searches
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§ Dark-trident process

§ Heavy Neutral Lepton (HNL)
• HNL→ 𝜇±𝜋∓ (BNB)  
   PRD 101, 052001 (2020)
• HNL→ 𝜇±𝜋∓ (NuMI)
      PRD 106, 092006 (2022)
• HNL→ 𝜈𝑒%𝑒& or HNL → 𝜈𝜋# (NuMI) 
      PRL 132, 041801 (2024)

• First search (NuMI).   arXiv:2312.13945

Additional BSM searches, 
including Higgs portal scaler, 
  neutron-antineutron 
oscillation, millicharged 
particles, and heavy QCD 
axions, are not covered here.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.041801
https://arxiv.org/abs/2312.13945


MicroBooNE – Neutrino-Argon Interactions
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Extensive cross section program
• Largest neutrino-argon interaction data to date
• High resolutions for exploring multiple final state topologies
• 15 publications, plus ~30 active analyses 𝜈-Ar cross section 

using BNB and NuMI data

CC Inclusive
• 1D & 2D 𝝂𝝁 (BNB)
      PRL 123, 131801 (2019)
• 1D 𝝂𝒆 + *𝝂𝒆 (NuMI)
      PRD 104, 052002 (2021)
      PRD 105, L051102 (2022)
• 1D 𝝂𝝁 𝑬𝝂-dependent (BNB)
      PRL 128, 151801 (2022)
• 3D 𝝂𝝁 (BNB)
      arXiv:2307.06413

Pion production
• 𝝂𝝁 NC 𝝅𝟎 (BNB)

 PRD 107, 012004 (2023)

Rare channels
• Λ production (NuMI)

PRL 130, 231802 (2023) 
• η production (BNB)
     arXiv:2305.16249

CC 0π 
• 1D 𝝂𝝁 QE 1p0π (BNB)
      PRL 125, 201803 (2020) 
• 1D 𝝂𝝁 Np0π (BNB)
      PRD 102, 112013 (2020) 
• 1D 𝝂𝒆 Np0π (BNB)
      PRD 106, L051102 (2022)
• 1D 𝝂𝝁	2p0π (BNB)
      arXiv:2211.03734
• 𝝂𝝁 1p0π 1D & 2D TKI/GKI (BNB)
      PRL 131, 101802 (2023)
      PRD 108, 053002 (2023)
      arxiv:2310.06082

One of the largest uncertainties in 
neutrino oscillation experiments

Today’s Topics

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2305.16249
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://arxiv.org/abs/2211.03734
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082


MicroBooNE – Neutrino-Argon Interactions
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First triple-differential inclusive 𝝂𝝁 
CC cross section measurement 
• 3D kinematic phase space
• Extensive validation of missing 

energy model
• Better understanding of the 

performance of various 
neutrino event generators

arXiv:2307.06413 

https://arxiv.org/abs/2307.06413


MicroBooNE – Neutrino-Argon Interactions
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PRD 108, 053002 (2023),  PRL 131, 101802 (2023), arxiv:2310.06082CC QE-like Kinematic Imbalance
• Assumptions about 𝜐 kinematics

o Missing momentum & visible energy
o Indicators for FSI / nuclear effects

• First 1D & 2D analysis for Ar using Transverse 
Kinematic Imbalance (TKI)

• New Generalized Kinematic Imbalance (GKI)
o Also consider longitudinal component

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://arxiv.org/abs/2310.06082


MicroBooNE – Neutrino-Argon Interactions

15Wanwei Wu  |  Latest Results from the MicroBooNE Experiment

𝜦 Baryon Production
• First measurement of quasielasticlike 
𝛬 baryon production in a LArTPC

• 𝛬 baryons through invariant mass 
and separated vertex

• Rare channel — Identify 5 candidates 
PRL 130, 231802 (2023)

𝜼 Production
• First measurement of 𝜂 production 

from neutrino interactions on argon
• Rare process – no selection cuts on 

the presence of an outgoing lepton 

arXiv:2305.16249

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2305.16249


§ MicroBooNE detector entered its decommissioning phase 
in early 2023
• Unique opportunity to characterize the detector after 

~7 years of operation
• Potential to understand some of unresolved mysteries
• Probes some R&D efforts related to operations 

MicroBooNE – LArTPC Techniques
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§ MicroBooNE continues to achieve interesting 
results at the MeV-scale using R&D running data
• Measured the ambient radon daughter 

decay rates and energy spectra
• Obtained the first ever reported radon 

radiopurity limit of < 0.38 mBq/kg (well 
below DUNE requirement of < 1 mBq/kg)

arXiv:2307.03102 

https://arxiv.org/abs/2307.03102


Summary
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§ MicroBooNE completed its ~7 years data taking in 2021
• Longest running LArTPC and largest 𝜈-Ar data collected to date
• Detector is currently in a decommissioning phase

§ Various advanced searches for new physics with rich phenomenology are under development
• More results on exotic searches, with e%e& focus are coming soon

§ No evidence of excessive 𝜈" and NC Δ decay as a sole source of 
MiniBooNE LEE anomaly to date (BNB Run 1-3 data)

§ Full dataset results are expected soon, which will approximately double the statistics

§ No evidence of sterile neutrino oscillations in 3+1 model (BNB Run 1–3 data)

• Results can be improved in upcoming search with combining BNB & NuMI data

§ Wealth of neutrino-argon cross section measurements have been carried out
• Important inputs for oscillation experiments
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Thank You!
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Backup



MicroBooNE Papers
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63 papers

Among submitted/published papers:
• 12 PRL
• 20 PRD
• 22 JINST

MicroBooNE INSPIRE Page

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=collaboration%3AMicroBooNE&doc_type=article&ui-citation-summary=true


MicroBooNE Detector
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2.56 m

2.32 m

10.36 m 𝜐s

Light Collection System
• 32 PMTs as primary subsystem
• 4 light guide paddles for R&D 

studies 
• Mainly for trigger and event 

selection

Cosmic Ray Tagger System
• 73 plastic scintillation modules
• Situated on the  top, bottom, 

and long sides
• Mainly for reducing cosmogenic 

backgrounds

JINST 12 P02017 (2017)

Charge Collection System 
• 3 anode wire planes
• 3 mm plane-to-plane spacing 

with a 3 mm wire pitch 
• Mainly for Reconstruction of 

event and calorimetry 

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017


MicroBooNE Detector – CRT
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MicroBooNE CRT was installed 
at Fermilab in July-September 
2016 (Phase I) and February 
2017 (Phase II). It was 
incorporated into physics data 
taking in October 2016. 

JINST 14 P04004 (2019)

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/meta


MicroBooNE LEE Results – Photon Excess
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g

p

1g1p candidate data event

1g0p candidate data event

g
Disfavor a candidate photon 
interpretation of MiniBooNE 
LEE as a x3.18 enhancement of 
nominal rate NC Δ radiative 
decay rate at the 94.8% CL. 

Phys. Rev. Lett. 128, 111801 (2022)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801


1e0p0π candidate data event

e-
e-

p

p

1eNp0π candidate data event

1e1p candidate data event

p

e-

1eX candidate data event       

MicroBooNE LEE Results – Electron Excess
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3 𝝊𝒆 analyses using different 
reconstructions:
• “Pandora” based: MiniBooNE-like 

final states (1e0p0π, 1eNp0π)
Phys. Rev. D 105, 112004 (2022)

• “Deep Learning” based: restricting 
to quasi-elastic kinematics  (1e1p)

Phys. Rev. D 105, 112003 (2022)
• “Wire-Cell” based: 
      all CC 𝜐" final states (1eX) 

Phys. Rev. D 105, 112005 (2022)

e-

https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06043
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005


MicroBooNE LEE Results – Electron Excess
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e-

1eNp0π
Pandora
p-value 0.18

1e1p
Deep Learning
p-value 0.014
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Disfavor an interpretation of 
MiniBooNE’s observed electron-
like excess signature at >97% CL 
(results are found to be consistent 
with the nominal 𝜐" rate 
expectations from BNB)

Phys. Rev. Lett. 128, 241801 (2022)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801


MicroBooNE – Search for a Light Sterile Neutrino in 3+1 Model 
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e-

§ Full 3+1 search using 
BNB Run 1-3 data
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Phys. Rev. Lett. 130, 011801 (2023)
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1.27Δ𝑚01

/ 𝐿
𝐸

)

𝝂𝒆 disappearance 𝝂𝒆 appearance 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801


MicroBooNE – Search for a Light Sterile Neutrino in 3+1 Model 
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e-

§ Full 3+1 search using BNB & NuMI data

MICROBOONE-NOTE-1116-PUB 

𝝂𝒆 appearance 

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf


MicroBooNE – Exploration of MiniBooNE LEE 
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e-



MicroBooNE – Neutrino-Argon Interactions
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NC 1𝝅𝟎 production on argon
• Highest-statistics to date
• Powerful constraint for 

backgrounds to single-
photon searches

PRD 107, 012004 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004

