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Neutrino Oscillations with three flavours

Typical neutrino beam energy is 1-3 GeV

Baseline/Neutrino energy

Oscillation
frequency given by:
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Fixing baseline, energy, and frequency

Accelerator neutrinos

Energy

Distance

M. Rayner, CERN courier

Reactor neutrinos
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Fixing baseline, energy, and frequency

Reactor neutrinos

Accelerator neutrinos

Energy

Distance
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Fermilab short-baseline programme Detector
Distance from 

Target
Instrumented 

LAr Mass
SBND 110 m 112 ton
MicroBooNE 470 m 85 ton
ICARUS 600 m 476 ton
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MicroBooNE  - primus inter pares

• MicroBooNE was the first in the US Short-Baseline Neutrino Programme: took 
data 2015-2021

• Harnessed the full power of Liquid Argon Time Projection Chamber 
(LArTPC) detector technology to perform new precision measurements

• World’s first high-statistics precision cross-section measurements on argon
• Detailed initial investigations into MiniBooNE anomaly
• Further searches for new physics

• MicroBooNE has also laid the groundwork for further LArTPC detector 
programmes: SBND, ICARUS (more investigation of the MiniBooNE anomaly) 
and the future multi-kt neutrino experiment DUNE
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Neutrinos at short baselines – resolving mysteries
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The MicroBooNE Detector
• Active mass: 85 tonnes of liquid 

argon
• Active volume: 2.6 x 2.3 x 10.4 m3



MicroBooNE exposed to two neutrino beams
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MicroBooNE exposed to two neutrino beams

• 8 GeV protons
• Mean neutrino energy: 0.8 GeV
• ~470 m from MicroBooNE
• On-axis 

NuMI flux prediction at MicroBooNE

• 120 GeV protons
• Mean neutrino energy: 1.5 GeV
• ~680 m from MicroBooNE
• ~8º off-axis from MicroBooNE
• Absorber ~100 m from MicroBooNE

BNB flux prediction at MicroBooNE
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170 kV

Liquid-argon Time Projection Chambers

• Fully-active tracking 
calorimeter

• 32 PMTs collect light from 
flash at time of interaction

• 3 planes of wires (vertical, 
+60°, -60°) with 3 mm spacing
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Some history

• “Briefly, the idea consists of drifting 
the whole electron image of an event 
occurring in the noble liquid towards 
a collecting multi-electrode array 
which is capable of reconstructing 
the three-dimensional image (x,y,z) 
of the event from the (x,y) information 
and the drift time (t)".

• "the purity of the Argon is the main 
technological problem. … electron 
lifetimes corresponding to residual 
oxygen impurity content of about 4 x 
10-2 ppm" are reachable. However, 
this limits "the electron mean free 
path to about 30 cm. Clearly, oxygen-
free argon is the central problem for 
the LAr TPC".

LArTPC technology pioneered by
ICARUS T600 (Gran Sasso)

Drift lengths in 
DUNE of up to 12 m.
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A liquid-argon “Bubble Chamber”

MIP Region Bragg Peak

Stopping Muon

Michel 
Electron

Photons

• Few mm space resolution.
• Excellent energy 

measurement.
• Excellent e-γ separation.
• Particle identification through 

dE/dx, range,..
• Timing and energy 

reconstruction through 
scintillation light
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The invisible neutrino is 
coming in here

Cosmic background

Cosmic background

Cosmic background
Two showers with visible offset 
from origin: might be 𝝅0 -> γ + γD
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Color: number of 
deposited drift 
electrons

Wire number

..made for machine learning!
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Need state-of-the-art algorithms (e.g., CNNs etc) to reconstruct these events
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MicroBooNE Physics

Searching for new 
physics

Understanding 
ν-Ar interactions

More than 83 journal 
publications

Understanding 
LArTPCs and 
developing 
techniques

https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/
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Searching for new physis: the anomalies

17

LSND
3.8σ νe-like 
excess in νμ 
source from μ 
decay at rest

νμ νe

MiniBooNE

4.8σ excess of 
electromagnetic 
activity in a νμ 
beam

Gallium
4.0σ deficit of νe 
from radioactive 
sources across 
three 
experiments

νe νe

<latexit sha1_base64="pC6hhXapndozSL41rz5gsvT/i/g="></latexit>
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Reactor neutrinos

Neutrino-4 
reports an 
oscillatory signal

νe νe

νμ
νe
γ
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The MiniBooNE Low Energy Excess

• 4.8σ excess of measured νe and ν̅e 
over prediction, focused at low 
energy

• Consistent with prior results from the 
LSND experiment: combined 
significance of 6.1σ 

• Source of excess not known:
• could be νe, or something else?
• photons look identical to 

electrons in MiniBooNE detector



19

The MiniBooNE Low Energy Excess

• If interpreted as νe appearance 
through a two-flavour neutrino 
oscillation, best fit Δm2 = 0.04 eV2

• Not consistent with any known 
neutrino flavour → new “sterile” 
neutrino?

Phys. Rev. D 103, 052002

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

• If interpreted as νe appearance 
through a two-flavour neutrino 
oscillation, best fit Δm2 = 0.04 eV2

• Not consistent with any known 
neutrino flavour → new “sterile” 
neutrino?

Phys. Rev. D 103, 052002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Electron Neutrino Disappearance - Sterile Neutrinos?

• Other anomalous results from 
gallium experiments and Neutrino-4 
could be explained by νe 
appearance at Δm2~1-10 eV.

• Also not consistent with any known 
neutrino flavour but some overlap 
with mass indicated by 
MiniBooNE/LSND experiments

• Need a full test of sterile neutrino 
hypothesis → MicroBooNE!
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• Other anomalous results from 
gallium experiments and Neutrino-4 
could be explained by νe 
appearance at Δm2~1-10 eV.

• Also not consistent with any known 
neutrino flavour but some overlap 
with mass indicated by 
MiniBooNE/LSND experiments

• Need a full test of sterile neutrino 
hypothesis → MicroBooNE!

KATRIN
95% CL

Electron Neutrino Disappearance - Sterile Neutrinos?
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Electron/Photon discrimination

• MiniBooNE background largely photons.
• Electron/photon discrimination using dE/dx 

at start of shower and start point strong 
point of LArTPCs.

Track

Shower

Phys. Rev. D 104, 052002 (2021)

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


24

Very pure data selection (BNB) Nature 648, 64-69 (2025)

https://www.nature.com/articles/s41586-025-09757-7.epdf?sharing_token=loLoXr5yf9rSszbhvRe2CNRgN0jAjWel9jnR3ZoTv0NvOpUTEtAHhQD3C9IgQmE0O2AWsAvh4F3PliTWn0piI0WkVSyMn7ue0EVQWi2NVR8WIex91K-OWvoGzWxFbAB7xDashV54HlwnEu8o4I6o-SnLj5iC8CnKaZDqpwFcyQQ=
https://www.nature.com/articles/s41586-025-09757-7.epdf?sharing_token=loLoXr5yf9rSszbhvRe2CNRgN0jAjWel9jnR3ZoTv0NvOpUTEtAHhQD3C9IgQmE0O2AWsAvh4F3PliTWn0piI0WkVSyMn7ue0EVQWi2NVR8WIex91K-OWvoGzWxFbAB7xDashV54HlwnEu8o4I6o-SnLj5iC8CnKaZDqpwFcyQQ=
https://www.nature.com/articles/s41586-025-09757-7.epdf?sharing_token=loLoXr5yf9rSszbhvRe2CNRgN0jAjWel9jnR3ZoTv0NvOpUTEtAHhQD3C9IgQmE0O2AWsAvh4F3PliTWn0piI0WkVSyMn7ue0EVQWi2NVR8WIex91K-OWvoGzWxFbAB7xDashV54HlwnEu8o4I6o-SnLj5iC8CnKaZDqpwFcyQQ=
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3+1 Sterile Neutrino Search (νe appearance)

• After constraining the uncertainties using the muon neutrinos, we can look 
for an excess in the electron neutrinos, We look for an excess in the 
𝜈!	spectrum.

• No excess observed over the expected background, both in BNB and NuMI.

BNB CC 𝜈!NuMI CC 𝜈!
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Oscillation Parameter Degeneracy

Δm241 = 1.2 eV2

sin2θ24 = 0.0045
sin22θee = 0.5

νe appearanceνe disappearance

Cancellation if sin2θ24 = Rνe/νμ

Rνe/νμ ≅ 0.005 in BNB
Rνe/νμ ≅ 0.04 in NuMI

 where Rνe/νμ is the ratio of νe to νμ in each beam.
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Oscillation Parameter Degeneracy

νe appearanceνe disappearance

Cancellation if sin2θ24 = Rνe/νμ

Rνe/νμ ≅ 0.005 in BNB
Rνe/νμ ≅ 0.04 in NuMI

 where Rνe/νμ is the ratio of νe to νμ in each beam.

Δm241 = 1.2 eV2

sin2θ24 = 0.0045
sin22θee = 0.5
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Two-beam sensitivity (BNB+NUMI)

• New result (Nature 648 (2025)) uses three years of BNB and NuMI data
• Combining the two datasets unlocks their full power to test the 3+1 model



29

Two-beam results (νe disappearance)
No significant evidence for νe appearance or disappearance in data → set exclusion limits

Disappearance limits
MicroBooNE data at 95% CL:

Slightly weaker than sensitivity due to 
mild deficit in BNB νe (not seen in NuMI), 
see previous slide

Excludes most of the Gallium allowed 
region

Excludes part of the Neutrino-4 allowed 
region
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Two-beam results (νe appearance)

No significant evidence for νe appearance or disappearance in data → set exclusion limits

Appearance limits
MicroBooNE data at 95% CL:

Slightly stronger than sensitivity due to 
mild deficit in BNB νe (not seen in NuMI)

Excludes LSND 99% allowed region

Excludes vast majority of MiniBooNE 
95% allowed region

(can be translated into Neff, see Eur. Phys. J. C (2020) 80:758) 
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Two-beam results (νμ disappearance) – new at Neutrino 2026!

• Data exclusion is weaker than median sensitivity in high 
Δm2 region, and slightly stronger in low Δm2 region.

• MicroBooNE excludes part of the IceCube allowed region 
at 95% CL – similar sensitivity.
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Implications of this result

• The simple 3+1 sterile neutrino 
model strongly disfavoured.

• However, MiniBooNE excess is 
still there at 4.8 sigma, still a lot 
of interest in these anomalies

• A big focus now on 
MicroBooNE: investigating non-
oscillation explanations (e.g,. 
excess photon production).



33

New physics landscape and characteristic signatures
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Electron signatures Photon signatures

e+e–signatures Di-photon signatures
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<latexit sha1_base64="N/n94rWDk4Gn30hl7TRl5ClDu8A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96kgTMAskQejo1SZuehe4eIQz5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVPT/hTCrL+jBya+sbm1v57cLO7t7+QfHwqC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4k8u537kHIVkc3appAl5IRhELGCVKS82bQbFkmbWaU3FdbJmOXbYuqprYZbdqu9g2rQVKaIXGoPjeH8Y0DSFSlBMpe7aVKC8jQjHKYVbopxISQidkBD1NIxKC9LLFoTN8ppUhDmKhK1J4oX6fyEgo5TT0dWdI1Fj+9ubiX14vVUHNy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTZtx3SalVL9ahVHHp2gU3SObFRFdXSNGqiFKAL0gJ7Qs3FnPBovxuuyNWesZo7RDxhvnzQpjUA=</latexit>

N
<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
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<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="DdTo97pvl42Vd3fmX3/8y/Ol7Fo=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4cZgJcZK5BTzoMaJZIBlDT6cmadKz0N0jhCGf4MWDIl79Im/+jZ1FUNEHBY/3qqiq5yecSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGScCgpNGvNYdHwigbMImoopDp1EAAl9Dm1/fDHz2/cgJIujWzVJwAvJMGIBo0Rp6QbuzvrFkmXWak7FdbFlOnbZOq9qYpfdqu1i27TmKKElGv3ie28Q0zSESFFOpOzaVqK8jAjFKIdpoZdKSAgdkyF0NY1ICNLL5qdO8YlWBjiIha5I4bn6fSIjoZST0NedIVEj+dubiX953VQFNS9jUZIqiOhiUZByrGI8+xsPmACq+EQTQgXTt2I6IoJQpdMp6BC+PsX/k1bZtB3Tua6U6pfLOPLoCB2jU2SjKqqjK9RATUTRED2gJ/RscOPReDFeF605YzlziH7AePsEdLKN9g==</latexit>

e�
<latexit sha1_base64="4myHGBgprwQDvFzBFb6T3boIt6E=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiAIwjAT4iRzC3jQY0SzQDKGnk5N0qRnobtHCEM+wYsHRbz6Rd78GzuLoKIPCh7vVVFVz084k8qyPozcyura+kZ+s7C1vbO7V9w/aMk4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr++GLmt+9BSBZHt2qSgBeSYcQCRonS0g3cnfWLJcus1ZyK62LLdOyydV7VxC67VdvFtmnNUUJLNPrF994gpmkIkaKcSNm1rUR5GRGKUQ7TQi+VkBA6JkPoahqREKSXzU+d4hOtDHAQC12RwnP1+0RGQiknoa87Q6JG8rc3E//yuqkKal7GoiRVENHFoiDlWMV49jceMAFU8YkmhAqmb8V0RAShSqdT0CF8fYr/J62yaTumc10p1S+XceTRETpGp8hGVVRHV6iBmoiiIXpAT+jZ4Maj8WK8LlpzxnLmEP2A8fYJcaqN9A==</latexit>

e+

<latexit sha1_base64="N/n94rWDk4Gn30hl7TRl5ClDu8A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96kgTMAskQejo1SZuehe4eIQz5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVPT/hTCrL+jBya+sbm1v57cLO7t7+QfHwqC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4k8u537kHIVkc3appAl5IRhELGCVKS82bQbFkmbWaU3FdbJmOXbYuqprYZbdqu9g2rQVKaIXGoPjeH8Y0DSFSlBMpe7aVKC8jQjHKYVbopxISQidkBD1NIxKC9LLFoTN8ppUhDmKhK1J4oX6fyEgo5TT0dWdI1Fj+9ubiX14vVUHNy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTZtx3SalVL9ahVHHp2gU3SObFRFdXSNGqiFKAL0gJ7Qs3FnPBovxuuyNWesZo7RDxhvnzQpjUA=</latexit>

N

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="N/n94rWDk4Gn30hl7TRl5ClDu8A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96kgTMAskQejo1SZuehe4eIQz5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVPT/hTCrL+jBya+sbm1v57cLO7t7+QfHwqC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4k8u537kHIVkc3appAl5IRhELGCVKS82bQbFkmbWaU3FdbJmOXbYuqprYZbdqu9g2rQVKaIXGoPjeH8Y0DSFSlBMpe7aVKC8jQjHKYVbopxISQidkBD1NIxKC9LLFoTN8ppUhDmKhK1J4oX6fyEgo5TT0dWdI1Fj+9ubiX14vVUHNy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTZtx3SalVL9ahVHHp2gU3SObFRFdXSNGqiFKAL0gJ7Qs3FnPBovxuuyNWesZo7RDxhvnzQpjUA=</latexit>

N
<latexit sha1_base64="DdTo97pvl42Vd3fmX3/8y/Ol7Fo=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4cZgJcZK5BTzoMaJZIBlDT6cmadKz0N0jhCGf4MWDIl79Im/+jZ1FUNEHBY/3qqiq5yecSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGScCgpNGvNYdHwigbMImoopDp1EAAl9Dm1/fDHz2/cgJIujWzVJwAvJMGIBo0Rp6QbuzvrFkmXWak7FdbFlOnbZOq9qYpfdqu1i27TmKKElGv3ie28Q0zSESFFOpOzaVqK8jAjFKIdpoZdKSAgdkyF0NY1ICNLL5qdO8YlWBjiIha5I4bn6fSIjoZST0NedIVEj+dubiX953VQFNS9jUZIqiOhiUZByrGI8+xsPmACq+EQTQgXTt2I6IoJQpdMp6BC+PsX/k1bZtB3Tua6U6pfLOPLoCB2jU2SjKqqjK9RATUTRED2gJ/RscOPReDFeF605YzlziH7AePsEdLKN9g==</latexit>

e�
<latexit sha1_base64="4myHGBgprwQDvFzBFb6T3boIt6E=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiAIwjAT4iRzC3jQY0SzQDKGnk5N0qRnobtHCEM+wYsHRbz6Rd78GzuLoKIPCh7vVVFVz084k8qyPozcyura+kZ+s7C1vbO7V9w/aMk4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr++GLmt+9BSBZHt2qSgBeSYcQCRonS0g3cnfWLJcus1ZyK62LLdOyydV7VxC67VdvFtmnNUUJLNPrF994gpmkIkaKcSNm1rUR5GRGKUQ7TQi+VkBA6JkPoahqREKSXzU+d4hOtDHAQC12RwnP1+0RGQiknoa87Q6JG8rc3E//yuqkKal7GoiRVENHFoiDlWMV49jceMAFU8YkmhAqmb8V0RAShSqdT0CF8fYr/J62yaTumc10p1S+XceTRETpGp8hGVVRHV6iBmoiiIXpAT+jZ4Maj8WK8LlpzxnLmEP2A8fYJcaqN9A==</latexit>

e+

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫ <latexit sha1_base64="DdTo97pvl42Vd3fmX3/8y/Ol7Fo=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4cZgJcZK5BTzoMaJZIBlDT6cmadKz0N0jhCGf4MWDIl79Im/+jZ1FUNEHBY/3qqiq5yecSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGScCgpNGvNYdHwigbMImoopDp1EAAl9Dm1/fDHz2/cgJIujWzVJwAvJMGIBo0Rp6QbuzvrFkmXWak7FdbFlOnbZOq9qYpfdqu1i27TmKKElGv3ie28Q0zSESFFOpOzaVqK8jAjFKIdpoZdKSAgdkyF0NY1ICNLL5qdO8YlWBjiIha5I4bn6fSIjoZST0NedIVEj+dubiX953VQFNS9jUZIqiOhiUZByrGI8+xsPmACq+EQTQgXTt2I6IoJQpdMp6BC+PsX/k1bZtB3Tua6U6pfLOPLoCB2jU2SjKqqjK9RATUTRED2gJ/RscOPReDFeF605YzlziH7AePsEdLKN9g==</latexit>

e�
<latexit sha1_base64="4myHGBgprwQDvFzBFb6T3boIt6E=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiAIwjAT4iRzC3jQY0SzQDKGnk5N0qRnobtHCEM+wYsHRbz6Rd78GzuLoKIPCh7vVVFVz084k8qyPozcyura+kZ+s7C1vbO7V9w/aMk4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr++GLmt+9BSBZHt2qSgBeSYcQCRonS0g3cnfWLJcus1ZyK62LLdOyydV7VxC67VdvFtmnNUUJLNPrF994gpmkIkaKcSNm1rUR5GRGKUQ7TQi+VkBA6JkPoahqREKSXzU+d4hOtDHAQC12RwnP1+0RGQiknoa87Q6JG8rc3E//yuqkKal7GoiRVENHFoiDlWMV49jceMAFU8YkmhAqmb8V0RAShSqdT0CF8fYr/J62yaTumc10p1S+XceTRETpGp8hGVVRHV6iBmoiiIXpAT+jZ4Maj8WK8LlpzxnLmEP2A8fYJcaqN9A==</latexit>

e+

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫

<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="N/n94rWDk4Gn30hl7TRl5ClDu8A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96kgTMAskQejo1SZuehe4eIQz5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVPT/hTCrL+jBya+sbm1v57cLO7t7+QfHwqC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4k8u537kHIVkc3appAl5IRhELGCVKS82bQbFkmbWaU3FdbJmOXbYuqprYZbdqu9g2rQVKaIXGoPjeH8Y0DSFSlBMpe7aVKC8jQjHKYVbopxISQidkBD1NIxKC9LLFoTN8ppUhDmKhK1J4oX6fyEgo5TT0dWdI1Fj+9ubiX14vVUHNy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTZtx3SalVL9ahVHHp2gU3SObFRFdXSNGqiFKAL0gJ7Qs3FnPBovxuuyNWesZo7RDxhvnzQpjUA=</latexit>

N

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫

<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�
<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�

<latexit sha1_base64="qd6ZLDGH/g0xR9Sx1Xi0PKJXgog=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlps2u4EKXFe0D2lAm02k7dDIJMxOhhH6CGxeKuPWL3Pk3Th+Cih64cDjnXu69J0w4U9pxPqzc2vrG5lZ+u7Czu7d/UDw8aqk4lYQ2Scxj2QmxopwJ2tRMc9pJJMVRyGk7nFzO/fY9lYrF4k5PExpEeCTYkBGsjXTbE2m/WHLsWs2r+D5ybM8tOxdVQ9yyX3V95NrOAiVYodEvvvcGMUkjKjThWKmu6yQ6yLDUjHA6K/RSRRNMJnhEu4YKHFEVZItTZ+jMKAM0jKUpodFC/T6R4UipaRSazgjrsfrtzcW/vG6qh7UgYyJJNRVkuWiYcqRjNP8bDZikRPOpIZhIZm5FZIwlJtqkUzAhfH2K/ietsu16tndTKdWvVnHk4QRO4RxcqEIdrqEBTSAwggd4gmeLW4/Wi/W6bM1Zq5lj+AHr7RPsbI5F</latexit>⌫
<latexit sha1_base64="N/n94rWDk4Gn30hl7TRl5ClDu8A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96kgTMAskQejo1SZuehe4eIQz5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVPT/hTCrL+jBya+sbm1v57cLO7t7+QfHwqC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4k8u537kHIVkc3appAl5IRhELGCVKS82bQbFkmbWaU3FdbJmOXbYuqprYZbdqu9g2rQVKaIXGoPjeH8Y0DSFSlBMpe7aVKC8jQjHKYVbopxISQidkBD1NIxKC9LLFoTN8ppUhDmKhK1J4oX6fyEgo5TT0dWdI1Fj+9ubiX14vVUHNy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTZtx3SalVL9ahVHHp2gU3SObFRFdXSNGqiFKAL0gJ7Qs3FnPBovxuuyNWesZo7RDxhvnzQpjUA=</latexit>

N
<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�

<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�

<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�
<latexit sha1_base64="vIlKUy6j7u2lK/uiPSes/RxxSBE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmZCnGRuAQ96jGAWSIbQ0+kkbXoZunuEMOQfvHhQxKv/482/sbMIKvqg4PFeFVX14oRRbTzvw8mtrW9sbuW3Czu7e/sHxcOjlpapwqSJJZOqEyNNGBWkaahhpJMognjMSDueXM799j1Rmkpxa6YJiTgaCTqkGBkrtXojxDnqF0ueW6sFlTCEnhv4Ze+iaolfDqt+CH3XW6AEVmj0i++9gcQpJ8JghrTu+l5iogwpQzEjs0Iv1SRBeIJGpGupQJzoKFtcO4NnVhnAoVS2hIEL9ftEhrjWUx7bTo7MWP/25uJfXjc1w1qUUZGkhgi8XDRMGTQSzl+HA6oINmxqCcKK2lshHiOFsLEBFWwIX5/C/0mr7PqBG9xUSvWrVRx5cAJOwTnwQRXUwTVogCbA4A48gCfw7Ejn0XlxXpetOWc1cwx+wHn7BBSDj4M=</latexit>�

ν



34

Dark neutrinos and dark photons 

A dark neutrino mediator produces a dark photon 
(Z’) that decays into an electron-positron pair – 
looks like a single shower.

MiniBooNE LEE as this dark neutrino model 
excluded at ≥ 95% CLs for several Z’ masses.
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Portals to dark sectors

35

Standard
Model

Dark
sector

Neutrino portal
mix ν-N

Vector portal
mix Aμ-Xμ

Higgs portal
mix H-S

New particles interact or decay in detector

New particles produced from meson decays

Large flux of charged & neutral mesons 
from high intensity proton beams
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Dark Tridents

Dark matter particle produced in NUMI 
π0 beam interacts in MicroBooNE.

CNN Score 
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• One new right-handed singlet that 
mixes with active neutrinos via 
extended PMNS matrix

• HNLs can be produced in place of 
neutrinos when kinematically allowed:
• Rate proportional to |Ul4|2.
• Assume only one non-zero |Ul4|2.

Heavy Neutral Leptons

HNL travels to 
MicroBooNE

DecayProduction
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Heavy Neutral Leptons

Phys. Rev. Lett. 132, 041801, 2024 Phys. Rev. D 106 (2022) 9, 092006



Higgs Portal Scalars

39



Ongoing Developments
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• Beam structure can be used to mitigate 
backgrounds from cosmics - reconstruction 
with ns precision.

• Example: HNL will travel slower and reach 
the detector later.

Reconstruction of MeV-scale blips can be 
used to search for low-energy signatures.
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The Fermilab Short-Baseline Programme

41
• 2,000,000 νμ CC 

interactions per year
• 15,000 νe CC 

interactions per year

New limits on 
sterile-driven νμ 
disappearance

arXiv:2603.22557

https://arxiv.org/abs/2603.22557
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DUNE as next-generation long-baseline neutrino experiment

Four key ingredients:

FD

ND

1300 km 

1. The high-power, wide-band muon neutrino beam.
2. The Far Detector with a long baseline of about 1300 km leading to matter effects.
3. The liquid-argon technology providing flavour and topology reconstruction as a 

function of energy (L/E).
4. A movable, highly capable Near Detector.
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DUNE BSM Physics

DUNE sensitive to new physics in 
three-flavour oscillations: sterile 
neutrino mixing, CPT violation, Non-
Standard Interactions (NSI)…
– DUNE covers a very broad range of L/E 

at both the Near Detector and Far 
Detector

– High statistics in 𝜈 & 𝜈̅ measurements → 
search for CPT violation 

– DUNE has unique sensitivity to NSI 
matter effects due to long baseline

Eur. Phys. J. C (2021) 81:322

Charge-
Parity-Time 

Violation

Sterile 
Neutrinos

Non-
Standard 

Interactions
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DUNE science programme

• A broad and exciting science programme (three-
flavour paradigm, MO, CPV, atmospheric, solar, 
supernova neutrinos, proton decay, BSM 
physics) - first physics results this decade.

• Fully exploit power of liquid-argon technology as 
demonstrated by MicroBooNE.



Summary
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• Detailed search for “lowest-level” 3+1 explanation of the MiniBooNE 
anomaly shows no evidence for oscillations and excludes LSND and 
(almost all the) MiniBooNE allowed regions in νe appearance phase 
space. Further investigations into other explanations underway.

• MicroBooNE is providing world-leading constraints for several dark-
sector models (e.g., HNLs, dark photons, Higgs portal scalars).

• MicroBooNE is also laying the groundwork for future LArTPC 
detector programmes: SBND, ICARUS (further investigation of the 
MiniBooNE anomaly) and the next-generation neutrino experiment 
DUNE.


