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Overview

• Physics with atmospheric neutrinos

• Hadron production – key component of flux modelling

• Energy regions

• More measurements please! – Low energy especially
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Oscillation of Atmospheric 
Neutrinos
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Historically important for identifying 
oscillations.   

• Evidence of neutrino oscillations
⌫µ ! ⌫⌧
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• This slide shows the first measurements at  
SuperKamiokande from 1998. Now operated for 
> 25 years, high statistics. 

• Other important measurements at
• MINOS (magnetic field = lepton charge)
• ICECUBE (higher energy measurements)

• Important part of physics programs at
• Hyper-K (higher statistics)
• DUNE (liquid argon)

Superkamiokande 1998 T.Kajita
Neutrino 1998 Takayama, Japan



Oscillation of Atmospheric 
Neutrinos
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P (⌫µ ! ⌫e)
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P (⌫̄µ ! ⌫̄e)
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• Baseline: 

arXiv:1710.09126v2

O 20� 10, 000 km
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• High statistics 3 flavour 
oscillation analysis is now 
sensitive to :

Oscillation analyses require un-
oscillated neutrino flux 
prediction 

Normal Ordering: resonance only 
in neutrino oscillation probability

Inverted Ordering: resonance in anti-
neutrino oscillation probability, the effect 
would be in the other plot.

• Mass Ordering (2-10 GeV)
• Resonant matter effects
• m3>m1 ?

• δcp (0.1-2 GeV)

https://arxiv.org/abs/1710.09126v2


Super-Kamiokande Neutrino Events 

Energy Spectrum of Atmospheric Neutrinos
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Created when daughter particles from 
cosmic ray interactions decay

⇠ 10 MeV
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• Background to:
• Diffuse SN Relic Neutrinos 
• Dark Matter Detection

• Measurement of CP 
violation and mass ordering 
in oscillation analyses

0.1� ⇠ 10 GeV
<latexit sha1_base64="EG+7xBXk49GXppgC9pbxw/Rp7Ho=">AAACBHicbVBNS8NAEN34WetX1KMeFovgxZCIoN6KHvRYwbSFJpTNdtMu3d2E3Y1QQi9e/CtePKh49Ud489+4aXPQ1gcDj/dmmJkXpYwq7brf1sLi0vLKamWtur6xubVt7+w2VZJJTHycsES2I6QIo4L4mmpG2qkkiEeMtKLhdeG3HohUNBH3epSSkKO+oDHFSBupax+4jgdPYKAoh54LAxhwpAeS5zekOe7aNddxJ4DzxCtJDZRodO2voJfgjBOhMUNKdTw31WGOpKaYkXE1yBRJER6iPukYKhAnKswnX4zhkVF6ME6kKaHhRP09kSOu1IhHprO4Uc16hfif18l0fBHmVKSZJgJPF8UZgzqBRSSwRyXBmo0MQVhScyvEAyQR1ia4qgnBm315nvinzqXj3Z3V6ldlGhWwDw7BMfDAOaiDW9AAPsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPaGOWNA==</latexit><latexit sha1_base64="EG+7xBXk49GXppgC9pbxw/Rp7Ho=">AAACBHicbVBNS8NAEN34WetX1KMeFovgxZCIoN6KHvRYwbSFJpTNdtMu3d2E3Y1QQi9e/CtePKh49Ud489+4aXPQ1gcDj/dmmJkXpYwq7brf1sLi0vLKamWtur6xubVt7+w2VZJJTHycsES2I6QIo4L4mmpG2qkkiEeMtKLhdeG3HohUNBH3epSSkKO+oDHFSBupax+4jgdPYKAoh54LAxhwpAeS5zekOe7aNddxJ4DzxCtJDZRodO2voJfgjBOhMUNKdTw31WGOpKaYkXE1yBRJER6iPukYKhAnKswnX4zhkVF6ME6kKaHhRP09kSOu1IhHprO4Uc16hfif18l0fBHmVKSZJgJPF8UZgzqBRSSwRyXBmo0MQVhScyvEAyQR1ia4qgnBm315nvinzqXj3Z3V6ldlGhWwDw7BMfDAOaiDW9AAPsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPaGOWNA==</latexit><latexit sha1_base64="EG+7xBXk49GXppgC9pbxw/Rp7Ho=">AAACBHicbVBNS8NAEN34WetX1KMeFovgxZCIoN6KHvRYwbSFJpTNdtMu3d2E3Y1QQi9e/CtePKh49Ud489+4aXPQ1gcDj/dmmJkXpYwq7brf1sLi0vLKamWtur6xubVt7+w2VZJJTHycsES2I6QIo4L4mmpG2qkkiEeMtKLhdeG3HohUNBH3epSSkKO+oDHFSBupax+4jgdPYKAoh54LAxhwpAeS5zekOe7aNddxJ4DzxCtJDZRodO2voJfgjBOhMUNKdTw31WGOpKaYkXE1yBRJER6iPukYKhAnKswnX4zhkVF6ME6kKaHhRP09kSOu1IhHprO4Uc16hfif18l0fBHmVKSZJgJPF8UZgzqBRSSwRyXBmo0MQVhScyvEAyQR1ia4qgnBm315nvinzqXj3Z3V6ldlGhWwDw7BMfDAOaiDW9AAPsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPaGOWNA==</latexit><latexit sha1_base64="EG+7xBXk49GXppgC9pbxw/Rp7Ho=">AAACBHicbVBNS8NAEN34WetX1KMeFovgxZCIoN6KHvRYwbSFJpTNdtMu3d2E3Y1QQi9e/CtePKh49Ud489+4aXPQ1gcDj/dmmJkXpYwq7brf1sLi0vLKamWtur6xubVt7+w2VZJJTHycsES2I6QIo4L4mmpG2qkkiEeMtKLhdeG3HohUNBH3epSSkKO+oDHFSBupax+4jgdPYKAoh54LAxhwpAeS5zekOe7aNddxJ4DzxCtJDZRodO2voJfgjBOhMUNKdTw31WGOpKaYkXE1yBRJER6iPukYKhAnKswnX4zhkVF6ME6kKaHhRP09kSOu1IhHprO4Uc16hfif18l0fBHmVKSZJgJPF8UZgzqBRSSwRyXBmo0MQVhScyvEAyQR1ia4qgnBm315nvinzqXj3Z3V6ldlGhWwDw7BMfDAOaiDW9AAPsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPaGOWNA==</latexit>

• IceCube Neutrinos 

• Galactic Neutrino Energies

arXiv:1910.11878

>⇠ 1000 GeV
<latexit sha1_base64="J6zyMqqriXnmOkVlTKQu1b5ejNA=">AAACAnicbVBNSwMxEM36WevXqje9BIvgqWRFUC9S9KDHCm5b6JaSTbNtaJJdkqxQloIX/4oXDype/RXe/Ddm2z1o64OBx3szzMwLE860QejbWVhcWl5ZLa2V1zc2t7bdnd2GjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8zv3mA1WaxfLejBLaEbgvWcQINlbquvuXMNBMQA8hBAMYCGwGSmQ3tDHuuhVURRPAeeIVpAIK1LvuV9CLSSqoNIRjrdseSkwnw8owwum4HKSaJpgMcZ+2LZVYUN3JJj+M4ZFVejCKlS1p4ET9PZFhofVIhLYzv1HPern4n9dOTXTeyZhMUkMlmS6KUg5NDPNAYI8pSgwfWYKJYvZWSAZYYWJsbGUbgjf78jzxT6oXVe/utFK7KtIogQNwCI6BB85ADdyCOvABAY/gGbyCN+fJeXHenY9p64JTzOyBP3A+fwC7CpXi</latexit><latexit sha1_base64="J6zyMqqriXnmOkVlTKQu1b5ejNA=">AAACAnicbVBNSwMxEM36WevXqje9BIvgqWRFUC9S9KDHCm5b6JaSTbNtaJJdkqxQloIX/4oXDype/RXe/Ddm2z1o64OBx3szzMwLE860QejbWVhcWl5ZLa2V1zc2t7bdnd2GjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8zv3mA1WaxfLejBLaEbgvWcQINlbquvuXMNBMQA8hBAMYCGwGSmQ3tDHuuhVURRPAeeIVpAIK1LvuV9CLSSqoNIRjrdseSkwnw8owwum4HKSaJpgMcZ+2LZVYUN3JJj+M4ZFVejCKlS1p4ET9PZFhofVIhLYzv1HPern4n9dOTXTeyZhMUkMlmS6KUg5NDPNAYI8pSgwfWYKJYvZWSAZYYWJsbGUbgjf78jzxT6oXVe/utFK7KtIogQNwCI6BB85ADdyCOvABAY/gGbyCN+fJeXHenY9p64JTzOyBP3A+fwC7CpXi</latexit><latexit sha1_base64="J6zyMqqriXnmOkVlTKQu1b5ejNA=">AAACAnicbVBNSwMxEM36WevXqje9BIvgqWRFUC9S9KDHCm5b6JaSTbNtaJJdkqxQloIX/4oXDype/RXe/Ddm2z1o64OBx3szzMwLE860QejbWVhcWl5ZLa2V1zc2t7bdnd2GjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8zv3mA1WaxfLejBLaEbgvWcQINlbquvuXMNBMQA8hBAMYCGwGSmQ3tDHuuhVURRPAeeIVpAIK1LvuV9CLSSqoNIRjrdseSkwnw8owwum4HKSaJpgMcZ+2LZVYUN3JJj+M4ZFVejCKlS1p4ET9PZFhofVIhLYzv1HPern4n9dOTXTeyZhMUkMlmS6KUg5NDPNAYI8pSgwfWYKJYvZWSAZYYWJsbGUbgjf78jzxT6oXVe/utFK7KtIogQNwCI6BB85ADdyCOvABAY/gGbyCN+fJeXHenY9p64JTzOyBP3A+fwC7CpXi</latexit><latexit sha1_base64="J6zyMqqriXnmOkVlTKQu1b5ejNA=">AAACAnicbVBNSwMxEM36WevXqje9BIvgqWRFUC9S9KDHCm5b6JaSTbNtaJJdkqxQloIX/4oXDype/RXe/Ddm2z1o64OBx3szzMwLE860QejbWVhcWl5ZLa2V1zc2t7bdnd2GjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8zv3mA1WaxfLejBLaEbgvWcQINlbquvuXMNBMQA8hBAMYCGwGSmQ3tDHuuhVURRPAeeIVpAIK1LvuV9CLSSqoNIRjrdseSkwnw8owwum4HKSaJpgMcZ+2LZVYUN3JJj+M4ZFVejCKlS1p4ET9PZFhofVIhLYzv1HPern4n9dOTXTeyZhMUkMlmS6KUg5NDPNAYI8pSgwfWYKJYvZWSAZYYWJsbGUbgjf78jzxT6oXVe/utFK7KtIogQNwCI6BB85ADdyCOvABAY/gGbyCN+fJeXHenY9p64JTzOyBP3A+fwC7CpXi</latexit>

Fully Contained

arXiv:hep-ph/0203272

https://arxiv.org/abs/1910.11878
https://arxiv.org/abs/hep-ph/0203272


Atmospheric ν Flux Calculation
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• Dominant uncertainties: 
• Hadronic Interactions – “soft” QCD region
• Primary cosmic ray fluxes

e.g. NA61/SHINE Fixed Target 
Hadron Production

e.g. AMS-02 

Can be reduced by 
precision… 

… Hadron Production 
Measurements

… & Cosmic Ray Flux 
Measurements

• Recent work to incorporate measurements into neutrino flux
Bartol Group:  L.Cook, G.Barr, M.Hartz ( T.Gaisser, T.Stanev)
Honda Group: K. Sato, Y. Itow, H. Menjo (+ M. Honda) 

• Similar efforts with MCEq at higher energies:
A.Fedynitch, M.Huber
See “Data-driven hadronic interaction model for atmospheric lepton 
flux calculations” arXiv:2205.14766

• Also can tune or make cross checks with muon fluxes 

Independent models with comparisons at workshops every ~18 months

Un-oscillated fluxes

https://arxiv.org/abs/2205.14766


Cosmic Ray Fluxes
• Significantly reduced uncertainty in recent 

satellite and balloon datasets (few % level)
• Higher uncertainty in calorimeter 

measurements at higher energies (> ~1TeV)

• Bartol : Recent work uses global fit of GSHL  
parameterisation to cosmic ray flux by Evans 
et al.

• Similar global fit presented by Honda at 
ICRC17 conference

7

Proton Fit residuals
Evans et al.

arXiv:1612.03219v1

Proton

Cosmic ray species component to νμ neutrino flux

He Nucleus
CNO Group
MgSi Group
Fe Group

• Isotropic flux in deep 
space travels 
through  solar and 
geomagnetic fields
before reaching 
atmosphere

1 sigma 
uncertainty 
contour

https://arxiv.org/abs/1612.03219v1


Hadronic Interactions
• Interactions considered as inclusive 

of final states e.g.:

• Eν < 10 GeV    Most important:  pion
and kaon production by baryons

• Baryon number conservation limits effect of 
baryon to baryon interactions

8

p
<latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit>

µ+
<latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit>

⌫µ
<latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit>

p
<latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit>

n
<latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit>

⇡+
<latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>Primary Cosmic 

Ray

Fraction of each interaction in chain for νμ production 

pN ! ⇡+ +X
<latexit sha1_base64="M4FAf+R3tE6Y24Or0JMwfUD8cfQ=">AAACAHicbVBNSwMxEM36WevXqhfBS7AIQqHsiqDeil48SQXXFrq1ZNNsG5pNQpJVylIv/hUvHlS8+jO8+W9M2z1o64OBx3szzMyLJKPaeN63Mze/sLi0XFgprq6tb2y6W9u3WqQKkwALJlQjQpowyklgqGGkIRVBScRIPepfjPz6PVGaCn5jBpK0EtTlNKYYGSu13V15BUNFuz2DlBIPMJT0rgzLsNF2S17FGwPOEj8nJZCj1na/wo7AaUK4wQxp3fQ9aVoZUoZiRobFMNVEItxHXdK0lKOE6FY2/mAID6zSgbFQtriBY/X3RIYSrQdJZDsTZHp62huJ/3nN1MSnrYxymRrC8WRRnDJoBBzFATtUEWzYwBKEFbW3QtxDCmFjQyvaEPzpl2dJcFQ5q/jXx6XqeZ5GAeyBfXAIfHACquAS1EAAMHgEz+AVvDlPzovz7nxMWuecfGYH/IHz+QMe55WT</latexit><latexit sha1_base64="M4FAf+R3tE6Y24Or0JMwfUD8cfQ=">AAACAHicbVBNSwMxEM36WevXqhfBS7AIQqHsiqDeil48SQXXFrq1ZNNsG5pNQpJVylIv/hUvHlS8+jO8+W9M2z1o64OBx3szzMyLJKPaeN63Mze/sLi0XFgprq6tb2y6W9u3WqQKkwALJlQjQpowyklgqGGkIRVBScRIPepfjPz6PVGaCn5jBpK0EtTlNKYYGSu13V15BUNFuz2DlBIPMJT0rgzLsNF2S17FGwPOEj8nJZCj1na/wo7AaUK4wQxp3fQ9aVoZUoZiRobFMNVEItxHXdK0lKOE6FY2/mAID6zSgbFQtriBY/X3RIYSrQdJZDsTZHp62huJ/3nN1MSnrYxymRrC8WRRnDJoBBzFATtUEWzYwBKEFbW3QtxDCmFjQyvaEPzpl2dJcFQ5q/jXx6XqeZ5GAeyBfXAIfHACquAS1EAAMHgEz+AVvDlPzovz7nxMWuecfGYH/IHz+QMe55WT</latexit><latexit sha1_base64="M4FAf+R3tE6Y24Or0JMwfUD8cfQ=">AAACAHicbVBNSwMxEM36WevXqhfBS7AIQqHsiqDeil48SQXXFrq1ZNNsG5pNQpJVylIv/hUvHlS8+jO8+W9M2z1o64OBx3szzMyLJKPaeN63Mze/sLi0XFgprq6tb2y6W9u3WqQKkwALJlQjQpowyklgqGGkIRVBScRIPepfjPz6PVGaCn5jBpK0EtTlNKYYGSu13V15BUNFuz2DlBIPMJT0rgzLsNF2S17FGwPOEj8nJZCj1na/wo7AaUK4wQxp3fQ9aVoZUoZiRobFMNVEItxHXdK0lKOE6FY2/mAID6zSgbFQtriBY/X3RIYSrQdJZDsTZHp62huJ/3nN1MSnrYxymRrC8WRRnDJoBBzFATtUEWzYwBKEFbW3QtxDCmFjQyvaEPzpl2dJcFQ5q/jXx6XqeZ5GAeyBfXAIfHACquAS1EAAMHgEz+AVvDlPzovz7nxMWuecfGYH/IHz+QMe55WT</latexit><latexit sha1_base64="M4FAf+R3tE6Y24Or0JMwfUD8cfQ=">AAACAHicbVBNSwMxEM36WevXqhfBS7AIQqHsiqDeil48SQXXFrq1ZNNsG5pNQpJVylIv/hUvHlS8+jO8+W9M2z1o64OBx3szzMyLJKPaeN63Mze/sLi0XFgprq6tb2y6W9u3WqQKkwALJlQjQpowyklgqGGkIRVBScRIPepfjPz6PVGaCn5jBpK0EtTlNKYYGSu13V15BUNFuz2DlBIPMJT0rgzLsNF2S17FGwPOEj8nJZCj1na/wo7AaUK4wQxp3fQ9aVoZUoZiRobFMNVEItxHXdK0lKOE6FY2/mAID6zSgbFQtriBY/X3RIYSrQdJZDsTZHp62huJ/3nN1MSnrYxymRrC8WRRnDJoBBzFATtUEWzYwBKEFbW3QtxDCmFjQyvaEPzpl2dJcFQ5q/jXx6XqeZ5GAeyBfXAIfHACquAS1EAAMHgEz+AVvDlPzovz7nxMWuecfGYH/IHz+QMe55WT</latexit>

Bartol

0.1 GeV < E⌫µ < 10 GeV
<latexit sha1_base64="XmzzhskFsqYz/3lVxSa2TvZVmrg=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgadkVQQUPRRE9VnDbQndZsmnahibZJT9CWfoAXnwVLx5UvPoC3nwb03YPWh0ITGbmI/kmyRhV2vO+nNLC4tLySnm1sra+sblV3d5pqtRITAKcslS2E6QIo4IEmmpG2pkkiCeMtJLh5cRv3ROpaCru9CgjEUd9QXsUI22luFqDnuvDEF6TJjyHV3EeChOH3Iztzfdmhk15rjcF/Ev8gtRAgUZc/Qy7KTacCI0ZUqrje5mOciQ1xYyMK6FRJEN4iPqkY6lAnKgony4zhgdW6cJeKu0RGk7VnxM54kqNeGKTHOmBmvcm4n9ex+jeaZRTkRlNBJ491DMM6hROmoFdKgnWbGQJwpLav0I8QBJhbfur2BL8+ZX/kuDIPXP92+Na/aJoowz2wD44BD44AXVwAxogABg8gCfwAl6dR+fZeXPeZ9GSU8zsgl9wPr4BWbSXmQ==</latexit><latexit sha1_base64="XmzzhskFsqYz/3lVxSa2TvZVmrg=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgadkVQQUPRRE9VnDbQndZsmnahibZJT9CWfoAXnwVLx5UvPoC3nwb03YPWh0ITGbmI/kmyRhV2vO+nNLC4tLySnm1sra+sblV3d5pqtRITAKcslS2E6QIo4IEmmpG2pkkiCeMtJLh5cRv3ROpaCru9CgjEUd9QXsUI22luFqDnuvDEF6TJjyHV3EeChOH3Iztzfdmhk15rjcF/Ev8gtRAgUZc/Qy7KTacCI0ZUqrje5mOciQ1xYyMK6FRJEN4iPqkY6lAnKgony4zhgdW6cJeKu0RGk7VnxM54kqNeGKTHOmBmvcm4n9ex+jeaZRTkRlNBJ491DMM6hROmoFdKgnWbGQJwpLav0I8QBJhbfur2BL8+ZX/kuDIPXP92+Na/aJoowz2wD44BD44AXVwAxogABg8gCfwAl6dR+fZeXPeZ9GSU8zsgl9wPr4BWbSXmQ==</latexit><latexit sha1_base64="XmzzhskFsqYz/3lVxSa2TvZVmrg=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgadkVQQUPRRE9VnDbQndZsmnahibZJT9CWfoAXnwVLx5UvPoC3nwb03YPWh0ITGbmI/kmyRhV2vO+nNLC4tLySnm1sra+sblV3d5pqtRITAKcslS2E6QIo4IEmmpG2pkkiCeMtJLh5cRv3ROpaCru9CgjEUd9QXsUI22luFqDnuvDEF6TJjyHV3EeChOH3Iztzfdmhk15rjcF/Ev8gtRAgUZc/Qy7KTacCI0ZUqrje5mOciQ1xYyMK6FRJEN4iPqkY6lAnKgony4zhgdW6cJeKu0RGk7VnxM54kqNeGKTHOmBmvcm4n9ex+jeaZRTkRlNBJ491DMM6hROmoFdKgnWbGQJwpLav0I8QBJhbfur2BL8+ZX/kuDIPXP92+Na/aJoowz2wD44BD44AXVwAxogABg8gCfwAl6dR+fZeXPeZ9GSU8zsgl9wPr4BWbSXmQ==</latexit><latexit sha1_base64="XmzzhskFsqYz/3lVxSa2TvZVmrg=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgadkVQQUPRRE9VnDbQndZsmnahibZJT9CWfoAXnwVLx5UvPoC3nwb03YPWh0ITGbmI/kmyRhV2vO+nNLC4tLySnm1sra+sblV3d5pqtRITAKcslS2E6QIo4IEmmpG2pkkiCeMtJLh5cRv3ROpaCru9CgjEUd9QXsUI22luFqDnuvDEF6TJjyHV3EeChOH3Iztzfdmhk15rjcF/Ev8gtRAgUZc/Qy7KTacCI0ZUqrje5mOciQ1xYyMK6FRJEN4iPqkY6lAnKgony4zhgdW6cJeKu0RGk7VnxM54kqNeGKTHOmBmvcm4n9ex+jeaZRTkRlNBJ491DMM6hROmoFdKgnWbGQJwpLav0I8QBJhbfur2BL8+ZX/kuDIPXP92+Na/aJoowz2wD44BD44AXVwAxogABg8gCfwAl6dR+fZeXPeZ9GSU8zsgl9wPr4BWbSXmQ==</latexit>

A. Fedynitch et al. arXiv:1806.04140

Meson decays in νμ flux 

Pion Decay
Kaon Decay

Charm Meson
Decay

100 GeV < E⌫µ
<latexit sha1_base64="CazYFsOa9G0nLibikQr9caR890s=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEVTwUBTRYwXTFpoQNttNu3R3E3Y3Qgn14l/x4kHFqz/Dm//GbZuDtj4YeLw3w8y8KGVUacf5tkoLi0vLK+XVytr6xuaWvb3TVEkmMfFwwhLZjpAijAriaaoZaaeSIB4x0ooGV2O/9UCkoom418OUBBz1BI0pRtpIob3nOg704Q1pwgt4Hea+yEKfZyMY2lWn5kwA54lbkCoo0AjtL7+b4IwToTFDSnVcJ9VBjqSmmJFRxc8USREeoB7pGCoQJyrIJx+M4KFRujBOpCmh4UT9PZEjrtSQR6aTI91Xs95Y/M/rZDo+C3Iq0kwTgaeL4oxBncBxHLBLJcGaDQ1BWFJzK8R9JBHWJrSKCcGdfXmeeMe185p7d1KtXxZplME+OABHwAWnoA5uQQN4AINH8AxewZv1ZL1Y79bHtLVkFTO74A+szx+tX5Sy</latexit><latexit sha1_base64="CazYFsOa9G0nLibikQr9caR890s=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEVTwUBTRYwXTFpoQNttNu3R3E3Y3Qgn14l/x4kHFqz/Dm//GbZuDtj4YeLw3w8y8KGVUacf5tkoLi0vLK+XVytr6xuaWvb3TVEkmMfFwwhLZjpAijAriaaoZaaeSIB4x0ooGV2O/9UCkoom418OUBBz1BI0pRtpIob3nOg704Q1pwgt4Hea+yEKfZyMY2lWn5kwA54lbkCoo0AjtL7+b4IwToTFDSnVcJ9VBjqSmmJFRxc8USREeoB7pGCoQJyrIJx+M4KFRujBOpCmh4UT9PZEjrtSQR6aTI91Xs95Y/M/rZDo+C3Iq0kwTgaeL4oxBncBxHLBLJcGaDQ1BWFJzK8R9JBHWJrSKCcGdfXmeeMe185p7d1KtXxZplME+OABHwAWnoA5uQQN4AINH8AxewZv1ZL1Y79bHtLVkFTO74A+szx+tX5Sy</latexit><latexit sha1_base64="CazYFsOa9G0nLibikQr9caR890s=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEVTwUBTRYwXTFpoQNttNu3R3E3Y3Qgn14l/x4kHFqz/Dm//GbZuDtj4YeLw3w8y8KGVUacf5tkoLi0vLK+XVytr6xuaWvb3TVEkmMfFwwhLZjpAijAriaaoZaaeSIB4x0ooGV2O/9UCkoom418OUBBz1BI0pRtpIob3nOg704Q1pwgt4Hea+yEKfZyMY2lWn5kwA54lbkCoo0AjtL7+b4IwToTFDSnVcJ9VBjqSmmJFRxc8USREeoB7pGCoQJyrIJx+M4KFRujBOpCmh4UT9PZEjrtSQR6aTI91Xs95Y/M/rZDo+C3Iq0kwTgaeL4oxBncBxHLBLJcGaDQ1BWFJzK8R9JBHWJrSKCcGdfXmeeMe185p7d1KtXxZplME+OABHwAWnoA5uQQN4AINH8AxewZv1ZL1Y79bHtLVkFTO74A+szx+tX5Sy</latexit><latexit sha1_base64="CazYFsOa9G0nLibikQr9caR890s=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEVTwUBTRYwXTFpoQNttNu3R3E3Y3Qgn14l/x4kHFqz/Dm//GbZuDtj4YeLw3w8y8KGVUacf5tkoLi0vLK+XVytr6xuaWvb3TVEkmMfFwwhLZjpAijAriaaoZaaeSIB4x0ooGV2O/9UCkoom418OUBBz1BI0pRtpIob3nOg704Q1pwgt4Hea+yEKfZyMY2lWn5kwA54lbkCoo0AjtL7+b4IwToTFDSnVcJ9VBjqSmmJFRxc8USREeoB7pGCoQJyrIJx+M4KFRujBOpCmh4UT9PZEjrtSQR6aTI91Xs95Y/M/rZDo+C3Iq0kwTgaeL4oxBncBxHLBLJcGaDQ1BWFJzK8R9JBHWJrSKCcGdfXmeeMe185p7d1KtXxZplME+OABHwAWnoA5uQQN4AINH8AxewZv1ZL1Y79bHtLVkFTO74A+szx+tX5Sy</latexit>

https://arxiv.org/abs/1806.04140


Tuning Bartol/Honda Flux   

• 3 dimensions to describe 
hadron production kinematics:

• Feynman Scaling: 

• Hadron production weighted 
by multiplicity ratio :

9

p
<latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit>

µ+
<latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit><latexit sha1_base64="6TIUtlnXq96cKs7iuMx8ubPUsuI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEEoSQiqLeiF48VTFtoY9lsN+3a/Qi7G6GE/gcvHlS8+oO8+W/ctDlo64OBx3szzMyLEka18bxvZ2l5ZXVtvbRR3tza3tmt7O03tUwVJgGWTKp2hDRhVJDAUMNIO1EE8YiRVjS6yf3WE1GaSnFvxgkJORoIGlOMjJWaXZ4+nJZ7lapX86ZwF4lfkCoUaPQqX92+xCknwmCGtO74XmLCDClDMSOTcjfVJEF4hAakY6lAnOgwm147cY+t0ndjqWwJ407V3xMZ4lqPeWQ7OTJDPe/l4n9eJzXxZZhRkaSGCDxbFKfMNdLNX3f7VBFs2NgShBW1t7p4iBTCxgaUh+DPv7xIgrPaVc2/O6/Wr4s0SnAIR3ACPlxAHW6hAQFgeIRneIU3RzovzrvzMWtdcoqZA/gD5/MHHKCOWw==</latexit>

⌫µ
<latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit><latexit sha1_base64="bA+ThFNvqF1ak74W+yZGHFbkErE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsN+3SzSbuh1BC/4QXDype/T3e/Ddu2hy09cHA470ZZuZFGWdKu+63U1lZXVvfqG7WtrZ3dvfq+wcPKjWSUJ+kPJXdCCvKmaC+ZprTbiYpTiJOO9H4pvA7T1Qqlop7PclomOChYDEjWFupGwjTDxJT69cbbtOdAS0TryQNKNHu17+CQUpMQoUmHCvV89xMhzmWmhFOp7XAKJphMsZD2rNU4ISqMJ/dO0UnVhmgOJW2hEYz9fdEjhOlJklkOxOsR2rRK8T/vJ7R8WWYM5EZTQWZL4oNRzpFxfNowCQlmk8swUQyeysiIywx0TaiIgRv8eVl4p81r5re3XmjdV2mUYUjOIZT8OACWnALbfCBAIdneIU359F5cd6dj3lrxSlnDuEPnM8fDtOPhA==</latexit>

p
<latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit>

n
<latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit><latexit sha1_base64="N5GBF5YiG88OB1uPGI105ir/qU4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaslepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0WBjMY=</latexit>

⇡+
<latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>Primary Cosmic 

Ray

Bartol/Honda Tuning

p
<latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit><latexit sha1_base64="gdmXhnXvl1tg1UV8sLU2D9fN1hY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoS9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjPsslrFuB9RwKRT3UaDk7URzGgWSt4LxTe63nrg2IlYPOEl4L6JDJULBKFrpPqn0qzW37s5AlolXkBoUaParX91BzNKIK2SSGtPx3AR7GdUomOTTSjc1PKFsTIe8Y6miETe9bHbplJxYZUDCWNtSSGbq74mMRsZMosB2RhRHZtHLxf+8TorhZS8TKkmRKzZfFKaSYEzyt8lAaM5QTiyhTAt7K2EjqilDG04egrf48jLxz+pXde/uvNa4LtIowxEcwyl4cAENuIUm+MAghGd4hTdn7Lw4787HvLXkFDOH8AfO5w98+Izc</latexit>

⇡+
<latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit><latexit sha1_base64="60cfGjpGBI8ukEM8CXBgumrPwJE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rGFtoY9lsN+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfztLyyuraemmjvLm1vbNb2dt/MEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bDm4nffOLaiETd4yjlQUz7SkSCUbSS30nF42m3UnVr7hRkkXgFqUKBRrfy1eklLIu5QiapMW3PTTHIqUbBJB+XO5nhKWVD2udtSxWNuQny6bFjcmyVHokSbUshmaq/J3IaGzOKQ9sZUxyYeW8i/ue1M4wug1yoNEOu2GxRlEmCCZl8TnpCc4ZyZAllWthbCRtQTRnafMo2BG/+5UXin9Wuat7debV+XaRRgkM4ghPw4ALqcAsN8IGBgGd4hTdHOS/Ou/Mxa11yipkD+APn8wfZF44+</latexit>

X
<latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit><latexit sha1_base64="od3efEfProDBo/UueZvfo0/ONKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa7V6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gAkP4yw</latexit>

Pin

Incident Baryon:  Pin 
Outgoing Pion:     xF PT

Look Closer…

XF PT

W =
d2ndata(⇡+)

dxF dpT
/
d2nMC(⇡+)

dxF dpT
<latexit sha1_base64="+p0eX2Eaeq9JltxQ5QbKjB7Zv0I="></latexit><latexit sha1_base64="+p0eX2Eaeq9JltxQ5QbKjB7Zv0I="></latexit><latexit sha1_base64="+p0eX2Eaeq9JltxQ5QbKjB7Zv0I="></latexit><latexit sha1_base64="+p0eX2Eaeq9JltxQ5QbKjB7Zv0I="></latexit>

Interaction Energy Contribution νμ

Fl
ux

 C
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tr
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ut
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n

Pin

Pion Production

Kaon Production

E⌫ = 1 GeV
<latexit sha1_base64="Ax3FMN3hCm7nJ6vxQC+YpCp15Bs=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQiiJ6rGDaQhPCZjttl242YXcj1NBf4sWDilf/ijf/jds2B60+GHi8N8PMvCjlTGnH+bJKS8srq2vl9crG5tZ21d7ZbakkkxQ8mvBEdiKigDMBnmaaQyeVQOKIQzsaXU399gNIxRJxr8cpBDEZCNZnlGgjhXb1OvRFhi+wi318A63Qrjl1Zwb8l7gFqaECzdD+9HsJzWIQmnKiVNd1Uh3kRGpGOUwqfqYgJXREBtA1VJAYVJDPDp/gQ6P0cD+RpoTGM/XnRE5ipcZxZDpjoodq0ZuK/3ndTPfPgpyJNNMg6HxRP+NYJ3iaAu4xCVTzsSGESmZuxXRIJKHaZFUxIbiLL/8l3nH9vO7endQal0UaZbSPDtARctEpaqBb1EQeoihDT+gFvVqP1rP1Zr3PW0tWMbOHfsH6+AaOGJFE</latexit><latexit sha1_base64="Ax3FMN3hCm7nJ6vxQC+YpCp15Bs=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQiiJ6rGDaQhPCZjttl242YXcj1NBf4sWDilf/ijf/jds2B60+GHi8N8PMvCjlTGnH+bJKS8srq2vl9crG5tZ21d7ZbakkkxQ8mvBEdiKigDMBnmaaQyeVQOKIQzsaXU399gNIxRJxr8cpBDEZCNZnlGgjhXb1OvRFhi+wi318A63Qrjl1Zwb8l7gFqaECzdD+9HsJzWIQmnKiVNd1Uh3kRGpGOUwqfqYgJXREBtA1VJAYVJDPDp/gQ6P0cD+RpoTGM/XnRE5ipcZxZDpjoodq0ZuK/3ndTPfPgpyJNNMg6HxRP+NYJ3iaAu4xCVTzsSGESmZuxXRIJKHaZFUxIbiLL/8l3nH9vO7endQal0UaZbSPDtARctEpaqBb1EQeoihDT+gFvVqP1rP1Zr3PW0tWMbOHfsH6+AaOGJFE</latexit><latexit sha1_base64="Ax3FMN3hCm7nJ6vxQC+YpCp15Bs=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQiiJ6rGDaQhPCZjttl242YXcj1NBf4sWDilf/ijf/jds2B60+GHi8N8PMvCjlTGnH+bJKS8srq2vl9crG5tZ21d7ZbakkkxQ8mvBEdiKigDMBnmaaQyeVQOKIQzsaXU399gNIxRJxr8cpBDEZCNZnlGgjhXb1OvRFhi+wi318A63Qrjl1Zwb8l7gFqaECzdD+9HsJzWIQmnKiVNd1Uh3kRGpGOUwqfqYgJXREBtA1VJAYVJDPDp/gQ6P0cD+RpoTGM/XnRE5ipcZxZDpjoodq0ZuK/3ndTPfPgpyJNNMg6HxRP+NYJ3iaAu4xCVTzsSGESmZuxXRIJKHaZFUxIbiLL/8l3nH9vO7endQal0UaZbSPDtARctEpaqBb1EQeoihDT+gFvVqP1rP1Zr3PW0tWMbOHfsH6+AaOGJFE</latexit><latexit sha1_base64="Ax3FMN3hCm7nJ6vxQC+YpCp15Bs=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQiiJ6rGDaQhPCZjttl242YXcj1NBf4sWDilf/ijf/jds2B60+GHi8N8PMvCjlTGnH+bJKS8srq2vl9crG5tZ21d7ZbakkkxQ8mvBEdiKigDMBnmaaQyeVQOKIQzsaXU399gNIxRJxr8cpBDEZCNZnlGgjhXb1OvRFhi+wi318A63Qrjl1Zwb8l7gFqaECzdD+9HsJzWIQmnKiVNd1Uh3kRGpGOUwqfqYgJXREBtA1VJAYVJDPDp/gQ6P0cD+RpoTGM/XnRE5ipcZxZDpjoodq0ZuK/3ndTPfPgpyJNNMg6HxRP+NYJ3iaAu4xCVTzsSGESmZuxXRIJKHaZFUxIbiLL/8l3nH9vO7endQal0UaZbSPDtARctEpaqBb1EQeoihDT+gFvVqP1rP1Zr3PW0tWMbOHfsH6+AaOGJFE</latexit>

f(Pin, xF , pT ) ! f(xF , pT )
<latexit sha1_base64="pbELdxdalNsYkw6yTLRTv8Oa1po=">AAACF3icbVDNSsNAGNzUv1r/oh69LBahQqmJCOqtKIjHCo0tNCFstpt2cbMJuxu1lD6GF1/FiwcVr3rzbdy0EbR1YGGY+T6+nQkSRqWyrC+jMDe/sLhUXC6trK6tb5ibW9cyTgUmDo5ZLNoBkoRRThxFFSPtRBAUBYy0gpvzzG/dEiFpzJtqkBAvQj1OQ4qR0pJvHoSVhu9GSPVFNKR8VL33L6qJ39yHrqC9vkJCxHcwrPzIvlm2atYYcJbYOSmDHA3f/HS7MU4jwhVmSMqObSXKGyKhKGZkVHJTSRKEb1CPdDTlKCLSG46DjeCeVrowjIV+XMGx+ntjiCIpB1GgJ7MIctrLxP+8TqrCE0/nTVJFOJ4cClMGVQyzlmCXCoIVG2iCsKD6rxD3kUBY6S5LugR7OvIscQ5rpzX76qhcP8vbKIIdsAsqwAbHoA4uQQM4AIMH8ARewKvxaDwbb8b7ZLRg5Dvb4A+Mj2+aB58P</latexit><latexit sha1_base64="pbELdxdalNsYkw6yTLRTv8Oa1po=">AAACF3icbVDNSsNAGNzUv1r/oh69LBahQqmJCOqtKIjHCo0tNCFstpt2cbMJuxu1lD6GF1/FiwcVr3rzbdy0EbR1YGGY+T6+nQkSRqWyrC+jMDe/sLhUXC6trK6tb5ibW9cyTgUmDo5ZLNoBkoRRThxFFSPtRBAUBYy0gpvzzG/dEiFpzJtqkBAvQj1OQ4qR0pJvHoSVhu9GSPVFNKR8VL33L6qJ39yHrqC9vkJCxHcwrPzIvlm2atYYcJbYOSmDHA3f/HS7MU4jwhVmSMqObSXKGyKhKGZkVHJTSRKEb1CPdDTlKCLSG46DjeCeVrowjIV+XMGx+ntjiCIpB1GgJ7MIctrLxP+8TqrCE0/nTVJFOJ4cClMGVQyzlmCXCoIVG2iCsKD6rxD3kUBY6S5LugR7OvIscQ5rpzX76qhcP8vbKIIdsAsqwAbHoA4uQQM4AIMH8ARewKvxaDwbb8b7ZLRg5Dvb4A+Mj2+aB58P</latexit><latexit sha1_base64="pbELdxdalNsYkw6yTLRTv8Oa1po=">AAACF3icbVDNSsNAGNzUv1r/oh69LBahQqmJCOqtKIjHCo0tNCFstpt2cbMJuxu1lD6GF1/FiwcVr3rzbdy0EbR1YGGY+T6+nQkSRqWyrC+jMDe/sLhUXC6trK6tb5ibW9cyTgUmDo5ZLNoBkoRRThxFFSPtRBAUBYy0gpvzzG/dEiFpzJtqkBAvQj1OQ4qR0pJvHoSVhu9GSPVFNKR8VL33L6qJ39yHrqC9vkJCxHcwrPzIvlm2atYYcJbYOSmDHA3f/HS7MU4jwhVmSMqObSXKGyKhKGZkVHJTSRKEb1CPdDTlKCLSG46DjeCeVrowjIV+XMGx+ntjiCIpB1GgJ7MIctrLxP+8TqrCE0/nTVJFOJ4cClMGVQyzlmCXCoIVG2iCsKD6rxD3kUBY6S5LugR7OvIscQ5rpzX76qhcP8vbKIIdsAsqwAbHoA4uQQM4AIMH8ARewKvxaDwbb8b7ZLRg5Dvb4A+Mj2+aB58P</latexit><latexit sha1_base64="pbELdxdalNsYkw6yTLRTv8Oa1po=">AAACF3icbVDNSsNAGNzUv1r/oh69LBahQqmJCOqtKIjHCo0tNCFstpt2cbMJuxu1lD6GF1/FiwcVr3rzbdy0EbR1YGGY+T6+nQkSRqWyrC+jMDe/sLhUXC6trK6tb5ibW9cyTgUmDo5ZLNoBkoRRThxFFSPtRBAUBYy0gpvzzG/dEiFpzJtqkBAvQj1OQ4qR0pJvHoSVhu9GSPVFNKR8VL33L6qJ39yHrqC9vkJCxHcwrPzIvlm2atYYcJbYOSmDHA3f/HS7MU4jwhVmSMqObSXKGyKhKGZkVHJTSRKEb1CPdDTlKCLSG46DjeCeVrowjIV+XMGx+ntjiCIpB1GgJ7MIctrLxP+8TqrCE0/nTVJFOJ4cClMGVQyzlmCXCoIVG2iCsKD6rxD3kUBY6S5LugR7OvIscQ5rpzX76qhcP8vbKIIdsAsqwAbHoA4uQQM4AIMH8ARewKvxaDwbb8b7ZLRg5Dvb4A+Mj2+aB58P</latexit>

Does not hold well at low 
beam energies

Peak typically 10x higher 
than nu energy



Very old Hadron production measurements
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Population of hadron-
production phase-space for 
pA → πX interactions.

νμ flux (represented by boxes) 
as a function of the parent and 
daughter energies.

Red/black indicate extremes 
of magnetic latitude.

Energies around 1 GeV
representing contained events 
in a SK-sized detector.

Measurements.

1-2 pT points
3-5 pT points
>5 pT points

Small acceptance spectrometers

Red boxes show 
additional flux at high 
geomagnetic latitudes 
where low energy 
cosmic rays are more 
important.

i.e. DUNE, MINOS, 
ICECUBE
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Population of hadron-
production phase-space for 
pA → πX interactions.

νμ flux (represented by boxes) 
as a function of the parent and 
daughter energies.

Red/black indicate extremes 
of magnetic latitude.

Energies around 1 GeV
representing contained events 
in a SK-sized detector.

Measurements.

1-2 pT points
3-5 pT points
>5 pT points

HARP
HARP-CDP

NA61
SHINE NA49

Newer Hadron production measurements
Large acceptance detectors

Red boxes show 
additional flux at high 
geomagnetic latitudes 
where low energy 
cosmic rays are more 
important.

i.e. DUNE, MINOS, 
ICECUBE



Bartol Tuning Approach
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Bartol Tuning

• Group measurements at similar beam energies
• Empirical scaling to interpolate between target material
• Modified BMPT parameterisation at each region

• Same as T2K flux calculation

3 GeV < Pin < 450 GeV
<latexit sha1_base64="Qs6gKGcHSFjBSgQZ1oD1VyWi8sM=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiRaUcFF0YUuK5i20IQymU7aoTNJmJkIJfQD3PgrblyouPUH3Pk3TtsstHpg4Mw593LvPUHCmdK2/WUVFhaXlleKq6W19Y3NrfL2TlPFqSTUJTGPZTvAinIWUVczzWk7kRSLgNNWMLya+K17KhWLozs9SqgvcD9iISNYG6lbrhwjD13TJrpAja4nsB5IkbFobP61E3vmmSq7ak+B/hInJxXI0eiWP71eTFJBI004Vqrj2In2Myw1I5yOS16qaILJEPdpx9AIC6r8bHrMGB0YpYfCWJoXaTRVf3ZkWCg1EoGpnKyr5r2J+J/XSXV45pvbklTTiMwGhSlHOkaTZFCPSUo0HxmCiWRmV0QGWGKiTX4lE4Izf/Jf4h5Vz6vOba1Sv8zTKMIe7MMhOHAKdbiBBrhA4AGe4AVerUfr2Xqz3melBSvv2YVfsD6+AWhFmEA=</latexit><latexit sha1_base64="Qs6gKGcHSFjBSgQZ1oD1VyWi8sM=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiRaUcFF0YUuK5i20IQymU7aoTNJmJkIJfQD3PgrblyouPUH3Pk3TtsstHpg4Mw593LvPUHCmdK2/WUVFhaXlleKq6W19Y3NrfL2TlPFqSTUJTGPZTvAinIWUVczzWk7kRSLgNNWMLya+K17KhWLozs9SqgvcD9iISNYG6lbrhwjD13TJrpAja4nsB5IkbFobP61E3vmmSq7ak+B/hInJxXI0eiWP71eTFJBI004Vqrj2In2Myw1I5yOS16qaILJEPdpx9AIC6r8bHrMGB0YpYfCWJoXaTRVf3ZkWCg1EoGpnKyr5r2J+J/XSXV45pvbklTTiMwGhSlHOkaTZFCPSUo0HxmCiWRmV0QGWGKiTX4lE4Izf/Jf4h5Vz6vOba1Sv8zTKMIe7MMhOHAKdbiBBrhA4AGe4AVerUfr2Xqz3melBSvv2YVfsD6+AWhFmEA=</latexit><latexit sha1_base64="Qs6gKGcHSFjBSgQZ1oD1VyWi8sM=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiRaUcFF0YUuK5i20IQymU7aoTNJmJkIJfQD3PgrblyouPUH3Pk3TtsstHpg4Mw593LvPUHCmdK2/WUVFhaXlleKq6W19Y3NrfL2TlPFqSTUJTGPZTvAinIWUVczzWk7kRSLgNNWMLya+K17KhWLozs9SqgvcD9iISNYG6lbrhwjD13TJrpAja4nsB5IkbFobP61E3vmmSq7ak+B/hInJxXI0eiWP71eTFJBI004Vqrj2In2Myw1I5yOS16qaILJEPdpx9AIC6r8bHrMGB0YpYfCWJoXaTRVf3ZkWCg1EoGpnKyr5r2J+J/XSXV45pvbklTTiMwGhSlHOkaTZFCPSUo0HxmCiWRmV0QGWGKiTX4lE4Izf/Jf4h5Vz6vOba1Sv8zTKMIe7MMhOHAKdbiBBrhA4AGe4AVerUfr2Xqz3melBSvv2YVfsD6+AWhFmEA=</latexit><latexit sha1_base64="Qs6gKGcHSFjBSgQZ1oD1VyWi8sM=">AAACC3icbVDLSsNAFL2pr1pfVZduBovgqiRaUcFF0YUuK5i20IQymU7aoTNJmJkIJfQD3PgrblyouPUH3Pk3TtsstHpg4Mw593LvPUHCmdK2/WUVFhaXlleKq6W19Y3NrfL2TlPFqSTUJTGPZTvAinIWUVczzWk7kRSLgNNWMLya+K17KhWLozs9SqgvcD9iISNYG6lbrhwjD13TJrpAja4nsB5IkbFobP61E3vmmSq7ak+B/hInJxXI0eiWP71eTFJBI004Vqrj2In2Myw1I5yOS16qaILJEPdpx9AIC6r8bHrMGB0YpYfCWJoXaTRVf3ZkWCg1EoGpnKyr5r2J+J/XSXV45pvbklTTiMwGhSlHOkaTZFCPSUo0HxmCiWRmV0QGWGKiTX4lE4Izf/Jf4h5Vz6vOba1Sv8zTKMIe7MMhOHAKdbiBBrhA4AGe4AVerUfr2Xqz3melBSvv2YVfsD6+AWhFmEA=</latexit>

13 GeV < Pin < 158 GeV
<latexit sha1_base64="ydB5qktKBEaogsObtONOqmVRj8c=">AAACDHicbVC7TsMwFHXKq5RXgJHFoiAxVQkPUSSGCgYYi0TaSk0UOa7TWrWTyHaQqqg/wMKvsDAAYuUD2PgbnDYDtBzJ0vE59+ree4KEUaks69soLSwuLa+UVytr6xubW+b2TkvGqcDEwTGLRSdAkjAaEUdRxUgnEQTxgJF2MLzO/fYDEZLG0b0aJcTjqB/RkGKktOSbB/YJdOENacFL2PRdjtRA8IxGY/23z+pTzzerVs2aAM4TuyBVUKDpm19uL8YpJ5HCDEnZta1EeRkSimJGxhU3lSRBeIj6pKtphDiRXja5ZgwPtdKDYSz0ixScqL87MsSlHPFAV+brylkvF//zuqkK656+LUkVifB0UJgyqGKYRwN7VBCs2EgThAXVu0I8QAJhpQOs6BDs2ZPniXNcu6jZd6fVxlWRRhnsgX1wBGxwDhrgFjSBAzB4BM/gFbwZT8aL8W58TEtLRtGzC/7A+PwB5fiYgA==</latexit><latexit sha1_base64="ydB5qktKBEaogsObtONOqmVRj8c=">AAACDHicbVC7TsMwFHXKq5RXgJHFoiAxVQkPUSSGCgYYi0TaSk0UOa7TWrWTyHaQqqg/wMKvsDAAYuUD2PgbnDYDtBzJ0vE59+ree4KEUaks69soLSwuLa+UVytr6xubW+b2TkvGqcDEwTGLRSdAkjAaEUdRxUgnEQTxgJF2MLzO/fYDEZLG0b0aJcTjqB/RkGKktOSbB/YJdOENacFL2PRdjtRA8IxGY/23z+pTzzerVs2aAM4TuyBVUKDpm19uL8YpJ5HCDEnZta1EeRkSimJGxhU3lSRBeIj6pKtphDiRXja5ZgwPtdKDYSz0ixScqL87MsSlHPFAV+brylkvF//zuqkK656+LUkVifB0UJgyqGKYRwN7VBCs2EgThAXVu0I8QAJhpQOs6BDs2ZPniXNcu6jZd6fVxlWRRhnsgX1wBGxwDhrgFjSBAzB4BM/gFbwZT8aL8W58TEtLRtGzC/7A+PwB5fiYgA==</latexit><latexit sha1_base64="ydB5qktKBEaogsObtONOqmVRj8c=">AAACDHicbVC7TsMwFHXKq5RXgJHFoiAxVQkPUSSGCgYYi0TaSk0UOa7TWrWTyHaQqqg/wMKvsDAAYuUD2PgbnDYDtBzJ0vE59+ree4KEUaks69soLSwuLa+UVytr6xubW+b2TkvGqcDEwTGLRSdAkjAaEUdRxUgnEQTxgJF2MLzO/fYDEZLG0b0aJcTjqB/RkGKktOSbB/YJdOENacFL2PRdjtRA8IxGY/23z+pTzzerVs2aAM4TuyBVUKDpm19uL8YpJ5HCDEnZta1EeRkSimJGxhU3lSRBeIj6pKtphDiRXja5ZgwPtdKDYSz0ixScqL87MsSlHPFAV+brylkvF//zuqkK656+LUkVifB0UJgyqGKYRwN7VBCs2EgThAXVu0I8QAJhpQOs6BDs2ZPniXNcu6jZd6fVxlWRRhnsgX1wBGxwDhrgFjSBAzB4BM/gFbwZT8aL8W58TEtLRtGzC/7A+PwB5fiYgA==</latexit><latexit sha1_base64="ydB5qktKBEaogsObtONOqmVRj8c=">AAACDHicbVC7TsMwFHXKq5RXgJHFoiAxVQkPUSSGCgYYi0TaSk0UOa7TWrWTyHaQqqg/wMKvsDAAYuUD2PgbnDYDtBzJ0vE59+ree4KEUaks69soLSwuLa+UVytr6xubW+b2TkvGqcDEwTGLRSdAkjAaEUdRxUgnEQTxgJF2MLzO/fYDEZLG0b0aJcTjqB/RkGKktOSbB/YJdOENacFL2PRdjtRA8IxGY/23z+pTzzerVs2aAM4TuyBVUKDpm19uL8YpJ5HCDEnZta1EeRkSimJGxhU3lSRBeIj6pKtphDiRXja5ZgwPtdKDYSz0ixScqL87MsSlHPFAV+brylkvF//zuqkK656+LUkVifB0UJgyqGKYRwN7VBCs2EgThAXVu0I8QAJhpQOs6BDs2ZPniXNcu6jZd6fVxlWRRhnsgX1wBGxwDhrgFjSBAzB4BM/gFbwZT8aL8W58TEtLRtGzC/7A+PwB5fiYgA==</latexit>

3 GeV HARP
3 GeV HARP high angle
5 GeV HARP
6.4 GeV E910
5 GeV HARP high angle

8 GeV HARP
8 GeV HARP high angle

12 GeV HARP
12.3 GeV E910
14.6 GeV E802
12 GeV HARP high angle

17.5 GeV E910
19.2 GeV Allaby et al.
24 GeV Eichten et al.

31 GeV NA61/SHINE

158 GeV NA49

1)

2)

3)

4)

5)

6)

7)

3 GeV

~6 GeV

8 GeV

~13 GeV

~20 GeV

31 GeV

158 GeV

• Linear interpolation 
between Energy Regions:
• Additional interpolation 

uncertainties included
• Feynman scaling between 

158 – 450 GeV

• Tune pion production:

• Tune kaon production:

Pin

< 3 GeV

> 450 GeV

450 GeV NA56

Pion production energy region 
fractional contribution to νμ flux

1
2 3

4
5

6
7

-450 GeV



data fit
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θout [mrad] = 5 
15
30
50
80

120
160
210
270
330
390

• data (NA61) 
− fit

Pt [GeV] = 5 
15
30
50
80

120
160
210
270
330
390

• data (NA49) 
− fit

HARP E910 NA61 NA49 NA20
NA56

① ②③ ④ ⑤

result of simultaneous fit for π+ data in group ⑤ (NA61, NA49, NA56) 
χ2 /NDF = 1227 / 692 

Interpolation between discrete beam E 
is a challenge. 
• Feynman scaling is not applicable.
→ grouped  beam data into small sections

beam E dependence

→ reduced χ2< ~2 in all energy range

Honda Tuning by Nagoya Group
Thank you to 
K. Sato for the 
slides

based on 
measurements

used in MC

weight for tuning:
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Bartol Tuning

• Smaller phase space coverage of 
the relevant interactions

• Disagreements between dataset 
multiplicity measurements
• Differing analyses of HARP high angle 

data

• Scaling of errors a la PDG

Interaction Energy ~ 13 GeV
E⌫µ = 1 GeV

<latexit sha1_base64="Q1B5MtnsPVHgaCHfX+EPstaUIPI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHUhFEV0WcG0hSaEyXTSDp2ZhJmJUEI2/oobFypu/Q13/o3TNgttPXAvh3PuZeaeKGVUacf5thYWl5ZXVitr1fWNza1te2e3pZJMYuLhhCWyEyFFGBXE01Qz0kklQTxipB0Nr8d++5FIRRPxoEcpCTjqCxpTjLSRQnv/Jsx9kZnGs6KAl9CFPrwlrdCuOXVnAjhP3JLUQIlmaH/5vQRnnAiNGVKq6zqpDnIkNcWMFFU/UyRFeIj6pGuoQJyoIJ8cUMAjo/RgnEhTQsOJ+nsjR1ypEY/MJEd6oGa9sfif1810fB7kVKSZJgJPH4ozBnUCx2nAHpUEazYyBGFJzV8hHiCJsDaZVU0I7uzJ88Q7qV/U3fvTWuOqTKMCDsAhOAYuOAMNcAeawAMYFOAZvII368l6sd6tj+noglXu7IE/sD5/AFS4lSE=</latexit><latexit sha1_base64="Q1B5MtnsPVHgaCHfX+EPstaUIPI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHUhFEV0WcG0hSaEyXTSDp2ZhJmJUEI2/oobFypu/Q13/o3TNgttPXAvh3PuZeaeKGVUacf5thYWl5ZXVitr1fWNza1te2e3pZJMYuLhhCWyEyFFGBXE01Qz0kklQTxipB0Nr8d++5FIRRPxoEcpCTjqCxpTjLSRQnv/Jsx9kZnGs6KAl9CFPrwlrdCuOXVnAjhP3JLUQIlmaH/5vQRnnAiNGVKq6zqpDnIkNcWMFFU/UyRFeIj6pGuoQJyoIJ8cUMAjo/RgnEhTQsOJ+nsjR1ypEY/MJEd6oGa9sfif1810fB7kVKSZJgJPH4ozBnUCx2nAHpUEazYyBGFJzV8hHiCJsDaZVU0I7uzJ88Q7qV/U3fvTWuOqTKMCDsAhOAYuOAMNcAeawAMYFOAZvII368l6sd6tj+noglXu7IE/sD5/AFS4lSE=</latexit><latexit sha1_base64="Q1B5MtnsPVHgaCHfX+EPstaUIPI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHUhFEV0WcG0hSaEyXTSDp2ZhJmJUEI2/oobFypu/Q13/o3TNgttPXAvh3PuZeaeKGVUacf5thYWl5ZXVitr1fWNza1te2e3pZJMYuLhhCWyEyFFGBXE01Qz0kklQTxipB0Nr8d++5FIRRPxoEcpCTjqCxpTjLSRQnv/Jsx9kZnGs6KAl9CFPrwlrdCuOXVnAjhP3JLUQIlmaH/5vQRnnAiNGVKq6zqpDnIkNcWMFFU/UyRFeIj6pGuoQJyoIJ8cUMAjo/RgnEhTQsOJ+nsjR1ypEY/MJEd6oGa9sfif1810fB7kVKSZJgJPH4ozBnUCx2nAHpUEazYyBGFJzV8hHiCJsDaZVU0I7uzJ88Q7qV/U3fvTWuOqTKMCDsAhOAYuOAMNcAeawAMYFOAZvII368l6sd6tj+noglXu7IE/sD5/AFS4lSE=</latexit><latexit sha1_base64="Q1B5MtnsPVHgaCHfX+EPstaUIPI=">AAAB/3icbVDLSsNAFJ34rPUVdeHCzWARXJVEBHUhFEV0WcG0hSaEyXTSDp2ZhJmJUEI2/oobFypu/Q13/o3TNgttPXAvh3PuZeaeKGVUacf5thYWl5ZXVitr1fWNza1te2e3pZJMYuLhhCWyEyFFGBXE01Qz0kklQTxipB0Nr8d++5FIRRPxoEcpCTjqCxpTjLSRQnv/Jsx9kZnGs6KAl9CFPrwlrdCuOXVnAjhP3JLUQIlmaH/5vQRnnAiNGVKq6zqpDnIkNcWMFFU/UyRFeIj6pGuoQJyoIJ8cUMAjo/RgnEhTQsOJ+nsjR1ypEY/MJEd6oGa9sfif1810fB7kVKSZJgJPH4ozBnUCx2nAHpUEazYyBGFJzV8hHiCJsDaZVU0I7uzJ88Q7qV/U3fvTWuOqTKMCDsAhOAYuOAMNcAeawAMYFOAZvII368l6sd6tj+noglXu7IE/sD5/AFS4lSE=</latexit>

pion production phase space

Discrepancies between lower energy datasets 
12 GeV Harp to 12.3 GeV E910 π+  Fit Ratio @ ~ 19 GeV 
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Interaction Energy ~ 30 GeV

Challenges at Lower Energies

• These effects increase the 
systematic uncertainties on 
neutrino flux

• New low energy measurements 
will lower this uncertainty in the 
future

Pπ / GeV



phase space coverage
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ex) phase space of π+ production for 0.3 GeV νμ

covered by NA61

covered 
by HARP

← hadron production 
phase space (PS) 

as a function of
pin, pout, θout

• good (~80%) PS coverage for ~10 GeV ν
• due to wide PS of NA61 & NA49

• lower coverage in Eν < 1 GeV
• due to lack of Ebeam < 3GeV beam data

→ shortage of phase space is considered as 
systematic uncertainty of ν flux.  
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phase space coverage 
for νμ

neutrino momentum

Honda Tuning by Nagoya Group
Slides by K. Sato

Tuning of: 
p NAir ! ⇡Kp+X
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Interactions



Tuning Flux Results
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Bartol Tuning

• Tuning both hadronic interactions and cosmic ray fluxes
• Within the original 15% uncertainty   

Ratio to Bartol with TARGET2.4 before Tuning 



Neutrino Flux Uncertainty
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Bartol Tuning

Uncertainty on νμ Flux 
• Reduction in uncertainty from 15% 

previous estimate
• Total uncertainty is quadrature sum 

of individual uncertainties
• < 2GeV  uncertainty

• Higher dataset uncertainty
• Lower coverage of datasets

• > 2GeV uncertainty 
• Reduced uncertainty in region 

covered by NA61 and NA49

• Additional uncertainties due to:
• baryon to baryon interactions 
• pion reinteractions



Uncertainty on Flavour Ratios
• Reduction in uncertainties when considering flavour ratios
• Correlation between production of different neutrino flavours

• Cancellation of common systematic errors
• Flavour ratios sensitive to oscillation  effects

18

Pion dataset uncertainty

uncertainty⌫e/⌫̄e
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uncertainty

dataset uncertainty

Bartol Tuned Flux Honda Tuned Flux

total hadron interaction uncertainty

total uncertainty

⇡+ ! µ+ + ⌫µ
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Comparison of original and new uncertainty 
estimates Uncertainties from <30 GeV Interactions only 



Conclusions

• Atmospheric neutrinos produced very exciting physics in the past, and 
the future is bright for sub-dominant oscillation studies.
• Hadron production data is crucial in this precision era of atmospheric 

neutrino studies.
• At low energies (< 20GeV protons), there is data, some of it is good, but 

it is a struggle to make a consistent overall picture and there are large 
gaps in the phase space.
• Detailed Bartol and Honda flux model comparisons to take place shortly
• Further reduction in hadron production systematics:

• 120 GeV NA61/SHINE data – reduce interpolation uncertainty between 31 and 158 
GeV

• Potential for new low energy measurements reduce uncertainty where hadron 
production is uncertain 

20



Backup
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Improvements with new low energy data

3 GeV Interaction Energy

5 GeV Interaction Energy 8 GeV Interaction Energy 12 GeV Interaction Energy

20 GeV Interaction Energy 31 GeV Interaction Energy 158 GeV Interaction Energy

• Plots for different primary energies. xf vs pT.
• Colours show the importance to atmospheric 

neutrinos
• Wide range of low energy datasets with 

significantly poorer coverage than 
NA61/NA49 region.

• Low energy data sets have significantly
worse errors and disagreements.

• Not all measurements use carbon, need to 
use A scaling model.

• Resonances mean scaling parameterizations 
are not effective at low energy

• Transition from low-angle to high-angle data 
difficult at low energies.



0.3 GeV Neutrino phase space coverage
With new NA61 Low Energy Bins

5 GeV Interaction Energy 8 GeV Interaction Energy 12 GeV Interaction Energy

20 GeV Interaction Energy 31 GeV Interaction Energy 158 GeV Interaction Energy

3 GeV Interaction Energy • Regions changed to include the increased 
NA61++ phase space coverage

• Older measurements removed where
covered by NA61++


