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Short Baseline Neutrino Physics 

The LSND, MiniBooNE, Gallium, and reactors puzzles 
pushed theory and experiment to new directions 

SBL community and program have become major  
players in BSM physics at neutrino experiments 

(beyond oscillations) 

We are a data-driven and resourceful community



Sterile neutrinos 

Theoretically, an extremely compelling hypothesis. 

Much has been said about eV-scale sterile oscillations.  
Still relevant (30+ years later!), but not my focus here. 

This talks is about what happens when we go beyond the minimal scenario 

Additional new physics can completely modify  
the phenomenology of sterile neutrinos.
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Heavy Neutral Leptons

E. Fernández-Martínez, M.González-López, J. Hernández-García, MH, J. Lópes-Pavón, 10.1007/JHEP09(2023)001

 github.com/mhostert/Heavy-Neutrino-Limits

Neutrino masses SM

ν
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https://doi.org/10.1007/JHEP09%282023%29001
http://github.com/mhostert/Heavy-Neutrino-Limits


M. Hostert 5E. Fernández-Martínez, M.González-López, J. Hernández-García, MH, J. Lópes-Pavón, 10.1007/JHEP09(2023)001

Neutrino masses
 github.com/mhostert/Heavy-Neutrino-Limits

Heavy Neutral Leptons
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https://doi.org/10.1007/JHEP09%282023%29001
http://github.com/mhostert/Heavy-Neutrino-Limits


Sterile neutrinos beyond oscillations at SBL 

1) Decays to electromagnetic final states  and : 

a) beam production 
b) neutrino upscattering  

2) Decays to neutrinos:  conversion from decay 

3) Sterile-induced matter potential: resonant  conversion

γ e+/−

νμ → νe

νμ → νe

A MiniBooNE focused list…
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Influence of dark forces on heavy neutrinos

… SM

…

N
νπ+, K+, D+

N
νπ0, η, ρ, …

X

SM Sourcee+

 Longer lifetime← Shorter lifetime →

No dark forces Stronger dark forces →

Decay in flight New production modes and decays

Detector

X

ν N
ν

… SM

A A

Detector

Source
Detector
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ND

B field

Most sensitive searches below the kaon mass:

ND280 @ T2K (low-density GAr TPCs)

Super-Kamiokande

T2K collaboration, PRD 100 (2019) 5, 052006
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N

π, K

PS191 (low-density Helium bags) 
(1985 — 1 month of data)

G. Bernardi et al, Phys. Lett. 166B (1986) 479–483

Long-lived Heavy Neutrinos  
Hodoscopic detectors

C. Argüelles, N. Foppiani, MH  arxiv:2109.03831

http://arxiv.org/abs/2109.03831
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C. Argüelles, N. Foppiani, MH  arxiv:2109.03831

Cosmology

Axion-like-particle in  decays:N → ν(a → e + e−)
C. V. Chang, C. Chen, S. Ho, S. Tseng, PhysRevD.104.015030

Long-lived Heavy Neutrinos at MiniBooNE 
Constraints from other neutrino experiments

T2K and PS191 already placed strong limits on long-lived 
particle scenarios with  decayse+e−
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PS191 (this work)
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Timing is also an important issue!

http://arxiv.org/abs/2109.03831
https://doi.org/10.1103/PhysRevD.104.015030
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C. Argüelles, N. Foppiani, MH  arxiv:2109.03831

Cosmology

Mixing + dipole portals to heavy neutrinos (  decays):N → νγ

Long-lived Heavy Neutrinos at MiniBooNE 
Constraints from other neutrino experiments
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O. Fischer, A. Hernández-Cabezudo, and T. Schwetz,  
Phys. Rev. D 101, 075045 (2020),

Single photons decay less constrained, 
as ND280 relies on off-shell photon: 

 N → ν(γ* → e+e−)

γ*

γ

http://arxiv.org/abs/2109.03831
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Cosmology
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O. Fischer, A. Hernández-Cabezudo, and T. Schwetz,  
Phys. Rev. D 101, 075045 (2020),

Single photons decay less constrained, 
as ND280 relies on off-shell photon: 

 N → ν(γ* → e+e−)

γ*

γ

  Decays of long-lived particles as explanations of MiniBooNE:  

• Timing at MiniBooNE is measured, consistent with a 10 ns spread, so 30 MeV 
• Either production mechanism is very different at BNB compared to J-PARC 
• Or new particle decays to photons only (photons do not convert in T2K ND280) 

Scattering of light particles still okay (see Doojin’s and Adrien’s talks)

MX ≲

http://arxiv.org/abs/2109.03831


Sterile neutrinos beyond oscillations at SBL 

1) Decays to electromagnetic final states  and : 

a) beam production 
b) neutrino upscattering  

2) Decays to neutrinos:  conversion from decay 

3) Sterile-induced matter potential: resonant  conversion

γ e+/−

νμ → νe

νμ → νe
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Influence of dark forces on heavy neutrinos

… SM

…

N
νπ+, K+, D+

N
νπ0, η, ρ, …

X

SM Sourcee+

 Longer lifetime← Shorter lifetime →

No dark forces Stronger dark forces →

Decay in flight New production modes and decays

Detector

X

ν N
ν

… SM

A A
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N

Dark Sectors in the MiniBooNE Low-Energy Excess  
Particle production inside the detector

X

Heavy neutrino decays: 

• Single photons via transition magnetic moment ( ) 

• Di-leptons from dark photons or scalars ( ) 

• Di-photons from dark scalars ( )

X = γ

X = e+e−

X = γγ

Non-exhaustive list: 
E. Bertuzzo et al, [arXiv:1807.09877]  

P. Ballett et al, [arxiv:1808.02915] 

C. Argüelles,  MH, Y. Tsai, [arXiv:1812.08768]

P. Ballett, MH, S. Pascoli, [arxiv:1903.07589] 

A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813] 
J. Liu et al, [arXiv:2001.06522]  

W. Abdallah et al, [arXiv:2202.09373] 
B. Dutta et al, [arxiv:2006.01319] 
A. Datta et al, [arXiv:2005.08920] 
B. Dutta et al, [arxiv:2006.01319] 

S. Bansal et al, [arXiv:2210.05706] 
W. Abdallah, et al, [arxiv:2202.09373] 

…

https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813
https://arxiv.org/pdf/2202.09373.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://www.sciencedirect.com/science/article/pii/S037026932030383X?via=ihub
https://arxiv.org/abs/2005.08920
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://arxiv.org/search/hep-ph?searchtype=author&query=Bansal%2C+S
https://arxiv.org/abs/2210.05706
https://arxiv.org/abs/2202.09373
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The year was 2018… and we were excited

E. Bertuzzo, S. Jana, P. A. N. Machado, R. Z. Funchal,

PRL. 121, 241801 (2018)

P. Ballett, M. Ross-Lonergan, S. Pascoli,

PRD 99, 071701 (2019)


Neutrino upscattering explanations of MiniBooNE 
within new light of dark sectors:

Strong synergy with light dark sector program

Connection to neutrino mass models at low-scales

Lots of attention due to new MiniBooNE 2018 results

https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
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In a moment of poor judgement, 
we made a ranking of models for the talk.

Let me right this wrong we caused.

Then 2021 came… and were still excited. Perhaps too excited?
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Then 2021 came… and were still excited. Perhaps too excited?

The short-baseline olympics are cancelled. We are all winners.



M. Hostert

Z 0
<latexit sha1_base64="0c1uOGl/s+tfwlCBZtZrvE4qz04=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t6dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPlZI2K</latexit>

e+

<latexit sha1_base64="pFOaLSffckw9FGhr7XMq9InBfrc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSSi6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindRce/Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHobI2M</latexit>

e�

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

N

Z 0
<latexit sha1_base64="isO4O4s0vgYtyH71TnlBlRZ5D2w=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWMF+yFtKJvtpF26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCkc3U7/1CNrwWN3jOIFA0oHiEWcUrfTQRXjCrB5OeuWKV/VmcJeJn5MKyVHvlb+6/ZilEhQyQY3p+F6CQUY1ciZgUuqmBhLKRnQAHUsVlWCCbHbwxD2xSt+NYm1LoTtTf09kVBozlqHtlBSHZtGbiv95nRSjqyDjKkkRFJsvilLhYuxOv3f7XANDMbaEMs3trS4bUk0Z2oxKNgR/8eVl0jyr+hdV7+68UrvO4yiSI3JMTolPLkmN3JI6aRBGJHkmr+TN0c6L8+58zFsLTj5zSP7A+fwBKB2Qow==</latexit>

Pb

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

N
<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

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

N

P0D PbPb GArTPC 1 GArTPC 2 GArTPC 3

F 
G 
D

<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ
ECAL

<latexit sha1_base64="r6VZK/o43ApPnJQBlVSKd6asxJM=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpBpO+24K7pxWdE+oB1LJs20oZnMkGSEUvoJblwo4tYvcuffmD4EFT1w4XDOvdx7T5BwpjRCH1ZmZXVtfSO7mdva3tndy+8fNFWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjC5nfuueSsVicavHCfUjPBAsZARrI93Qu7NevoDsc8+rFKsQ2U6pXPIcQ9wKct0SdGw0RwEsUe/l37v9mKQRFZpwrFTHQYn2J1hqRjid5rqpogkmIzygHUMFjqjyJ/NTp/DEKH0YxtKU0HCufp+Y4EipcRSYzgjrofrtzcS/vE6qQ8+fMJGkmgqyWBSmHOoYzv6GfSYp0XxsCCaSmVshGWKJiTbp5EwIX5/C/0mzaDuuja7LhdrFMo4sOALH4BQ4oApq4ArUQQMQMAAP4Ak8W9x6tF6s10VrxlrOHIIfsN4+AV+hjd4=</latexit>

e+

<latexit sha1_base64="IYqEMLPmE2ZYpewUOMaX1MDIlmg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0nXbcFd24rGgf0I4lk2ba0ExmSDJCKf0ENy4UcesXufNvTB+Cih64cDjnXu69J0g4UxqhDyuzsrq2vpHdzG1t7+zu5fcPmipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKRpczv3VPpWKxuNXjhPoRHggWMoK1kW7o3VkvX0D2uedVilWIbKdULnmOIW4FuW4JOjaaowCWqPfy791+TNKICk04VqrjoET7Eyw1I5xOc91U0QSTER7QjqECR1T5k/mpU3hilD4MY2lKaDhXv09McKTUOApMZ4T1UP32ZuJfXifVoedPmEhSTQVZLApTDnUMZ3/DPpOUaD42BBPJzK2QDLHERJt0ciaEr0/h/6RZtB3XRtflQu1iGUcWHIFjcAocUAU1cAXqoAEIGIAH8ASeLW49Wi/W66I1Yy1nDsEPWG+fYqmN4A==</latexit>

e�

<latexit sha1_base64="b4UkB2p+EhgG1cNnhae9EkGQSoI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhM7PLzGwghHyEFw+KePV7vPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6m/utMWrDE/VoJymGkg4Ujzmj1kmtrpaEq3GvXPGr/gLkLwlyUoEc9V75s9tPWCZRWSaoMZ3AT204pdpyJnBW6mYGU8pGdIAdRxWVaMLp4twZOXNKn8SJdqUsWag/J6ZUGjORkeuU1A7NqjcX//M6mY1vwilXaWZRseWiOBPEJmT+O+lzjcyKiSOUae5uJWxINWXWJVRyIQSrL/8lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDGIzgCV7g1Uu9Z+/Ne1+2Frx85hh+wfv4Bh3Cj2w=</latexit>

inv

Novel uses of existing neutrino 
data by pheno community

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

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

A

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

MicroBooNE  and  searches 
Experimental analysis in advanced stage

e+e− γ
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Jokes aside, we are now in 2024: what have we learned?

Numerous connections to other 
experimental programs

�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

<latexit sha1_base64="o2X8/lkSebj93HPkrxUuj0VfUs8=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GjJ92e6KblxWsA9sx5JJM21okhmTjFBKf8KNC0Xc+jvu/BvTh6CiBy4czrmXe+8JYs60QejDSa2srq1vpDczW9s7u3vZ/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoYua37qnSLJLXZhxTX+CBZCEj2FipfXPbjRUTtJfNIRcV86iUh8gtoLKHkCXlarVUKUDPRXPkwBL1Xva9249IIqg0hGOtOx6KjT/ByjDC6TTTTTSNMRnhAe1YKrGg2p/M753CE6v0YRgpW9LAufp9YoKF1mMR2E6BzVD/9mbiX14nMWHFnzAZJ4ZKslgUJhyaCM6eh32mKDF8bAkmitlbIRlihYmxEWVsCF+fwv9JM+96JRddFXO182UcaXAEjsEp8MAZqIFLUAcNQAAHD+AJPDt3zqPz4rwuWlPOcuYQ/IDz9glvxJA+</latexit>

Z 0<latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ <latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ
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A. M. Abdullahi, J. Hoefken Zink, M. Hostert, 
D. Massaro, S. Pascoli
arXiv:2308.02543

Variations on upscattering

For a review see:

http://arxiv.org/abs/2308.02543
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Normalized upscattering cross sections in different models: 

Not all neutrino experiments would see the same physics. 
Importance of complementarity.

Dark neutrino sectors at MiniBooNE 
The nature of the mediator matters

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

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

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

Carbon

H′ 

H′ 
N

N′ 

Z 0

Z 0

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

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

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

Carbon

N

N′ 

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

C

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

N

N′ 



M. Hostert 22

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

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

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

Carbon

H′ 

H′ 
N

N′ 

Z 0

Z 0

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

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

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

Carbon

N

N′ 

⌫µ
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Dark neutrino sectors at MiniBooNE 
The nature of the mediator matters
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A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli arXiv:2308.02543

http://arxiv.org/abs/2308.02543
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Dark neutrino sectors at MiniBooNE 
A comprehensive fit to dark photon models A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli

arXiv:2308.02543

E. Bertuzzo, S. Jana, P. A. N. Machado, and R. Z. Funchal, 

PRL 121, 241801 (2018)

http://arxiv.org/abs/2308.02543
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A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli
arXiv:2308.02543

MicroBooNE

ICARUS

SBND

Not a sensitivity plot! Just benchmarking the rate.

Dark neutrino sectors at MiniBooNE 
A comprehensive fit to dark photon models

http://arxiv.org/abs/2308.02543
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MicroBooNE

ICARUS

SBND

A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli
arXiv:2308.02543

Not a sensitivity plot! Just benchmarking the rate.

Dark neutrino sectors at MiniBooNE 
A comprehensive fit to dark photon models

http://arxiv.org/abs/2308.02543
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Upstream lead plates and magnetized gaseous argon TPCs

Dark neutrino sectors at the T2K near detector 
Multi-purpose detector — advantageous for this signature

T2K Collaboration, Phys. Rev. D 100, 052006 (2019) 
See also, Vedran Brdar et al, 10.1103/PhysRevD.103.075008  

C. Arguelles, MH, N. Foppiani, 10.1103/PhysRevD.107.035027

Events in GArTPCs
Just event counting,

none observed.

Events in FGDs
(Using  

invariant mass)
Z′ 

ND280 

https://doi.org/10.1103/PhysRevD.103.075008
https://doi.org/10.1103/PhysRevD.107.035027
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This work

Full T2K-I

Full T2K-I + T2K-II

Heavy Z’

T2K Collaboration, Phys. Rev. D 100, 052006 (2019) 
See also, Vedran Brdar et al, 10.1103/PhysRevD.103.075008  

C. Arguelles, MH, N. Foppiani, 10.1103/PhysRevD.107.035027

Dark neutrino sectors at the T2K near detector 
Multi-purpose detector — advantageous for this signature

 models with  are in tension with T2K data.e+e− cτ0
N /mN ≳ 3 cm/GeV

ND280 

https://doi.org/10.1103/PhysRevD.103.075008
https://doi.org/10.1103/PhysRevD.107.035027
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Antineutrino-electron scattering

-likeγ

e-like

arXiv:2209.05540

Post-tuning of backgrounds.  
Assign 30% and 100% uncertainty to cover it.

Dark neutrino sectors at MINERvA 
The dipole portal to heavy neutral leptons N. Kamp, MH, A. Schneider, S. Vergani, C. A. Argüelles, J. M. Conrad,  

M. H. Shaevitz,  and M. Uchida Phys.Rev.D 107 (2023) 5, 055009

https://doi.org/10.1103/PhysRevD.107.055009
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There are a huge number of   that decay inside  
the fiducial volume of the analysis. 

N

Dark neutrino sectors at MINERvA 
The dipole portal to heavy neutral leptons N. Kamp, MH, A. Schneider, S. Vergani, C. A. Argüelles, J. M. Conrad,  

M. H. Shaevitz,  and M. Uchida Phys.Rev.D 107 (2023) 5, 055009

https://doi.org/10.1103/PhysRevD.107.055009
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 scatteringν − e

Background (π0, νe)

Heavy Neutrinos

Here be dragons!

* Excess of events attributed to diffractive  production 
( )

π0

νp+ → νp+π0

MINERvA coll. PRL117, 111801 (2016) arXiv:1604.01728

C. Arguelles, MH, Y. Tsai, PRL123.261801

Dark neutrino sectors at MINERvA 
Limits, dragons, and opportunity N. Kamp, MH, A. Schneider, S. Vergani, C. A. Argüelles, J. M. Conrad,  

M. H. Shaevitz,  and M. Uchida Phys.Rev.D 107 (2023) 5, 055009

https://doi.org/10.1103/PhysRevD.107.055009
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 scatteringν − e

Background (π0, νe)

Heavy Neutrinos

Here be dragons!

Excess of events shows up again low-   study.| t | νe

MINERvA coll., arXiv:2312.16631

C. Arguelles, MH, Y. Tsai, PRL123.261801

Dark neutrino sectors at MINERvA 
Limits, dragons, and opportunity N. Kamp, MH, A. Schneider, S. Vergani, C. A. Argüelles, J. M. Conrad,  

M. H. Shaevitz,  and M. Uchida Phys.Rev.D 107 (2023) 5, 055009

https://doi.org/10.1103/PhysRevD.107.055009
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DarkNews Generator

DarkNews-generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

Particle decay:

Particle production:

(Coherent & QE peak)
ν A → N A

A

Z, Z′ ,

νμ
Ni

γ

νμ

A
h′ 

Ni

Ni

Nj

Ni

Nj

Ni

Nj

γe+, μ+

e−, μ−

e+, μ+

e−, μ−

h′ 

Z, Z′ , γ

DarkNews is a lightweight MC generator for new physics in neutrino-nucleus scattering. 
To bridge theory and experiment, we require simulation tools.

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli,  Comput.Phys.Commun. 297 (2024) 109075

Darkν
pip install DarkNews

github.com/mhostert/DarkNews-generator

https://doi.org/10.1016/j.cpc.2023.109075
https://github.com/mhostert/DarkNews-generator
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SIREN 
Sampling Injected Rare Events in ExperimeNts

A. Schneider, N. Kamp, A. Wen, in progress

Upscattering

Decay

Distributions

Darkν
SIRENReimagined LeptonInjector for BSM studies.  

Efficient sampling of interactions and decay locations 
given a detector geometry. 

Already used for MINERvA, CCM, and MiniBooNE 
studies.  

Now integrated with DarkNews, so has access to 
cross section and decay rates in dark sector models.



Sterile neutrinos beyond oscillations at SBL 

1) Decays to electromagnetic final states  and : 

a) beam production 
b) neutrino upscattering  

2) Decays to neutrinos:  conversion from decay 

3) Sterile-induced matter potential: resonant  conversion

γ e+/−

νμ → νe

νμ → νe
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Avoids tension with disappearance exps.

x
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I. Esteban talk at CERN 
10.5281/zenodo.3509890.
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No tension with disappearance: 
MiniBooNE signal:  

 disappearance: 

|Uμ4 |2

νμ |Uμ4 |2

S. Palomares-Ruiz et al, JHEP09(2005)048 
Z. Moss et al , PRD 97, 055017 (2018)
M. Dentler et al, PRD101(2020) 115013.
A. deGouvea et al, JHEP07(2020)141

Decaying sterile neutrinos 
Effective  appearance with small  disappearanceνμ → νe νμ

Oscillation

Decay

MH, K. Kelly, T. Zhou,  
in preparation

Light sterile and a new scalar particle :φ

−ℒ ⊃ gφνsνsφ + ∑
α,β

mαβνανβ,

https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141
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“Visible" sterile neutrino decay

36

2)  decays to  only and ν4 νe |Ue4 | = 01)  decays to   and ν4 νeνeνe |Ue4 | ≠ 0
M. Dentler et al, PRD101(2020) 115013

MH, M. Pospelov, PhysRevD.104.055031
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Full 3+1 oscillation with no decay 
MiniBooNE vs MicroBooNE in slices in parameter space

Preliminary Preliminary

× ×
νμ νeν4

C. A. Argüelles, I. Esteban, MH,  K. J. Kelly,  
J. Kopp, P. A. N. Machado, I. Martinez-Soler,  
and Y. F. Perez-Gonzalez  
PRL 128, 241802.

MicroBooNE coll.,  
PRL 130 (2023) 1, 011801

MH, K. Kelly, T.Zhou, in preparation

Expanding on previous work:

Combined fit to  modes:
 appearance  

 and  disappearance

ν + ν
νμ → νe
νe νμ

MiniBooNE coll.,  
PRL 129 (2022) 20, 201801

* Other limits not show:  and  disappearance and cosmology.νe νμ

GIFGIF
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Full 3+1 oscillation with decay  
MiniBooNE vs MicroBooNE in slices in parameter space

Preliminary Preliminary

Combined fit to  modes:
 appearance  

 and  disappearance

ν + ν
νμ → νe
νe νμ
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Overall conclusion is similar, 
Constraints somewhat stronger due to 
the energy degradation of signal νe

MH, K. Kelly, T.Zhou, in preparation

* Other limits not show:  and  disappearance, cosmology, and supernovae neutrinos.νe νμ

GIFGIF



Sterile neutrinos beyond oscillations at SBL 

1) Decays to electromagnetic final states  and : 

a) beam production 
b) neutrino upscattering  

2) Decays to neutrinos:  conversion from decay 

3) Sterile-induced matter potential: resonant  conversion

γ e+/−

νμ → νe

νμ → νe
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D. S. M. Alves, W. C. Louis, P. G. deNiverville, JHEP 08 (2022) 034 

Quasi-sterile neutrinos with large interactions with matter: 

Challenging to find a UV model with such large potentials,  
but the potential may come from: 

• Ordinary matter ( ) 
• Ultra-light dark matter background 
• Modified dispersion relations (e.g., large extra-dimensions)

p+, e−, n

Resonant flavor transitions  
Quasi-sterile neutrinos

* Strong limits from T2K as well, but not proven that this doesn’t work.  density differences matter.𝒪(50%)

https://arxiv.org/pdf/2201.00876.pdf
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Neutrinos are produced throughout the atmosphere, transversing varying air density

Resonance moves to higher energies:

 in atmosphere

If the quasi-sterile potential is sourced by SM matter ( ),
this resonance must be there.

Eres
200 MeV

∼ |Q |( 3 MeV
mA′ /gX )

2

( ρ
1g/cm3 ) ( δm2

104 eV2 ),

↓

Eres ∼ 𝒪(500) GeV

e−, p+, n

Resonant flavor transitions  
Neutrino telescopes weigh in

* First implementation of MCEq neutrino production height in the neutrino flavor evolution (in nuSQUIDS). 

C. Sponsler*, MH, I. Martinez-Soler, C. Argüelles,
in preparation

* Harvard undergrad student
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3 Quasi-Steriles

cos(µz) = 0.0

cos(µz) = 0.1

cos(µz) = 0.5

cos(µz) = 1.0

Bin-to-bin  error @ IC1σ

3 Quasi-steriles (MiniBooNE benchmark Alves et al)

C. Sponsler*, MH, I. Martinez-Soler, C. Argüelles,
in preparation

Same IceCube sample as eV sterile neutrino 
search, but in different direction! 

Resonant flavor transitions  
Neutrino telescopes weigh in * Harvard undergrad student



Sterile neutrinos beyond oscillations at SBL 

1) Decays to electromagnetic final states  and : 

a) beam production 
b) neutrino upscattering  

2) Decays to neutrinos:  conversion from decay 

3) Sterile-induced matter potential: resonant  conversion

γ e+/−

νμ → νe

νμ → νe

Bonus !oughts…
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MiniBooNE:    CH2 

MicroBooNE:  Ar

Knocking out neutrons from Ar harder than on CH : 

1) Protons are more tightly bound in Ar. 
2) More neutrons, so more Pauli blocking for  transitions. 
3) Antineutrinos lead to higher-energy leptons.

2

p+ → n

νe e− νe e+

Antineutrino hypothesis of MiniBooNE 

Are we looking at the wrong sign? N. Kamp, MH, C. Argüelles, J. Conrad, M. Shaevitz 
PRD107, 092002 (2023) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002


M. Hostert 45

Complementarity beyond GeV-neutrino beams 
Higher intensities 

IsoDAR:

Definitive  disappearance test.

Most intense neutrino source deep underground? 

Dark sector searches (ALPs and dark bosons, 
ideal for  searches, …)

νe → νe

n → n′ 

Modern spallation sources:

Great complementarity between LANL, SNS, and JSNS projects:

• Coherent-Captain Mills 

• COHERENT 

• JSNS  (+ ND280)2
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Discussion session
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NF02 White Paper: arXiv:2203.07323.

SBL anomaly interpretations

Model landscape evolved  
significantly over the years.

https://arxiv.org/abs/2203.07323
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MiniBooNE:    CH2 

MicroBooNE:  Ar

Knocking out neutrons from Ar harder than on CH : 

1) Protons are more tightly bound in Ar. 
2) More neutrons, so more Pauli blocking for  transitions. 
3) Antineutrinos lead to higher-energy leptons.

2

p+ → n

νe e− νe e+

Antineutrino hypothesis of MiniBooNE 

Are we looking at the wrong sign? N. Kamp, MH, C. Argüelles, J. Conrad, M. Shaevitz 
PRD107, 092002 (2023) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002
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Zooming in on the low-energy excess with MicroBooNE
The  hypothesis (sterile neutrino oscillations)νe

51

Fit to full sterile neutrino oscillations

APS Viewpoint: 
Neutrino Mystery Endures
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Argüelles et al. 2021

MiniBooNE

1æ

3æ

MicroBooNE 95% CL

Inclusive

Inclusive (Asimov)

O±cial

C. A. Argüelles, I. Esteban, MH,  K. J. Kelly,  
J. Kopp, P. A. N. Machado, I. Martinez-Soler,  
and Y. F. Perez-Gonzalez  
PRL 128, 241802.

MicroBooNE coll.,  
PRL. 130 (2023) 1, 011801

νμ νe
X X

ν4

|Uμ4 |2 |Ue4 |2

https://link.aps.org/doi/10.1103/Physics.15.85
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Decaying sterile prediction

3

K. Kelly, MH, T. Zhou, in preparation.
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Decaying sterile prediction

3

K. Kelly, MH, T. Zhou, in preparation.
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Solar antineutrinos
IBD searches for  from B decay and matter suppressed oscillationsνe

8
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⌫e<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

⌫4<latexit sha1_base64="sLD6jbx3MEwQC6liVg75MHaRCSE=">AAAB7nicbVDLSsNAFJ34rPVVdelmsBVchaQJSd0V3bisYB/QhjKZTtuhk0mYmQgl9CPcuFDErd/jzr9xkhbxdeDC4Zx7ufeeMGFUKsv6MNbWNza3tks75d29/YPDytFxR8apwKSNYxaLXogkYZSTtqKKkV4iCIpCRrrh7Dr3u/dESBrzOzVPSBChCadjipHSUrc24OnQrQ0rVcv0fMdq1KFlOo7t+p4mnuf6tgtt0ypQBSu0hpX3wSjGaUS4wgxJ2betRAUZEopiRhblQSpJgvAMTUhfU44iIoOsOHcBz7UyguNY6OIKFur3iQxFUs6jUHdGSE3lby8X//P6qRo3gozyJFWE4+WiccqgimH+OxxRQbBic00QFlTfCvEUCYSVTqhchHCZw/t6+S/p1E3bMd3berV5tYqjBE7BGbgANvBBE9yAFmgDDGbgATyBZyMxHo0X43XZumasZk7ADxhvn81xj14=</latexit>

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

8Be<latexit sha1_base64="bUKZVZR5jzO/I1n+V+NFgm7q2Gs=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUSL1lupF48V7AeksWy2k3bp5oPdiVhCf4YXD4p49dd489+4TYOo9cHA470ZZuZ5seAKLevTWFpeWV1bL2wUN7e2d3ZLe/ttFSWSQYtFIpJdjyoQPIQWchTQjSXQwBPQ8cZXM79zD1LxKLzFSQxuQIch9zmjqCXnrtZDeMC0AdN+qWxVrAzmIrFzUiY5mv3SR28QsSSAEJmgSjm2FaObUomcCZgWe4mCmLIxHYKjaUgDUG6anTw1j7UyMP1I6grRzNSfEykNlJoEnu4MKI7UX28m/uc5Cfo1N+VhnCCEbL7IT4SJkTn73xxwCQzFRBPKJNe3mmxEJWWoUypmIVzOcP798iJpn1bss0r1plquN/I4CuSQHJETYpMLUifXpElahJGIPJJn8mKg8WS8Gm/z1iUjnzkgv2C8fwFiFZF2</latexit>

8B<latexit sha1_base64="jw8IRBFdVjB61vPjuAyH/USv520=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0m0aL2VevFYwX5gG8tmu2mXbjZhdyKW0H/hxYMiXv033vw3btIian0w8Hhvhpl5XiS4Btv+tHJLyyura/n1wsbm1vZOcXevpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsbX6Z++54pzUN5A5OIuQEZSu5zSsBIt3fVHrAHSOrTfrFkl+0MeJE4c1JCczT6xY/eIKRxwCRQQbTuOnYEbkIUcCrYtNCLNYsIHZMh6xoqScC0m2QXT/GRUQbYD5UpCThTf04kJNB6EnimMyAw0n+9VPzP68bgV92EyygGJulskR8LDCFO38cDrhgFMTGEUMXNrZiOiCIUTEiFLISLFGffLy+S1knZOS1XriulWn0eRx4doEN0jBx0jmroCjVQE1Ek0SN6Ri+Wtp6sV+tt1pqz5jP76Bes9y+gI5EH</latexit>

⌫e<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>


