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• Is there CP violation in the lepton sector? 

• Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)? 

• Can we measure and over-constrain the PMNS, like CKM?

Open questions in the neutrino sector
Neutrino oscillation experimental program
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Open questions in the neutrino sector
Neutrino oscillation experimental program

DUNE

Hyper KamiokandeIceCube

KM3NET
Can also have important consequences 

for this program
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Some context
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⌫µ ! ⌫e
<latexit sha1_base64="CpP46MS/zd6lop4yZdPFeqpMi5E=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M9gKrkpSxcuu6MZlBXuBJoTJdNIOnUzCzEQIob6KGxeKuPVB3Pk2TtIgav1h4OM/5zDn/H7MqFSW9WksLa+srq1XNqqbW9s7u+befk9GicCkiyMWiYGPJGGUk66iipFBLAgKfUb6/vQ6r/fviZA04ncqjYkbojGnAcVIacszaw2HJ54TJtBREcyZNDyzbjWtQnAR7BLqoFTHMz+cUYSTkHCFGZJyaFuxcjMkFMWMzKpOIkmM8BSNyVAjRyGRblYsP4NH2hnBIBL6cQUL9+dEhkIp09DXnSFSE/m3lpv/1YaJCi7cjPI4UYTj+UdBwqC+M08CjqggWLFUA8KC6l0hniCBsNJ5VYsQLnOdfZ+8CL1W0z5pnt626u2rMo4KOACH4BjY4By0wQ3ogC7AIAWP4Bm8GA/Gk/FqvM1bl4xypgZ+yXj/AqrklEU=</latexit>Near detector

Far detector

⌫µ ! ⌫e
<latexit sha1_base64="CpP46MS/zd6lop4yZdPFeqpMi5E=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M9gKrkpSxcuu6MZlBXuBJoTJdNIOnUzCzEQIob6KGxeKuPVB3Pk2TtIgav1h4OM/5zDn/H7MqFSW9WksLa+srq1XNqqbW9s7u+befk9GicCkiyMWiYGPJGGUk66iipFBLAgKfUb6/vQ6r/fviZA04ncqjYkbojGnAcVIacszaw2HJ54TJtBREcyZNDyzbjWtQnAR7BLqoFTHMz+cUYSTkHCFGZJyaFuxcjMkFMWMzKpOIkmM8BSNyVAjRyGRblYsP4NH2hnBIBL6cQUL9+dEhkIp09DXnSFSE/m3lpv/1YaJCi7cjPI4UYTj+UdBwqC+M08CjqggWLFUA8KC6l0hniCBsNJ5VYsQLnOdfZ+8CL1W0z5pnt626u2rMo4KOACH4BjY4By0wQ3ogC7AIAWP4Bm8GA/Gk/FqvM1bl4xypgZ+yXj/AqrklEU=</latexit>

B-field

π, K → μ νμ

Accelerator neutrino experiment:
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⌫µ ! ⌫e
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Far detector

⌫µ ! ⌫e
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B-field

π, K → μ νμ

SBL oscillations can develop due to a mostly-sterile neutrino:   

Short-baseline: search for oscillations that develop 
 before atmospheric and solar frequencies.

L
E

∼ 100 m

100 MeV

Effectively a 2-neutrino oscillation system:

1 − sin2 2θμμ sin2 Δ

1 − sin2 2θee sin2 Δ

sin2 2θeμ sin2 Δ

Pνμ→νμ

Pνe→νe

Pνμ→νe

1 − 4 |Uμ4 |2 (1 − |Uμ4 |2 )sin2 Δ

1 − 4 |Ue4 |2 (1 − |Ue4 |2 )sin2 Δ

4 |Ue4 |2 |Uμ4 |2 sin2 Δ

=

=

=

=

=

=

Accelerator neutrino experiment:

Δ ≡ 1.27 Δm2[eV2] L[m]
E[MeV]

Δm2
41 ∼ &(1) eV2
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The Short-Baseline Puzzle
(a historical detour)
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PS191 excess not seen at E734.A total of  excess events ( ).23 ± 8 3σ

PS-191 (1984 at CERN) 
Phys.Lett.B 181 (1986) 173-177

E-734 (1984 at BNL)  
Phys.Rev.D 31 (1985) 2732

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.
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PS191 excess not seen at E734.A total of  excess events ( ).23 ± 8 3σ

(νe/νμ)obs

(νe/νμ)pred

= 2.2 ± 0.6

Reports a  excess.2σ

PS191 detector moved 
to BNL, behind E734. 

PS-191 (1984 at CERN) 
Phys.Lett.B 181 (1986) 173-177

E-734 (1984 at BNL)  
Phys.Rev.D 31 (1985) 2732

E-816 (1986 at BNL) 
Nucl.Phys.B 335 (1990) 517-545

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.
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PS191 excess not seen at E734.

Initially reports 2  excess, but final result 
shows no excess.

σ

A total of  excess events ( ).23 ± 8 3σ

(νe/νμ)obs

(νe/νμ)pred

= 2.2 ± 0.6

Reports a  excess.2σ

PS191 detector moved 
to BNL, behind E734. 

PS-191 (1984 at CERN) 
Phys.Lett.B 181 (1986) 173-177

E-734 (1984 at BNL)  
Phys.Rev.D 31 (1985) 2732

E-816 (1986 at BNL) 
Nucl.Phys.B 335 (1990) 517-545

E-776 (1986 at BNL) 
Phys.Rev.Lett. 68 (1992) 274-277 
Phys.Rev.Lett. 62 (1989) 2237-2240

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.
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Excess attributed to unknown 
systematics in both experiments.

PS191 excess not seen at E734.

Gregorio Bernardi, 1988 ICHEP 88. HEP-88-11

Initially reports 2  excess, but final result 
shows no excess.

σ

A total of  excess events ( ).23 ± 8 3σ

(νe/νμ)obs

(νe/νμ)pred

= 2.2 ± 0.6

Reports a  excess.2σ

PS191 detector moved 
to BNL, behind E734. 

CHARM (1983 PS-beam data, ) 

SKAT ( ) 

LANL E615 ( DAR)

⟨Eν⟩ ∼ 1 GeV

⟨Eν⟩ ∼ 8 GeV

π

Excess was not seen at several other experiments.

PS-191 (1984 at CERN) 
Phys.Lett.B 181 (1986) 173-177

E-734 (1984 at BNL)  
Phys.Rev.D 31 (1985) 2732

E-816 (1986 at BNL) 
Nucl.Phys.B 335 (1990) 517-545

E-776 (1986 at BNL) 
Phys.Rev.Lett. 68 (1992) 274-277 
Phys.Rev.Lett. 62 (1989) 2237-2240

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.

https://inspirehep.net/authors/1016588
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The Short-Baseline Puzzle
(Several years later…)
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LSND: 1993 - 1998 KARMEN: 1990 - 2001

Phys.Rev.D 64 (2001) 112007 Phys.Rev.D 65 (2002) 112001

DAR sourceπ

Inverse-Beta-decay detection

<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫eSBL 
oscillation
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LSND: 1993 - 1998 KARMEN: 1990 - 2001

1) 800 MeV proton beam, 6e22 POT. 
2) π mostly DAR. Detector 90º from p beam. 
3) π- contamination: 
4) Baseline of 17.7 m 
5) ~57 tonnes of liquid scintillator 
6) 3.5 m long detector.

No excess observed, 
but could not exclude LSND results.

Phys.Rev.D 64 (2001) 112007 Phys.Rev.D 65 (2002) 112001

1) 800 MeV proton beam, 1.8e23 POT. 
2) π DAR and DIF:12º nu/p beam angle. 
3) π- contamination: 
4) Baseline of 30 m 
5) ~167 tonnes of liquid scintillator 
6) 8.3 m long detector.

Excess:  events 
 significance

87.9 ± 22.4 ± 6
3.8σ

We needed more data. 

Inverse-Beta-decay detection

<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫eSBL 
oscillation

DAR sourceπ
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The MiniBooNE excess
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

Shower angle
w.r.t. the beam

Visible shower energy

 
 

4.8σ significance  
Systematics limited 

638 ± 52 (stat.) ± 122.2 (sys.)To this day, the most sensitive SBL  
  appearance experiment. νμ → νe

MiniBooNE Collaboration, 0806.1449
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

Shower angle
w.r.t. the beam

Visible shower energy

 
 

4.8σ significance  
Systematics limited 

638 ± 52 (stat.) ± 122.2 (sys.)
M. Ross-Lonergan

Unable to differentiate:

To this day, the most sensitive SBL  
  appearance experiment. νμ → νe

MiniBooNE Collaboration, 0806.1449
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1) Significance increases when restricting 
to smaller fiducial volume  

2) Excess overlaps w/ beam time

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020
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1) Significance increases when restricting 
to smaller fiducial volume  

2) Excess overlaps w/ beam time

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020

We find that not even a combination of uncertainties in different channels adding up 
unfavorably (an “Altarelli cocktail”) appears to be sufficient to resolve the MiniBooNE 
anomaly. Varying the radiative branching ratios of the ∆(1232) and N(1440) resonances 
by ±2σ, however, reduces its significance from 4σ to less than 3σ.

arxiv:2109.08157

https://arxiv.org/pdf/2109.08157.pdf
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A  appearance oscillation implies 
 and  disappearance.

νμ → νe
νe νμ
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P. Machado - Neutrino 2020

 disappearanceνμ
A  appearance oscillation implies 

 and  disappearance.
νμ → νe

νe νμ

No  disappearance is observed,νμ

 disappearanceνe

Reactors and gallium experiments have been  
seeing (different) deficits in neutrino flux.  

 
No single experiment gives conclusive evidence. 

 
Inconclusive.

Latest global-fit by J. M. Berryman et al, arXiv:2111.12530
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P. Machado - Neutrino 2020

 disappearanceνμ
A  appearance oscillation implies 

 and  disappearance.
νμ → νe

νe νμ

No  disappearance is observed,νμ

 disappearanceνe

Reactors and gallium experiments have been  
seeing (different) deficits in neutrino flux.  

 
No single experiment gives conclusive evidence. 

 
Inconclusive.

Latest global-fit by J. M. Berryman et al, arXiv:2111.12530

Other limits from 80’s

 
(1) 

 
Huge progress.  

 
MiniBooNE and LSND stand  

as the most sensitive appearance 
experiments to date. 

PS191
(2) 

 
Still no coherent picture. 

Steriles are also a major issue for cosmology, 
and they just do not fit the global data well.  

 
Clearly something more complicated is happening. 

 
We needed a new generation of experimental searches. 
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Latest results from MicroBooNE

MiniBooNE
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MicroBooNE
Disentangling the final states behind the low-energy excess

MicroBooNE is able to differentiate between electrons and photons:

I) vertex-shower separation ii) dE/dx at the beginning of the shower

1γ1p

2γ1p

1e1p

Liquid-Argon Time-Projection-Chamber (TPC) 

3D images of charged particles produced in neutrino interactions
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Single-photon results
(1232) radiative decayΔ
V. Brdar and J. Kopp, arxiv:2109.08157

https://arxiv.org/pdf/2109.08157.pdf
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Single-photon results
(1232) radiative decayΔ

Conclusion: 

 radiative constrained as an 
explanation of MiniBooNE: 

 

,     

Other single-photon interpretations still untested: 

• coherent photons 
• new particles decaying to single photons

Δ(1232)

xΔ = ℬeff(Δ → γN)
ℬ(Δ → γN) xΔ < 2.3 (90 % CL)

V. Brdar and J. Kopp, arxiv:2109.08157

1γ1p 1γ0p

https://arxiv.org/pdf/2109.08157.pdf
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Electron-neutrino searches at MicroBooNE

n
<latexit sha1_base64="9ndxo1W9hC/SOQ7gbsAef3tHOjo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A17uM9A==</latexit> p+

<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

νe e−

Relevant for explanations based on  
oscillations or any effective  appearance signals.νμ → νe

Instead of an oscillation search, MicroBooNE performed a dedicated search for what they call: 
 

electron low-energy-excess (eLEE) signal model 
 

This is justified given the issues with sterile neutrinos, but what does it mean?
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Electron-neutrino searches at MicroBooNE
The eLEE template

MiniBooNE  
(non-  backgrounds subtracted)νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

Energy dependent modification 
to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i



M. Hostert 33

Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

MicroBooNE 
selection

Use unfolded eLEE template 
to predict the event rate in a 
given MicroBooNE analysis.Energy dependent modification 

to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

MicroBooNE 
selection

Use unfolded eLEE template 
to predict the event rate in a 
given MicroBooNE analysis.

…

… analysis 3

… analysis 1

Analysis 2

Energy dependent modification 
to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
MicroBooNE’s three-prong approach

n
<latexit sha1_base64="9ndxo1W9hC/SOQ7gbsAef3tHOjo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A17uM9A==</latexit> p+
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Electron-neutrino searches at MicroBooNE
MicroBooNE’s three-prong approach

1e0p0π1eNp0π
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Electron-neutrino searches at MicroBooNE
The technical conclusion

No excess observed 
 

+ slight deficit of events.

For instance, in the Inclusive analysis:
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Electron-neutrino searches at MicroBooNE
The technical conclusion

eLEE strength:  
the overall normalization  

of the eLEE template.

No excess observed 
 

+ slight deficit of events.

For instance, in the Inclusive analysis: Quantitatively:
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Electron-neutrino searches at MicroBooNE
The technical conclusion

“… MicroBooNE rejects the hypothesis that CC 
interactions are fully responsible for that excess 
at > 97% CL for both exclusive (1e1p CCQE, 
1eNp0π) and inclusive (1eX) event classes.”

νeeLEE strength:  
the overall normalization  

of the eLEE template.

No excess observed 
 

+ slight deficit of events.

For instance, in the Inclusive analysis:

From MicroBooNE coll., arXiv:2110.14054

Quantitatively:

Overall conclusions:
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Electron-neutrino searches at MicroBooNE
The non-technical conclusions

Headlines:
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Electron-neutrino searches at MicroBooNE
The non-technical conclusions

Headlines: What the community is really thinking: 
 
 

1. How about MiniBooNE systematics?  
What happens if we deviate from the  
central value of the eLEE template? 

2. Are sterile neutrinos excluded? If so,  
where are the exclusion plots? 

3. Does MicroBooNE put an end 
to the MiniBooNE anomaly?
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Q1 

 
What happens if we deviate from the  
central value of the eLEE template? 
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
New templates

By how much can we deviate from the central 
value of the eLEE? 

eFEE (flat-energy excess)  pval = 10 %

eLEE (nominal template)

eELEE (“even-lower-energy” excess) pval = 10 %

                                      

What we call “the MiniBooNE excess” is very dependent  
on the background systematic uncertainties 
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By how much can we deviate from the central 
value of the eLEE? 

eFEE (flat-energy excess)  pval = 10 %

eLEE (nominal template)

eELEE (“even-lower-energy” excess) pval = 10 %

                                      

Interpreting the MicroBooNE results in light of MiniBooNE systematics
New templates

What we call “the MiniBooNE excess” is very dependent  
on the background systematic uncertainties 

Unfold
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

Our new approach: 
 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2

Our new approach: 
 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

Δχ2 = 16

Δχ2 = 9

Δχ2 = 4

Δχ2 = 1

Nominal
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2

Our new approach: 
 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

Nominal

MicroBooNE’s sensitivity can be much weaker or stronger  
to MiniBooNE templates that deviate from the nominal choice.
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2

MicroBooNE’s sensitivity can be much weaker or stronger  
to MiniBooNE templates that deviate from the nominal choice.Our new approach: 

 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

Nominal
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Q2 
 

Are sterile neutrinos excluded? If so,  
where are the exclusion plots? 
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Sterile neutrinos at MicroBooNE
Fixed-background approach

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:

Backgrounds are not “oscillated”.

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

↑
↑

↑
↑

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

↓
↓

↓
↓

Full data release 
available

Only spectra 
and covariances 

available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach
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Argüelles et al. 2021
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MiniBooNE

1æ

2æ
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MicroBooNE 3æ

Inclusive

CCQE

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:

Backgrounds are not “oscillated”.

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

↑
↑

↑
↑

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

↓
↓

↓
↓

Full data release 
available

Only spectra 
and covariances 

available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach
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Argüelles et al. 2021

Data

Asimov

MicroBooNE 3æ

Inclusive

CCQE

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:

Backgrounds are not “oscillated”.
eLEE template 

Sensitivity vs limit

Oscillation 
Sensitivity vs limit

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

↑
↑

↑
↑

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

↓
↓

↓
↓

Full data release 
available

Only spectra 
and covariances 

available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach
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Data

Asimov

MicroBooNE 3æ

Inclusive

CCQE

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

↑
↑

↑
↑

νμ → νe

Oscillation search for appearance only:

Backgrounds are not “oscillated”.

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

↓
↓

↓
↓

eLEE template 
Sensitivity vs limit

Oscillation 
Sensitivity vs limit

A lot of samples used to 
derive the final spectrum

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Oscillated-background approach
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νμ → νe

Fully consistent oscillation search:

Backgrounds are “oscillated”.

νe → νe

νμ → νμ

A sterile neutrino interpretation of the  
MiniBooNE anomaly is still allowed 

by MicroBooNE data at   3σ
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Sterile neutrinos at MicroBooNE
Oscillated-background approach

P. Denton, arXiv:2111.05793

A naive inspection of the  spectra at MicroBooNE 
suggests that  disappearance may be at play.

νe
νe

P. Denton, arXiv:2111.05793

In our full oscillation analysis, we can check this statement explicitly.
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Sterile neutrinos at MicroBooNE
Oscillated-background approach

P. Denton, arXiv:2111.05793

Our best-fit point is 

, 
,  
  

with a significance of .

Δm2
41 = 1.38 eV2

sin2 2θee = 0.2
sin2 2θμμ = 0

0.95 σ

The deficit of  events at MicroBooNE 
may be interpreted as evidence for  disappearance.

νe
νe
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Argüelles et al, arXiv:2111.10359

P. Denton, arXiv:2111.05793

In our full oscillation analysis, we can check this statement explicitly.

We conclude that our results are consistent  
with no  disappearance.νe

The discrepancy with P. Denton arises from: 

i) Including all “side-band” samples and their correlations 
ii) Computing oscillations before detector smearing.

https://arxiv.org/abs/2111.10359
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Q3 

Does MicroBooNE put an end to the MiniBooNE anomaly? 
 
 

Clearly the answer is still no.
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Moving forward

59

Full oscillation analysis should still be pursued by within the 
collaboration  to confirm phenomenological study shown here.

But to move forward, we need decisive results: 

The Short-Baseline Neutrino Program @ FNAL

In the Japaneses Spallation Neutron Source, JSNS  is 
 performing a direct test of the LSND results. 

2
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Other proposals remain untested

60

W. Abdallah et al 2010.06159 

Delayed
 


signal
?

O. Fischer et al 1909.09561 
Long lived HNL O(MeV) mag moment 

Decay:

Several new proposals

Modified from P. Machado - Neutrino 2020
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Other proposals remain untested

61

W. Abdallah et al 2010.06159 

New physics  
In scattering

Delayed
 


signal
?

O. Fischer et al 1909.09561 
Long lived HNL O(MeV) mag moment 

Decay:
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Transition magnetic moment and  
dark neutrinos.

Several new proposals

Modified from P. Machado - Neutrino 2020
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Other proposals remain untested
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W. Abdallah et al 2010.06159 

New physics  
In scattering

New physics  
In propagation

Delayed
 


signal
?

O. Fischer et al 1909.09561 
Long lived HNL O(MeV) mag moment 

Decay:
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NSI’s or even scattering on neutrino over-densities 

Transition magnetic moment and  
dark neutrinos.

Several new proposals

Modified from P. Machado - Neutrino 2020
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W. Abdallah et al 2010.06159 

New physics  
In scattering

New physics  
In propagation

New “visible” states 
 in the beam

Delayed
 


signal
?

O. Fischer et al 1909.09561 
Long lived HNL O(MeV) mag moment 

Decay:

x

⌫4<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

<latexit sha1_base64="NUDIcHXxPAjGiMTJDMaf5f5s2w0="></latexit>⌫µ

<latexit sha1_base64="KowhrD4vW9ChRy1oybO5eeN4kwU="></latexit>⌫e

I. Esteban,10.5281/zenodo.3509890.

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

C

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

NSI’s or even scattering on neutrino over-densities 

Transition magnetic moment and  
dark neutrinos.

Decay-in-flight steriles  

Several new proposals

Modified from P. Machado - Neutrino 2020
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Neutrinos up-scatter into HNL,  
which promptly decays via 

Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="gTqwB2cd6oTkk/WTNaVZr+F75VU=">AAACBnicbVDLSgMxFM3UV62vUZciRIsgtNYZUXRZFMGVVLAP6ExLJr1tQzMPkoxQSldu/BU3LhRx6ze4829M21lo6wmBwzn3kpzjRZxJZVnfRmpufmFxKb2cWVldW98wN7cqMowFhTINeShqHpHAWQBlxRSHWiSA+B6Hqte7GvnVBxCShcG96kfg+qQTsDajRGmpae7eYkeFGBo5aBxhJ59z8vja2Zuc46aZtQrWGHiW2AnJogSlpvnltEIa+xAoyomUdduKlDsgQjHKYZhxYgkRoT3SgbqmAfFBuoNxjCE+0EoLt0Ohb6DwWP29MSC+lH3f05M+UV057Y3E/7x6rNoX7oAFUawgoJOH2jHHOvioE9xiAqjifU0IFUz/FdMuEYQq3VxGl2BPR54llZOCfVaw7k6zxcukjjTaQfvoENnoHBXRDSqhMqLoET2jV/RmPBkvxrvxMRlNGcnONvoD4/MHnO6VXw==</latexit>

N ! e+e� + E/
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Neutrinos up-scatter into HNL,  
which promptly decays via 

Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

Dark sector coupled via neutrino portal + vector portal

E. Bertuzzo et al., PRL121.241801
C. Argüelles, MH, Y. Tsai, PRL123.261801  
+ …

<latexit sha1_base64="gTqwB2cd6oTkk/WTNaVZr+F75VU=">AAACBnicbVDLSgMxFM3UV62vUZciRIsgtNYZUXRZFMGVVLAP6ExLJr1tQzMPkoxQSldu/BU3LhRx6ze4829M21lo6wmBwzn3kpzjRZxJZVnfRmpufmFxKb2cWVldW98wN7cqMowFhTINeShqHpHAWQBlxRSHWiSA+B6Hqte7GvnVBxCShcG96kfg+qQTsDajRGmpae7eYkeFGBo5aBxhJ59z8vja2Zuc46aZtQrWGHiW2AnJogSlpvnltEIa+xAoyomUdduKlDsgQjHKYZhxYgkRoT3SgbqmAfFBuoNxjCE+0EoLt0Ohb6DwWP29MSC+lH3f05M+UV057Y3E/7x6rNoX7oAFUawgoJOH2jHHOvioE9xiAqjifU0IFUz/FdMuEYQq3VxGl2BPR54llZOCfVaw7k6zxcukjjTaQfvoENnoHBXRDSqhMqLoET2jV/RmPBkvxrvxMRlNGcnONvoD4/MHnO6VXw==</latexit>

N ! e+e� + E/

P. Ballett et al, PRD 99.071701  
+ …

Heavy mediators (~ GeV scale)Light mediators (10 - 100s of MeV)

P. Ballett, MH, S. Pascoli  arxiv:1903.07589 
A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813 

Inter-generational decays (~GeV scale)

ℒ ⊃ − ϵ
2 FμνXμν + y LHN + y′ (νDN)Φ + gD Xμ(νDγμνD)

https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813


M. Hostert

Currently investigating these signatures in LAr together with microBooNE single-photon group.

Dark neutrinos @ MicroBooNE
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Heavy Dark Photon: shower displaced from proton. Mostly photon-like showers. 

Light Dark Photon: no proton so smaller efficiencies, but enhanced in LAr (   coherent.) A2
<latexit sha1_base64="QaKzOKv7LM6os12NGXmEkPELIxk=">AAACAXicbVDLTsJAFL3FF+ILdelmIpi4Ii0udIm6cYmJBRKoZDpMYcJ02sxMTUjDyg9wq5/gzrj1S/wCf8MpdCHgSSY5Oee+5vgxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHRy0VJZJQl0Q8kh0fK8qZoK5mmtNOLCkOfU7b/vg289tPVCoWiQc9iakX4qFgASNYG8mtXj/Wq/1yxa7ZM6BV4uSkAjma/fJPbxCRJKRCE46V6jp2rL0US80Ip9NSL1E0xmSMh7RrqMAhVV46O3aKzowyQEEkzRMazdS/HSkOlZqEvqkMsR6pZS8T//O6iQ6uvJSJONFUkPmiIOFIRyj7ORowSYnmE0MwkczcisgIS0y0yWdhSzZbqkBNTTLOcg6rpFWvORc1+75eadzkGRXhBE7hHBy4hAbcQRNcIMDgBV7hzXq23q0P63NeWrDynmNYgPX1C4z2lxg=</latexit>

⌫↵

Z 0
Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫⌧
<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>

Ar

gap?

no pointing
N N

e+
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New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Track

1S1T - mock example
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The MiniBooNE “electron-like” excess remain unexplained.

Thank you!

While a significant result, MicroBooNE still does not rule out  interpretations of the MiniBooNE excess, 
Including the sterile neutrino interpretation.

νe

Several other models still untested  
lots of work to do in e+e- pairs, single (coherent) photons, and other  models.νe

For the first time, MicroBooNE has shed light on the origin of the excess in a LArTPC 
Showed that it can disentangle the individual final states and topologies really well.

Conclusions


