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MicroBooNE

• Goals of the experiment
• Investigate the nature of the MiniBooNE

low-energy electromagnetic anomaly 

• Large-statistics ν-Ar cross-section 
measurements

• R&D and long-term operations of LArTPCs
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• Searches for exotica: (This talk)
– R&D for future searches

• Neutron-antineutron oscillation
• Low-energy thresholds for millicharges
• Nanosecond-scale timing for massive new physics 

– Searches for long-lived fermions and bosons produced in rare 
meson decays
• Heavy neutral leptons
• Higgs portal scalars

– Prospects for beam-produced dark matter
– Investigating BSM explanations of MiniBooNE

Booster neutrino beam

NuMI neutrino beam

MicroBooNE: an 85 tonne (10×2.5×2.5 m3) liquid argon TPC

The first of three detectors of the Fermilab Short Baseline Neutrino programme



LArTPCs
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Multiple planes of readout sense wires

Charge vs time 
information on 
multiple planes 
allows for 3D 
reconstruction

High voltage drift field

~few metres

100 keV single hit 
thresholds

3mm 
resolution
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Why BSM in MicroBooNE?
• BSM searches at the energy frontier are well 

known; what can a neutrino experiment add to 
our knowledge?

• Neutrino beamlines offer searches in 
complementary parameter space
– Most significant in the O(100MeV) New Physics 

mass range
– No ‘pT’ trigger (reduces collider sensitivities to low 

masses)
• High intensities – feebler coupling accessible
– E.g. O(1000)x higher POT collected than NA62

• Actually taking images of interactions
– Excellent particle identification
– Anomalous high multiplicity final states are visible
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Neutrino 
interaction 
with muon 
and 4 protons 
resolved



R&D EFFORT
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Neutron-antineutron oscillation
• Baryon number violating process

– Various BSM models predict this process, 
e.g.: (non-exhaustive list)
• Babu et al, PRD 87, 115019 (2013)
• Arnold et al, PRD 87, 075004 (2013)

• Neutron spontaneously oscillates into 
antineutron
– prompt annihilation on nucleon
– multi-hadron final state

• Development of  techniques and 
demonstration of feasibility
– to be used in DUNE, which will have 

competitive sensitivity
• Stats-only preliminary half-life 

sensitivity: 3×1025 years
• Paper out later this year
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Low-energy hits and millicharged particles
• Lowered hit reconstruction thresholds to 

~100 keV
– 3x lower thresholds than previous  LArTPCs

• Allows us to search for new physics signatures
– For millicharged particles
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MICROBOONE-NOTE-1076-PUB

MCPs: two isolated low-energy hits pointing back to target
Production (e.g.) π0→𝛾χχ

“blips” from MeV-scale 
de-excitation photons, 
or neutrons, 
surrounding neutrino 
interaction

ArgoNeuT: A 
tabletop-sized 
LArTPC

µB sensitivity (theorists 
estimate), Magill et al, 
PRL 122, 071801 (2019)
(single higher-energy 
electron; not multi 
blips)

ArgoNeuT, PRL 
124, 131801 (2020)



Event timing for new physics
• MicroBooNE has been pioneering the calibration of 

LArTPC event timing down to the nanosecond scale
• Non-massless new physics produced in the beamline  

has delayed TOF with respect to neutrinos
– Can use this high-resolution timing to enhance BSM 

searches
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Uncalibrated PMT timing

After calibration

arXiv:2304.02076

Phys.Rev.D 101, 052001 (2020)

https://arxiv.org/abs/2304.02076


RECENT BSM SEARCHES
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Heavy neutral leptons and Higgs portal scalars
• MicroBooNE has searched for certain “Portal” mediators:

– Heavy neutral leptons
– Dark sector “Higgs portal” scalars

• MicroBooNE sensitive to O(100 MeV) mass long-lived particles 
mixing with the SM neutrinos or Higgs, produced in rare kaon or 
pion decays

• Can search in BNB or NuMI; NuMI also has kaons decaying at rest 
in the beam dump at the end of the decay pipe
– Unique, striking signature of monoenergetic HNLs or scalars entering 

MicroBooNE at an obtuse angle
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Kaons; surviving protons

Prompt, high-energy 

HNLs or scalars
mono-E
HNLs or
Scalars

~100m

Standard 
Model

Dark 
Sector?

Neutrino portal
mixing of ν-N

Vector portal
mixing Aµ-Xµ

Higgs portal
mixing H-S

ν (neutrinos)

Aµ (photons)
H (Higgs)

N?

Xµ? S?

…?
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2022 HNL result
• New strategy: search for HNLs produced in the NuMI beam 

dump
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Phys.Rev.D 106, 092006 (2022)



Higgs Portal scalars

21 July 2023Pawel Guzowski - SUSY 2023 12

20− 15− 10− 5− 0 5 10 15 20
 scoreextBDT

2−10

1−10

1

10

210

310

410

510

610

710

810

C
ou

nt
s 

/ 1

Off-beam data  simulationνDirt 
Cosmic  simulationνCryo. 
On-beam data  signal2150 MeV/c

MicroBooNE
 POT2010×Run 3, NuMI RHC 1.01

0.5−
0.4−
0.3−
0.2−
0.1−

00.10.20.30.40.5

(o
bs

-p
re

d)
/p

re
d

• For first results, searching for e+e- pairs from 
the decay of a <200 MeV scalar boson

• Using a BDT-based analysis

Scalar boson 
(~100m distance)

NuMI beam dump

typical neutrino direction

BDT distribution, well modelled 
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Higgs Portal scalars
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Dimuon decay mode
• We also adapted the HNL search (mu-pi decays) to search for 

scalars
–Muons & pions look almost identical in our detector

• Set world-leading direct limits for masses ~210-270 MeV
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Phys.Rev.D 106, 092006 (2022)



(NEAR) FUTURE BSM PROSPECTS
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Dark matter (in the beam)
• Dark matter could be produced 

in neutral meson decays in our 
beams

• Other experiments have 
searched for elastic scattering 
signatures (electron or nuclear 
recoil)

• We will be searching for 
inelastic signatures
– e+e- production in “darkstrahlung” 

scattering, aka “dark tridents”
• Sensitive to new regions of the 

parameter space
• Search results coming this year
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�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

�̄
<latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit>

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

A0⇤
<latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit>

A0
<latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit><latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit><latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit>

e�
<latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit><latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit><latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit>

e+
<latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit><latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit><latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit>

Ar
<latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit>

Ar
<latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

"
<latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit>

"
<latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit>

(Minimal model: one DM species; one U(1) dark gauge)
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MiniBooNE 3+1 light neutrinos
• For a (1+1) nue appearance 

only analysis, we are sensitive 
to the whole LSND/MB 
allowed region

• Extending to a 3+1 model, 
there is cancellation between 
nue appearance and intrinsic 
nue disappearance 

• Degeneracy can be broken by 
using NuMI data
– Different L/E
– Larger intrinsic nue

contribution
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PRL 130, 011801 (2023)

MICROBOONE-NOTE-1116-PUB

https://inspirehep.net/literature/2167334
https://microboone.fnal.gov/document/microboone-note-1116-pub/


MiniBooNE: e+e- explanations
• MiniBooNE saw an excess of low-energy electromagnetic activity

– Cherenkov detector cannot tell apart electrons from photons or from collimated or 
asymmetric e+e- pairs

• Since ~2018, theorists have been building many models involving e+e-
production in MiniBooNE

• MicroBooNE has already been pioneering e+e- searches in LArTPCs as part of 
our BSM programme; can begin to explore MiniBooNE space
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Scalar

Dark trident
MiniBooNE signatures



Newer BSM models
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• Over past few years, theorists have been having 
new BSM ideas for explaining MiniBooNE beyond 
light sterile neutrinos

• Models involving dark lepton sector & dark U(1) 
gauges; adding new scalars (2HDM etc); or even 
dark-matter based solutions unrelated to neutrinos 
(plus many others...)

• Contact us if you have a favourite model to 
test…

Bertuzzo et al, PRL 121, 241801 (2018)
Ballett et al, PRD 99, 071701 (2019)
Abdullahi et al, PLB 820, 136531 (2021)

Dutta et al, PRD 102, 055017 (2020)
Abdallah et al, PRD 104, 055028 (2021)

Abdallah et al, JHEP 12, 188 (2020)

2HDM Upscattering 2HDM Vector boson fusion

Dutta et al, PRL 129, 111803 (2022)

DM Upscattering Dark Primakoff

HNL Upscattering

Reconstruct as 
single shower in MB

https://inspirehep.net/literature/1683968
https://inspirehep.net/literature/1685775
https://inspirehep.net/literature/1808523
https://inspirehep.net/literature/1798929
https://inspirehep.net/literature/1822452
https://inspirehep.net/literature/1799198
https://inspirehep.net/literature/1950189


MicroBooNE e+e- searches
• These e+e- signatures may 

look like single photons in 
certain phase space
–We may have some sensitivity 

to these models in our photon 
measurements 

• We are also developing 
dedicated searches for these 
models
– Stay tuned for first results 

coming later this year
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Summary
• MicroBooNE is not only a neutrino oscillation or 

cross-section experiment, but has a strong BSM 
programme too
– Wide variety of New Physics models are accessible

• R&D effort to enable world-leading BSM searches:
– Development of reconstruction techniques for n-nbar

oscillation searches
– Pushing low-energy hit reconstruction thresholds to 

unprecedented levels
– Timing resolution at the ns-scale, best for any LArTPC

• Demonstrated competitive capabilities of searching 
for dark matter, long-lived particles or portal 
mediators, from high-intensity meson decays
– Published competitive searches for heavy neutral 

leptons and scalars, with more on the way very soon
– Have competitive sensitivity to sub-GeV dark matter 

produced in the beam
• Aiming to release first results on MiniBooNE-

targeted BSM e+e- searches in the coming year
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PRL 127, 151803 (2021)

PRD 106, 092006 (2022)



ADDITIONAL SLIDES
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MiniBooNE anomaly
• Long-standing 4.7-sigma 

excess of electron-neutrino-like 
interactions in MiniBooNE

• Mineral oil Cherenkov detector
– Cannot distinguish electrons 

from photons
• Is excess due to electron 

neutrinos appearing in the 
muon neutrino beam? Or 
photons? Or some other 
electromagnetic activity?
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MiniBooNE Collaboration,
Phys. Rev. D 103, 052002 (2021)

Electron-like

Photon-like



Single electron results

• No significant excess is observed
– Some deficits, except for least sensitive, 

most background dominated channel
• Single-electron-alone explanation for 

MiniBooNE is ruled out at >97% CL
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Deep Learning Pandora

Pandora

WireCell

MiniBooNE
unfolded excess

PRL 128, 
241801 (2022)

PRD 105, 112005 (2022)PRD 105, 112004 (2022)

PRD 105, 112003 (2022) PRD 105, 112004 (2022)

https://inspirehep.net/literature/1953251
https://inspirehep.net/literature/1953539
https://inspirehep.net/literature/1954070
https://inspirehep.net/literature/1953568
https://inspirehep.net/literature/1954070

