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Outline
• ArgoNeuT BSM searches
– Millicharged particles
– Heavy neutral leptons

• MicroBooNE BSM searches
– n-nbar oscillations
– MeV-scale physics
– Heavy neutral leptons
– Higgs-portal scalars
– Dark matter & dark sector prospects

• Wishlist
– Personal opinions
– Wishlist for the theory community
– Hopefully some discussion points for later today
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ArgoNeuT & MicroBooNE in FNAL ν beamlines
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ArgoNeuT
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1

ArgoNeuT’s search for Millicharged particles

Millicharged particles have electric charge Q = ε · e (ε << 1):

– can be produced from meson decays in the NuMI beam

– interact via elastic scattering, mostly below detector threshold but 
see occasional individual hits above threshold  

Search for multiple low energy hits in line pointing to beam target

– low energy threshold is key, 300 keV in ArgoNeuT
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ArgoNeuT
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ArgoNeuT’s search for Millicharged particles

One candidate event identified, consistent with 

background expectation

New exclusion limit at 95% CL in large region of 

unexplored parameter space

SBN could improve on this, but since they are surface 

detectors cosmic related background more challenging 
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Phys. Rev. Lett. 124, 131801 (2020) [1911.07996]ArgoNeuT candidate mCP



ArgoNeuT
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3

ArgoNeuT’s search for Heavy Neutral Leptons

Search for τ-coupled HNLs produced in NuMI beam:

– D / Ds mesons produced by beam, decay to τ particles, that subsequently decay to HNLs

– require high energy beam to produce flux of τ particles, ~1e-7 per POT in NuMI

– search for di-muon decay signature: N→ντ+μ
+

+μ
-

MINOS-ND

ArgoNeuT

μ- μ+

Beam

Highly boosted muon pair:

– overlap in ArgoNeuT, select 
via dE/dx

– matched to muon pair in 
MINOS-ND

– magnetised detector allows 
muon charge to be identified: 
very powerful for reducing 
background



ArgoNeuT
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ArgoNeuT’s search for Heavy Neutral Leptons

Selection applied to ArgoNeuT data-set:

– 1.25e20 POT, anti-neutrino mode beam    

– 0 events observed in data, consistent with 
background expectation (0.4 ± 0.2 events) 

New exclusion limit at 90% CL for τ-coupled HNLs 
with mass 280-970 MeV

Limited by ArgoNeuT’s small exposure – SBN 
detectors could potentially improve on this (using 
off-axis NuMI beam)  

Phys. Rev. Lett. 127, 121801 (2021) [2106.13684] 



MicroBooNE: n-nbar oscillation

15 December 2021P Green, P Guzowski                   SBN-Theory workshop 8

Trained a convolutional neural network to 
identify signal over cosmic-induced 
background

Outperforms a traditional BDT approach
π+

Baryon number violating process
Multi-pion “star” event topology

π-

π0

π0

improvement

MICROBOONE-NOTE-1093-PUB

MicroBooNE is pioneering techniques to be used in DUNE
• No sensitivity beyond current experimental limits
Could potentially investigate other BNV modes

(Beam-independent)



MicroBooNE: MeV-scale reconstruction
• Standard reconstruction algorithms designed 

for O(100 MeV) interaction
• ‘Blips’ of ionization produced by low-energy 

gammas or neutrons
• MicroBooNE is pushing down the thresholds 

for reconstructing this information
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GENIE simulation
(no de-excitation 
photons simualted)

Cosmic data
Single-hit ‘blips’
O(1 MeV) energy, 
but as low as 
O(100 keV)

Excess of MeV-scale 
blips close to neutrino 
interaction vertex

MICROBOONE-NOTE-1076-PUB

Distance from blip to 
neutrino vertex (cm)



MeV-scale applications for BSM
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Neutrons emitted by muon/pion capture on argon

Castiglioni et al, PRD 102, 092010 (2020) 
χ

Muon-pion separation, allowing e.g. distinguishing BSM 
di-muon signals from SM muon-pion backgrounds

• E.g. Z’ (Lµ-Lτ models)

Searches for millicharged particles
(blips along a straight line, pointing back to target)

ArgoNeuT, PRL 
124, 131801 (2020)

Should also aid with nuclear-scattering vs 
pure BSM-decay signatures

ArgoNeu
T

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



MicroBooNE: Heavy neutral leptons
• O(100 MeV) mass neutral 

leptons; mixing with SM 
neutrinos

• Produced in the same way 
as standard neutrinos
– From kaon decays, in 

MicroBooNE’s first search
• “Late window” trigger was 

developed for this analysis
– Negligible neutrino 

backgrounds
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SIMULATION 700 MeV HNL Decay 
(Mass 370 MeV)

Kaon decay in 
BNB target or 
decay volume

HNL decay inside MicroBooNE

HNL 
travels 
~500m

pion

muon
(Extended PMNS 
matrix element)

0 105 140 211245 388 493

MEV

K → μN

K → eN

N → eeν 

N → μeν 

N → eπ  

N → μμν   

N → μπ  

(HNL mass)

First result: one production mode & one decay mode



MicroBooNE: Heavy neutral leptons
• BDT based analysis 

with 10 HNL mass 
points

• No excess observed
• Competitive limits, 

with only small 
fraction of dataset

• Further decay 
modes in the near 
future
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MicroBooNE, Phys.Rev.D 101, 052001 (2020)
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Inter-bunch searches
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D Totani,
LIDINE 2021

HNL 
gen 1 

search 
window

Can search for heavy new 
physics in between the beam 
bunches

Inter-
bunch 
search 

window

Inter-
bunch 
search 

window

D Totani,
LIDINE 2021



MicroBooNE: Higgs portal scalars
• “Portal” to the dark sector, via a dark scalar mixing with the Higgs 

(mixing angle θ)
– Couples to SM fermions via Yukawa couplings ∝ θ2m2

• Very similar phenomenology as HNLs
– Search for kaons decaying to scalar in beam
– Scalar decays to fermions in detector

• MicroBooNE’s first search used kaons decaying at rest in the NuMI
beam dump
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Batell et al, PRD 100, 115039 (2019)



MicroBooNE: Higgs portal scalars
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• Searching for e+e- pairs from the decay of a 
<200 MeV scalar boson

• Using a BDT-based analysis

Scalar boson

NuMI beam dump

typical neutrino direction

BDT distribution, 
well modelled with 

background-only 
expectation

look for the kink decay 
topology, pointing 

‘backwards’, of a pair 
of reconstructed 

objects, with large 
opening angle

Scalar 
mass

Opening angle strongly 
depends on mass

(analysis focused on the 
100-200 MeV scalar 
masses, where MicroBooNE
had competitive sensitivity)



MicroBooNE: Higgs portal scalars
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• MicroBooNE observed 5 events in signal region, with 2.0±0.8 expected

– This was with 10% of their NuMI dataset
• Could exclude model central value parameters required to explain KOTO anomaly*

*In 2019, KOTO reported anomalous excess of K0→π0+invisible decays, although significance of the excess has decreased in 2021 publication

Batell et al, PRD 100, 115039 (2019)
MicroBooNE, PRL 127, 151803 (2021)



HNL reinterpretation

• Theorists are 
reinterpreting these first 
results, for other models
– Heavy neutral leptons →
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https://arxiv.org/abs/2106.06548

They have also provided an event 
generator for this model, which is 
very valuable, thank you!

Kelly, Machado, Phys Rev D 104, 055015 (2021)

HNL→νe+e−
K→πS(→ee)     (µB search)
K→µN(→νee)  (reinterp.)

https://arxiv.org/abs/2106.06548


MicroBooNE: Dark sector searches
• Further BSM models 

being explored with 
e+e- final states

• Dark neutrino portal, 
with dark Z’ decay
–MicroBooNE-Durham 

collaborative analysis
• Dark matter produced 

in beamline; inelastic 
scattering off argon
– SBN has excellent 

sensitivity
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�
<latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</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="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>

"
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Bertuzzo et al, PRL 121, 241801 (2018)

Ballett et al, PRD 99, 071701 (2019)

de Gouvêa et al, JHEP 01, 001 (2019)

Better fit to MiniBooNE

NuMI beam

(other similar models exist, e.g. two-component χ)



(MY PERSONAL) WISHLIST FOR THE 
THEORY COMMUNITY

Something to consider as part of the discussion later on
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Event generators
• Event generators 
• In an ideal world, we could just search for a model-

independent excess of some BSM final state (e.g. e+e−) over a 
naturally-small SM-expectation

• However, we are very background-dominated, and need to 
apply harsh cuts
– O(10,000):1 cosmic background to neutrinos
– O(10,000):1 neutrino background to potential BSM

• Need signal models to evaluate efficiencies & optimise cuts
• Need signal models to train machine learning algos
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Event generators
• Event generators are our biggest stumbling block, in my 

opinion

• The experimental limits I have presented today, are for 
relatively simple models*, e.g. 
– 2-body decays of BSM particles
– 2→2 elastic scattering of millicharged particles
–We could easily implement them in our experimental simulations

• For more complicated models, we are almost always stuck

15 December 2021P Green, P Guzowski                   SBN-Theory workshop 21
* except n-nbar, but that is in GENIE



Event generators
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It would be great to simulate these ourselves
Dutta et al, PRD 102, 055017 (2020)
Abdallah et al, Phys. Rev. D 104, 055028 (2021)

Bertuzzo et al, PRL 121, 241801 (2018)
Ballett et al, PRD 99, 071701 (2019)
Abdullahi et al, Phys.Lett.B 820, 136531 (2021)

de Gouvêa et al, JHEP 01, 001 (2019)
Dutta et al, arXiv:2110.11944



Event generators
• For simple exploratory studies, we can use HEPEVT files
– Text files containing final state particle info
– Cumbersome to work with for large-scale production, or parameter scans

• We could also implement hepmc3 handling within larsoft
– Doesn’t exist yet, but shouldn’t be difficult

• However, ideally (in my opinion) we would like to implement 
generators directly into our software framework
– Don’t have time to go into much detail exactly why, but –
– Large parallel jobs, makeup of failed jobs, bookkeeping, metadata, cosmic 

‘overlay’, systematics; all a lot easier to handle with internal generator
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Event generators
• Let us handle the flux* and geometry part
– This is essentially a solved problem, shared between all models & SM; no 

need for each theory group to implement their own system
• Essentially, all we need from you, is 
– On an event by event basis:
– For a provided incoming particle type & energy, and scattering target

• The total cross section, (or total width, for decays) and
• An unweighted final state (optional – sometimes e.g. in burn-in mode, or accept-

reject sampling, we only care about the cross section)
– Some global configuration & metadata handling, bookkeeping, etc
– Don’t worry too much about CPU efficiency (up to reasonable limit)

• Can take tens of minutes to do detector simulation & reconstruction per event
• Hard process event generation isn’t the bottleneck

15 December 2021P Green, P Guzowski                   SBN-Theory workshop 24

* some aspect of the flux production (e.g. BSM in proton collisions or hadron decays) might 
also need to be done externally, but don’t worry about propagation, geometry etc



Event generators
• Wishlist:

• It would be great to have these as part of a library based server-
client system
– We run your library directly from our own software modules
– Pull model: ask and receive a single event (& total cross section)

• Alternatively some kind of forked process & intermediate file 
format (& inter-process communication: more difficult 
technologically to implement)
– Again using a client-server model where we ask & receive the information 

event-by-event
– Maybe hepmc3 for the format?
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Bonus
• Bonus wishlist:

• Theorists to investigate (exploratory) studies of BSM 
sensitivity of a MicroBooNE-sized gas TPC at the MicroBooNE
location
– Quite a few studies have been done for DUNE ND-GAr

• Maybe also consider similar studies for the µB location
• Using both BNB and NuMI.

–May provide some motivation to implement in near future?
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Summary
• ArgoNeuT & MicroBooNE have been producing world-leading 

BSM searches
• Lessons learned:
– These LArTPCs that were primarily designed for neutrino interaction 

measurements are also excellent for various other BSM analyses you 
can throw at them

– Beam timing is important for signal/BG separation
– Need to exploit all possible beam modes (pions, kaons, NuMI, BNB, 

in-flight or at-rest decays, targets, beam dumps, …)
– Some neutrino-dominated channels would benefit from a gas tpc

• We would be a lot more productive with other models, if we 
had event generators
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