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MicroBooNE is a part of the Short Baseline Neutrino (SBN) program.
Three Liquid Argon Time Projection Chamber (LArTPC) detectors in 
Booster Neutrino Beamline (BNB) at Fermilab.

MicroBooNE & The Short Baseline Neutrino Program
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❖ MicroBooNE is 85-tonne active mass LArTPC.
❖ Collected data from 2015-2021.
❖ Exposed to two beamlines-

➢ On-axis to Booster Neutrino Beamline (BNB).
➢ Off-axis to Neutrinos at Main Injector (NuMI) Beamline.

❖ 2-D images of interaction with information of deposited 
ionization as a function of wire and time.

❖ Excellent spatial resolution (3 mm for MicroBooNE) as 
well as excellent calorimetry.

❖ Powerful particle identification.

MicroBooNE - A Liquid Argon Time Projection Chamber
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Beam Events 
MicroBooNE is on-axis to BNB beamline.

Nearby cosmic

Neutrino beam

What MicroBooNE can search for?
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Beam Events 
MicroBooNE is off-axis to NuMI beamline.

Nearby cosmic

Neutrino beam

What MicroBooNE can search for?
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Non Beam Events 
MicroBooNE has a dedicated continuous data stream to search for non-beam events.

JINST 16 (2021) 02, P02008

What MicroBooNE can search for?

https://iopscience.iop.org/article/10.1088/1748-0221/16/02/P02008
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❖ MicroBooNE is a small, on-surface detector.
➢ Ambient cosmic ray background-

■ Background is estimated using cosmic-only 
data collected during beam spill (when 
there is no neutrino beam running) → 
“beam-off” sample.

■ Cosmic Ray Tagger (CRT) is helpful in 
reducing cosmic background.

➢ Not sensitive to atmospheric neutrino 
searches.

❖ Great platform to do R&D studies for the 
next-generation large LArTPCs such as Deep 
Underground Neutrino Experiment (DUNE).

What MicroBooNE is not Sensitive to?



Daisy Kalra (Columbia University) Path to Dark Sector Discoveries at Neutrino Experiments        8        

Nature 599, 565-570 (2021)

Image courtesy - Symmetry magazine

Resolve source of 
MiniBooNE Low 
Energy Excess 
(LEE)

Searching for Physics 
beyond-the-Standard 
Model (BSM)

Understand 
neutrino-Argon 
interactions

R&D for the 
next-generation 
LArTPC experiments 
as SBND and DUNE

Scientific Goals of MicroBooNE

https://www.nature.com/articles/s41586-021-04046-5
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MicroBooNE Publications
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Resolving LEE and Exploring BSM Physics

PRD 103, 052002

❖ MicroBooNE attempted using two 
background-derived interpretations-
➢ Excess is single electron-like.
➢ Excess is photon-like.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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PRD 103, 052002

❖ MicroBooNE attempted using two 
background-derived interpretations-
➢ Excess is single electron-like.
➢ Excess is photon-like.

Both photon and electron 
produce fuzzy cherenkov 
rings in MiniBooNE

Resolving LEE and Exploring BSM Physics

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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PRD 103, 052002

❖ MicroBooNE attempted using two 
background-derived interpretations-
➢ Excess is single electron-like.
➢ Excess is photon-like.

Clear distinction between electron and 
photon induced electromagnetic showers

Resolving LEE and Exploring BSM Physics

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002


Daisy Kalra (Columbia University) Path to Dark Sector Discoveries at Neutrino Experiments        13        

PRD 103, 052002

❖ MicroBooNE attempted using two 
background-derived interpretations-
➢ Excess is single electron-like.
➢ Excess is photon-like.

PRL 128 (2022) 111801

MicroBooNE data observed no evidence of 
underestimation of NC Δ radiative decay.

Resolving LEE and Exploring BSM Physics

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
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PRD 103, 052002

❖ MicroBooNE attempted using two 
background-derived interpretations-
➢ Excess is single electron-like.
➢ Excess is photon-like.

MicroBooNE data rejects the hypothesis that 𝜈e CC 
interactions are fully responsible for MiniBooNE 
LEE at >97% CL.

PRD 105 (2022) 112005   PRD 105 (2022) 112003
PRD 105 (2022) 112004   PRL 128 (2022) 241801

1e0p

1eNp (N>=1)

1eX

Resolving LEE and Exploring BSM Physics

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
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1eX

❖ Exploring BSM models- 
➢ Exotic e+e- production through light dark photon 

mediated neutrino scattering.
➢ Single photon production from heavy neutrino 

due to transition magnetic moment. PRL 121 (2022) 241801

PRL 103 (2009) 241802

Resolving LEE and Exploring BSM Physics

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.121.241801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.241802
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PRL 130, (2023) 011801

❖ Subsequent searches to account for 
degeneracy resulting from  𝜈e 
appearance and 𝜈e disappearance 
effects-
➢ Using neutrinos from the NuMI 

beamline
➢ Performing multidetector 

oscillation analysis (SBN)

❖ First constraints on eV-scale sterile neutrino oscillations- 
➢ Under (3+1) hypothesis using 𝜈e and 𝜈𝜇 charged current and neutral current channels using 

neutrinos from BNB with exposure 6.37 x 1020 protons on target (POT).
➢ No evidence of sterile neutrino oscillations.

Constraints on eV-scale Sterile Neutrinos

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801
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BSM Physics Searches in MicroBooNE

❖ Heavy Neutral Leptons
❖ Higgs Portal Scalars
❖ Dark Trident
❖ millicharged Particles
❖ Dark Neutrinos

❖ Evidence of new interactions, symmetries that are not 
accounted for in the Standard Model.

❖ Connection between neutrinos and dark sector.
❖ Explanation of MiniBooNE LEE.
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BSM Physics Searches in MicroBooNE

❖ Heavy Neutral Leptons
❖ Higgs Portal Scalars
❖ Dark Trident
❖ millicharged Particles
❖ Dark Neutrinos

❖ Evidence of new interactions, symmetries that are not 
accounted for in the Standard Model.

❖ Connection between neutrinos and dark sector.
❖ Explanation of MiniBooNE LEE.

A huge thanks to theorists for providing 
models and sensitivities!
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Search Strategy

K+

For BNB, charged mesons produced in decay region are considered.

Production mode

For NuMI, charged mesons produced in NuMI hadron absorber are considered.

BSM particles reaching MicroBooNE 
along the standard beam direction

BSM particles reaching 
MicroBooNE from 
opposite direction

❖ Heavy Neutral Leptons
❖ Higgs Portal Scalars
❖ Dark Trident
❖ millicharged Particles
❖ Dark Neutrinos
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Search Strategy
❖ LArTPCs are an excellent 

choice for BSM physics 
searches-
➢ Excellent spatial and 

charge resolution.
➢ Powerful particle 

identification.

❖ Heavy Neutral Leptons
❖ Higgs Portal Scalars
❖ Dark Trident
❖ millicharged Particles
❖ Dark Neutrinos
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Heavy Neutral Leptons 
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Heavy Neutral Leptons 

arXiv:1504.04855

❖ Model - HNLs are produced from mixing with SM neutrinos via extended PMNS matrix 
element |U𝜇4|

2
.

https://arxiv.org/pdf/1504.04855.pdf
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❖ Challenge is to differentiate this process from neutrino (𝜈𝜇)-induced processes.

Decay via:

𝜇

𝝅

Ti
m

e

Wire number

Similar topology to muon 
neutrino interaction

beamAim is to place limits on this 
mixing element

PRD 101, (2020) 052001 
Heavy Neutral Leptons (in BNB) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
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Signal (HNL) search region: No 
neutrino background in this region.

PRD 101, (2020) 052001 
Heavy Neutral Leptons (in BNB)

Background is mainly due to cosmic ray 
muons which is estimated using “beam-off” 
sample (as mentioned in slide-7)

Trained BDT to select HNLs
→ No excess in data.

❖ A special trigger was designed to search for HNLs following the beam spill with an exposure 
of 2.0 x 1020 POT.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
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𝜇

𝝅

PRD 101, (2020) 052001 

Set upper limits on |U𝜇4|
2 with 90% CL by 

selecting HNLs in kinematically constrained 
region (260-385 MeV) assuming   |Ue4|

2 and  
|U𝜏4|

2 = 0

For Dirac HNLs - |U𝜇4|
2 < (6.6-0.9) x 10-7

For Majorana HNLs - |U𝜇4|
2 < (4.7-0.7) x 10-7

Heavy Neutral Leptons (in BNB)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
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𝝅

Heavy Neutral Leptons (in NuMI)
PRD 106, (2022) 092006 

Signal- HNLs reaching the 
detector through opposite direction 
w.r.t standard beam direction.

Background- Neutrino (mainly 𝜈𝜇 
CC interactions) and cosmic 
induced background.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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❖ Look for signals in mass range of 246-385 MeV decaying to 𝜇𝜋 with an exposure of 7.01 x 1020 
POT.

PRD 106, (2022) 092006 

BDT is trained to target two decay particles 
topology using kinematic properties. 

Heavy Neutral Leptons (in NuMI)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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PRD 106, (2022) 092006 

An order of magnitude increased sensitivity as 
compared to previous search with BNB in HNL 
mass range of 246-385 MeV.

Heavy Neutral Leptons (in NuMI)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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❖ Exploring different decay channels to search for HNLs with lower masses < 250 MeV.

Heavy Neutral Leptons (in NuMI)
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Higgs Portal Scalars
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Higgs Portal Scalars
❖ Theoretically motivated dark scalars in context of Higgs portal model.
❖ Search motivated from KOTO’s initial observation of 3 unexplained invisible decay candidates in 

K0 → 𝝅0 + invisible decay candidates [PRL. 124, 191801].
❖ Light HPS (< 240 MeV) can be produced in kaon decays.

Production and Decay Mode

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.191801
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Higgs Portal Scalars
❖ Theoretically motivated dark scalars in context of Higgs portal model.
❖ Search motivated from KOTO’s initial observation of 3 unexplained invisible decay candidates in 

K0 → 𝝅0 + invisible decay candidates [PRL. 124, 191801].
❖ Light HPS (< 240 MeV) can be produced in kaon decays.

Production and Decay Mode

PRL. 127, (2021) 151803

PRD 106, (2022) 092006 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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Higgs Portal Scalars
Decay mode - e+e-

Energy and direction is used to 
distinguish this signal from 
background process (cosmic and 
neutrino induced interactions).
Two separate BDTs are trained to 
reject background from cosmics 
and from neutrino interactions.

PRL. 127, (2021) 151803

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
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Higgs Portal Scalars
Decay mode - e+e-

PRL. 127, (2021) 151803

❖ Upper limits are placed on scalar mixing angle 
at 95% CL.

❖ This search used only 10% of the NuMI dataset 
corresponding to exposure 1.93 x 1020 POT.

World-leading result for masses near  𝜋0 
mass 
Upper limit on scalar-Higgs mixing angle 
𝜃 < (3.3 - 4.6)x10-4 at 95% CL.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
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Higgs Portal Scalars
Decay mode - 𝜇+𝜇-

PRD 106, (2022) 092006 

❖ BDT is trained to target two decay 
particles topology using kinematic 
properties and using an exposure of 
7.01 x 1020 POT.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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Higgs Portal Scalars
Decay mode - 𝜇+𝜇-

PRD 106, (2022) 092006 

First constraints on mixing angle in HPS mass range of 
212-275 GeV (the region not previously excluded by 
any dedicated experimental searches)

𝜃2 < (31.3)x10-9 at 90% CL for HPS mass 212 MeV
𝜃2 < (1.09)x10-9 at 90% CL for HPS mass 275 MeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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Dark Trident
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❖ Dark matter produced from neutral mesons in the beam (BNB)  can scatter off argon and 
accompanied by dark radiation which can decay to produce e+e-, 𝜇+𝜇-

.

Dark Trident
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❖ Expect to have a publication soon! 

𝜶D Dark fine structure constantDark Trident
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millicharged Particles
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❖ Particles with fractional charge → Potential dark matter candidates.
❖ Elastic scattering with atomic electrons (mostly below threshold) → MeV reconstruction tool is useful 

here.

PRL 124 (2020) 131801

ONGOINGmillicharged Particles

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131801
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MicroBooNE - R&D for the next-generation experiments
Recalling
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MICROBOONE-NOTE-1113-PUBNeutron Antineutron Transitions
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❖ A baryon number violation process, where a neutron transforms itself into an antineutron with a 
subsequent annihilation of antineutron with a nearby nucleon.

❖ First demonstration of searching for this process within an argon nucleus using 
LArTPC-based MicroBooNE detector.  

Phys. Rep. 413, 197 
Nucl. Phys. A720, 357Phys. Rev. D 103 012008

MICROBOONE-NOTE-1113-PUBNeutron Antineutron Transitions

https://www.sciencedirect.com/science/article/abs/pii/S0370157305001055?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0375947403009126?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.012008#:~:text=Phys.,years%20exposure%20of%20Super%2DKamiokande
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❖ A baryon number violation process, where a neutron transforms itself into an antineutron with a 
subsequent annihilation of antineutron with a nearby nucleon.

❖ First demonstration of searching for this process within an argon nucleus using 
LArTPC-based MicroBooNE detector.  

MICROBOONE-NOTE-1113-PUBNeutron Antineutron Transitions

A characteristic star-like topology in LArTPC  
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MICROBOONE-NOTE-1113-PUB

Topological features (spherical 
topology and more localized for 
signal and straight-track like 
topology for background) are 
used to develop selection.

Selection is developed based on 
machine learning (BDT) and deep 
learning (CNN) algorithms

Stat-only sensitivity - 3.0 x 1025 years at 90% CL.
Signal  and background efficiencies ~73% and 
0.008% resp.

Neutron Antineutron Transitions
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MICROBOONE-NOTE-1113-PUB

Topological features (spherical 
topology and more localized for 
signal and straight-track like 
topology for background) are 
used to develop selection.

Selection is developed based on 
machine learning (BDT) and deep 
learning (CNN) algorithms

Stat-only sensitivity - 3.0 x 1025 years at 90% CL.
Signal  and background efficiencies ~73% and 
0.008% resp.

Neutron Antineutron Transitions

Publication forthcoming!
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MICROBOONE-NOTE-1076-PUBMeV Scale Reconstruction
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Wire number
Ti

m
e

MICROBOONE-NOTE-1076-PUB

❖ Demonstrated by ArgoNEUT PRD 99 
(2019) 012002

❖ Low detection thresholds to ~100 keV
➢ Best thresholds of LArTPCs to 

date

❖ This has opened a possibility to search for 
new physics signatures e.g. millicharged 
particle search. 100 keV hit 

thresholds

beam

MeV Scale Reconstruction

PRD 99 (2019) 012002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
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ns-Timing Resolution LinkToArXiv

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202304.02076
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LinkToArXiv

Probing BNB beam substructure for the 
first time in LArTPC detector

81 bunches across 1.6 𝝁s

81 bunches are visible after calibration

calibration

Neutrino interaction timing 

ns-Timing Resolution

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202304.02076
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LinkToArXiv

This high resolution helps - 
In reduction of cosmic backgrounds (dominant due to MicroBooNE’s 
on-surface location) → one of the dominant backgrounds in BSM searches.
To Enhance BSM searches with higher sensitivities.

ns-Timing Resolution

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202304.02076
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Continuous readout stream JINST 16 (2021) 02, P02008

https://iopscience.iop.org/article/10.1088/1748-0221/16/02/P02008
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JINST 16 (2021) 02, P02008

❖ Two independent data streams in MicroBooNE-
➢ Neutrino - Triggered/Lossless data stream. 
➢ Continuous - Lossy, zero-suppressed data stream → to study non-beam physics processes 

such as neutrinos from Supernova burst.

Demonstrated by reconstructing low 
energy electrons (similar spectrum to 
neutrinos from supernova burst)

Zero-suppressed raw waveform

Continuous readout stream

https://iopscience.iop.org/article/10.1088/1748-0221/16/02/P02008
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❖ MicroBooNE provides a strong contribution to the next-generation LArTPC-based detectors-
➢ Essential operational experience for upcoming SBND and DUNE experiments.
➢ R&D platform-

■ Understand detector effects to reduce the uncertainties on future BSM searches.
■ Develop tools and techniques to search for rare processes such as neutron antineutron 

transitions in larger, well shielded detectors like DUNE.
➢ Data and techniques are available to test new BSM models-

■ To resolve the source of MiniBooNE’s Low Energy Excess → the primary goal for 
MicroBooNE .

❖ If you have new models, new ideas that we should test, please reach out to us. 
❖ This is very exciting time in MicroBooNE. Stay tuned for the new results and upcoming 

publications!

Contribution of MicroBooNE to Future Experiments
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Thanks


