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• DM coming from the universe has energy > Eth in 𝜈-experiments 

• Model building: right relic abundance of DM, mechanism boosting DM

Agashe, Cui, Necib, Thaler, 1405.7370

• Multi-component model 
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D’Eramo, Thaler, 1003.5912 
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Agashe, Cui, Necib, Thaler, 1405.7370

• Multi-component model 

• Semi-annihilation model

Belanger, Park, 1112.4491

D’Eramo, Thaler, 1003.5912 

What if DM has a relativistic velocity?

• Decaying multi-component DM 

• High velocity (semi-relativistic) DM

Kopp, Liu, Wang, 1503.02669
Bhattacharya et al., 1407.3280 

Anti-DM from DM-induced nucleon decay in the Sun
Huang, Zhao, 1312.0011

Energetic cosmic-ray induced DM Yin, 1809.08610
Bringmann, Pospelov, 1810.10543 Ema, Sala, Sato, 1811.00520

Same 
phenomenology

Josh’s talk
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Belanger, Park, 1112.4491

Assisted freeze-out mechanism

Freeze out later

Y1

non-relativistic relic 𝜒1 (negligible) 
Y0 � Y1

Multi-component BDM

U(1)’/Z’2
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• 𝜒0𝜒0 → 𝜒1 𝜒1 (current universe) relativistic

※ relic 𝜒1 is non-relativistic
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Assume: NFW

Fixed ~ 1 if s-channel annihilation dominates

10,000 times smaller than the flux of atmospheric neutrino 



Huge detector if m𝜒0 ≳ O(10 GeV)

Large volume neutrino experiments

�1 �1



Huge detector if m𝜒0 ≳ O(10 GeV)

Large volume neutrino experiments

�1 �1

Subtraction of  
major background (𝜈) 

• Directionality information:             
       e.g., GC,   Sun,   dSphs 

• Signal with unique feature

1405.7370 1610.03486
1411.6632
1410.2246

1611.09866
True for any BDM models

Open up novel possibilities of BDM search in many experiments

1804.07302



Inelastic BDM (iBDM)

heavier dark 
sector state

secondary 
signature

Giudice, Kim, Park, SS, 1712.07126

Kim, Park, SS, 1612.06867



Signals at DUNE far detector

p

�1
<latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit>

�2
<latexit sha1_base64="gsiNCd9UXfBvoOwuvCCtuxgkAJ8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mK+HErePFYwbSFNpTNdtOu3eyG3Y1QQv+DFw8qXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsrtftkzAaNQbXm1t0caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGFlGOF0VumnmiaYTPCI9iwVOKY6yPJrZ+jMKkMUSWVLGJSrvycyHGs9jUPbGWMz1sveXPzP66Umug4yJpLUUEEWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/abu3V/UmpdFGmU4gVM4Bw+uoAl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AZHvjp8=</latexit><latexit sha1_base64="gsiNCd9UXfBvoOwuvCCtuxgkAJ8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mK+HErePFYwbSFNpTNdtOu3eyG3Y1QQv+DFw8qXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsrtftkzAaNQbXm1t0caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGFlGOF0VumnmiaYTPCI9iwVOKY6yPJrZ+jMKkMUSWVLGJSrvycyHGs9jUPbGWMz1sveXPzP66Umug4yJpLUUEEWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/abu3V/UmpdFGmU4gVM4Bw+uoAl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AZHvjp8=</latexit><latexit sha1_base64="gsiNCd9UXfBvoOwuvCCtuxgkAJ8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mK+HErePFYwbSFNpTNdtOu3eyG3Y1QQv+DFw8qXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsrtftkzAaNQbXm1t0caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGFlGOF0VumnmiaYTPCI9iwVOKY6yPJrZ+jMKkMUSWVLGJSrvycyHGs9jUPbGWMz1sveXPzP66Umug4yJpLUUEEWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/abu3V/UmpdFGmU4gVM4Bw+uoAl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AZHvjp8=</latexit><latexit sha1_base64="gsiNCd9UXfBvoOwuvCCtuxgkAJ8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mK+HErePFYwbSFNpTNdtOu3eyG3Y1QQv+DFw8qXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsrtftkzAaNQbXm1t0caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGFlGOF0VumnmiaYTPCI9iwVOKY6yPJrZ+jMKkMUSWVLGJSrvycyHGs9jUPbGWMz1sveXPzP66Umug4yJpLUUEEWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/abu3V/UmpdFGmU4gVM4Bw+uoAl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AZHvjp8=</latexit>

• DIS

• (quasi-elastic)  
p-scattering

�1
<latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit><latexit sha1_base64="bXPwYkB7wo47y/2Bwgm53pc85cE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLGF2MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7xoZyJmlomeW0nWqKRcxpKx7dTv3WE9WGKflgxymNBB5IljCCrZOaXTJkvaBXqfo1fwa0TIKCVKFAo1f56vYVyQSVlnBsTCfwUxvlWFtGOJ2Uu5mhKSYjPKAdRyUW1ET57NoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xOZpPrKGcyzSyVZL4oyTiyCk1fR32mKbF87AgmmrlbERlijYl1AZVdCMHiy8skPK/d1IL7i2r9skijBMdwAmcQwBXU4Q4aEAKBR3iGV3jzlPfivXsf89YVr5g5gj/wPn8AkGyOng==</latexit>

Secondary 
signature

e

e-

e+

• (quasi-elastic) 
e-scattering

Primary 
signature

µ�
<latexit sha1_base64="RimQzXSlDA6zkj6oFTVfC33olXY=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZFsN4KXjxWcG2hXUs2zbahSXZJskJZ+hu8eFDx6h/y5r8xbfegrQ8GHu/NMDMvSgU31vO+0crq2vrGZmmrvL2zu7dfOTh8MEmmKQtoIhLdjohhgisWWG4Fa6eaERkJ1opGN1O/9cS04Ym6t+OUhZIMFI85JdZJQVdmj+e9StWreTPgZeIXpAoFmr3KV7ef0EwyZakgxnR8L7VhTrTlVLBJuZsZlhI6IgPWcVQRyUyYz46d4FOn9HGcaFfK4pn6eyIn0pixjFynJHZoFr2p+J/XyWxcD3Ou0swyReeL4kxgm+Dp57jPNaNWjB0hVHN3K6ZDogm1Lp+yC8FffHmZBBe165p/d1lt1Is0SnAMJ3AGPlxBA26hCQFQ4PAMr/CGFHpB7+hj3rqCipkj+AP0+QPmxY4/</latexit><latexit sha1_base64="RimQzXSlDA6zkj6oFTVfC33olXY=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZFsN4KXjxWcG2hXUs2zbahSXZJskJZ+hu8eFDx6h/y5r8xbfegrQ8GHu/NMDMvSgU31vO+0crq2vrGZmmrvL2zu7dfOTh8MEmmKQtoIhLdjohhgisWWG4Fa6eaERkJ1opGN1O/9cS04Ym6t+OUhZIMFI85JdZJQVdmj+e9StWreTPgZeIXpAoFmr3KV7ef0EwyZakgxnR8L7VhTrTlVLBJuZsZlhI6IgPWcVQRyUyYz46d4FOn9HGcaFfK4pn6eyIn0pixjFynJHZoFr2p+J/XyWxcD3Ou0swyReeL4kxgm+Dp57jPNaNWjB0hVHN3K6ZDogm1Lp+yC8FffHmZBBe165p/d1lt1Is0SnAMJ3AGPlxBA26hCQFQ4PAMr/CGFHpB7+hj3rqCipkj+AP0+QPmxY4/</latexit><latexit sha1_base64="RimQzXSlDA6zkj6oFTVfC33olXY=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZFsN4KXjxWcG2hXUs2zbahSXZJskJZ+hu8eFDx6h/y5r8xbfegrQ8GHu/NMDMvSgU31vO+0crq2vrGZmmrvL2zu7dfOTh8MEmmKQtoIhLdjohhgisWWG4Fa6eaERkJ1opGN1O/9cS04Ym6t+OUhZIMFI85JdZJQVdmj+e9StWreTPgZeIXpAoFmr3KV7ef0EwyZakgxnR8L7VhTrTlVLBJuZsZlhI6IgPWcVQRyUyYz46d4FOn9HGcaFfK4pn6eyIn0pixjFynJHZoFr2p+J/XyWxcD3Ou0swyReeL4kxgm+Dp57jPNaNWjB0hVHN3K6ZDogm1Lp+yC8FffHmZBBe165p/d1lt1Is0SnAMJ3AGPlxBA26hCQFQ4PAMr/CGFHpB7+hj3rqCipkj+AP0+QPmxY4/</latexit><latexit sha1_base64="RimQzXSlDA6zkj6oFTVfC33olXY=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZFsN4KXjxWcG2hXUs2zbahSXZJskJZ+hu8eFDx6h/y5r8xbfegrQ8GHu/NMDMvSgU31vO+0crq2vrGZmmrvL2zu7dfOTh8MEmmKQtoIhLdjohhgisWWG4Fa6eaERkJ1opGN1O/9cS04Ym6t+OUhZIMFI85JdZJQVdmj+e9StWreTPgZeIXpAoFmr3KV7ef0EwyZakgxnR8L7VhTrTlVLBJuZsZlhI6IgPWcVQRyUyYz46d4FOn9HGcaFfK4pn6eyIn0pixjFynJHZoFr2p+J/XyWxcD3Ou0swyReeL4kxgm+Dp57jPNaNWjB0hVHN3K6ZDogm1Lp+yC8FffHmZBBe165p/d1lt1Is0SnAMJ3AGPlxBA26hCQFQ4PAMr/CGFHpB7+hj3rqCipkj+AP0+QPmxY4/</latexit>

µ+
<latexit sha1_base64="qHQAkm1DbP2D+WTWgGNW7rbyv9g=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyKYL0VvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o5XVtfWNzdJWeXtnd2+/cnD4YJJMUxbQRCS6HRHDBFcssNwK1k41IzISrBWNbqZ+64lpwxN1b8cpCyUZKB5zSqyTgq7MHs97lapX82bAy8QvSBUKNHuVr24/oZlkylJBjOn4XmrDnGjLqWCTcjczLCV0RAas46gikpkwnx07wadO6eM40a6UxTP190ROpDFjGblOSezQLHpT8T+vk9m4HuZcpZllis4XxZnANsHTz3Gfa0atGDtCqObuVkyHRBNqXT5lF4K/+PIyCS5q1zX/7rLaqBdplOAYTuAMfLiCBtxCEwKgwOEZXuENKfSC3tHHvHUFFTNH8Afo8wfjv449</latexit><latexit sha1_base64="qHQAkm1DbP2D+WTWgGNW7rbyv9g=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyKYL0VvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o5XVtfWNzdJWeXtnd2+/cnD4YJJMUxbQRCS6HRHDBFcssNwK1k41IzISrBWNbqZ+64lpwxN1b8cpCyUZKB5zSqyTgq7MHs97lapX82bAy8QvSBUKNHuVr24/oZlkylJBjOn4XmrDnGjLqWCTcjczLCV0RAas46gikpkwnx07wadO6eM40a6UxTP190ROpDFjGblOSezQLHpT8T+vk9m4HuZcpZllis4XxZnANsHTz3Gfa0atGDtCqObuVkyHRBNqXT5lF4K/+PIyCS5q1zX/7rLaqBdplOAYTuAMfLiCBtxCEwKgwOEZXuENKfSC3tHHvHUFFTNH8Afo8wfjv449</latexit><latexit sha1_base64="qHQAkm1DbP2D+WTWgGNW7rbyv9g=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyKYL0VvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o5XVtfWNzdJWeXtnd2+/cnD4YJJMUxbQRCS6HRHDBFcssNwK1k41IzISrBWNbqZ+64lpwxN1b8cpCyUZKB5zSqyTgq7MHs97lapX82bAy8QvSBUKNHuVr24/oZlkylJBjOn4XmrDnGjLqWCTcjczLCV0RAas46gikpkwnx07wadO6eM40a6UxTP190ROpDFjGblOSezQLHpT8T+vk9m4HuZcpZllis4XxZnANsHTz3Gfa0atGDtCqObuVkyHRBNqXT5lF4K/+PIyCS5q1zX/7rLaqBdplOAYTuAMfLiCBtxCEwKgwOEZXuENKfSC3tHHvHUFFTNH8Afo8wfjv449</latexit><latexit sha1_base64="qHQAkm1DbP2D+WTWgGNW7rbyv9g=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyKYL0VvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o5XVtfWNzdJWeXtnd2+/cnD4YJJMUxbQRCS6HRHDBFcssNwK1k41IzISrBWNbqZ+64lpwxN1b8cpCyUZKB5zSqyTgq7MHs97lapX82bAy8QvSBUKNHuVr24/oZlkylJBjOn4XmrDnGjLqWCTcjczLCV0RAas46gikpkwnx07wadO6eM40a6UxTP190ROpDFjGblOSezQLHpT8T+vk9m4HuZcpZllis4XxZnANsHTz3Gfa0atGDtCqObuVkyHRBNqXT5lF4K/+PIyCS5q1zX/7rLaqBdplOAYTuAMfLiCBtxCEwKgwOEZXuENKfSC3tHHvHUFFTNH8Afo8wfjv449</latexit>

⇡, · · ·
<latexit sha1_base64="+fL+3fZ5EcKg3dQmFuS0aWB4HcQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBg5REBOut4MVjBWMLSSibzaZdutkNuxOhlP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi3PBDbjut1NZW9/Y3Kpu13Z29/YP6odHj0YVmjKfKqF0LyaGCS6ZDxwE6+WakSwWrBuPbmd+94lpw5V8gHHOoowMJE85JWClIMz5BQ5posD06w236c6BV4lXkgYq0enXv8JE0SJjEqggxgSem0M0IRo4FWxaCwvDckJHZMACSyXJmIkm85On+MwqCU6VtiUBz9XfExOSGTPOYtuZERiaZW8m/ucFBaStaMJlXgCTdLEoLQQGhWf/44RrRkGMLSFUc3srpkOiCQWbUs2G4C2/vEr8y+ZN07u/arRbZRpVdIJO0Tny0DVqozvUQT6iSKFn9IreHHBenHfnY9FaccqZY/QHzucPI16QrA==</latexit><latexit sha1_base64="+fL+3fZ5EcKg3dQmFuS0aWB4HcQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBg5REBOut4MVjBWMLSSibzaZdutkNuxOhlP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi3PBDbjut1NZW9/Y3Kpu13Z29/YP6odHj0YVmjKfKqF0LyaGCS6ZDxwE6+WakSwWrBuPbmd+94lpw5V8gHHOoowMJE85JWClIMz5BQ5posD06w236c6BV4lXkgYq0enXv8JE0SJjEqggxgSem0M0IRo4FWxaCwvDckJHZMACSyXJmIkm85On+MwqCU6VtiUBz9XfExOSGTPOYtuZERiaZW8m/ucFBaStaMJlXgCTdLEoLQQGhWf/44RrRkGMLSFUc3srpkOiCQWbUs2G4C2/vEr8y+ZN07u/arRbZRpVdIJO0Tny0DVqozvUQT6iSKFn9IreHHBenHfnY9FaccqZY/QHzucPI16QrA==</latexit><latexit sha1_base64="+fL+3fZ5EcKg3dQmFuS0aWB4HcQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBg5REBOut4MVjBWMLSSibzaZdutkNuxOhlP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi3PBDbjut1NZW9/Y3Kpu13Z29/YP6odHj0YVmjKfKqF0LyaGCS6ZDxwE6+WakSwWrBuPbmd+94lpw5V8gHHOoowMJE85JWClIMz5BQ5posD06w236c6BV4lXkgYq0enXv8JE0SJjEqggxgSem0M0IRo4FWxaCwvDckJHZMACSyXJmIkm85On+MwqCU6VtiUBz9XfExOSGTPOYtuZERiaZW8m/ucFBaStaMJlXgCTdLEoLQQGhWf/44RrRkGMLSFUc3srpkOiCQWbUs2G4C2/vEr8y+ZN07u/arRbZRpVdIJO0Tny0DVqozvUQT6iSKFn9IreHHBenHfnY9FaccqZY/QHzucPI16QrA==</latexit><latexit sha1_base64="+fL+3fZ5EcKg3dQmFuS0aWB4HcQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBg5REBOut4MVjBWMLSSibzaZdutkNuxOhlP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi3PBDbjut1NZW9/Y3Kpu13Z29/YP6odHj0YVmjKfKqF0LyaGCS6ZDxwE6+WakSwWrBuPbmd+94lpw5V8gHHOoowMJE85JWClIMz5BQ5posD06w236c6BV4lXkgYq0enXv8JE0SJjEqggxgSem0M0IRo4FWxaCwvDckJHZMACSyXJmIkm85On+MwqCU6VtiUBz9XfExOSGTPOYtuZERiaZW8m/ucFBaStaMJlXgCTdLEoLQQGhWf/44RrRkGMLSFUc3srpkOiCQWbUs2G4C2/vEr8y+ZN07u/arRbZRpVdIJO0Tny0DVqozvUQT6iSKFn9IreHHBenHfnY9FaccqZY/QHzucPI16QrA==</latexit>

Fiducial volume

• Tracks pop-up inside 
fiducial volume 

(depending on  
parameter choice)

prompt or 
displaced

• Track observation 
& time correlation  
can reject bkg.

GC

• eBDM: elastic
or loose 2nd 

signature

�
<latexit sha1_base64="v+T8G/IdomkJLsAj+/wfqGFvIEo=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLKF3MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7BkM5kzS0zHLaTjUFEXPaike3U7/1RLVhSj7YcUojAQPJEkbAOqnZHYAQ0KtU/Zo/A14mQUGqqECjV/nq9hXJBJWWcDCmE/ipjXLQlhFOJ+VuZmgKZAQD2nFUgqAmymfXTvCpU/o4UdqVtHim/p7IQRgzFrHrFGCHZtGbiv95ncwm11HOZJpZKsl8UZJxbBWevo77TFNi+dgRIJq5WzEZggZiXUBlF0Kw+PIyCc9rN7Xg/qJavyzSKKFjdILOUICuUB3doQYKEUGP6Bm9ojdPeS/eu/cxb13xipkj9Afe5w/vuo7d</latexit><latexit sha1_base64="v+T8G/IdomkJLsAj+/wfqGFvIEo=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLKF3MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7BkM5kzS0zHLaTjUFEXPaike3U7/1RLVhSj7YcUojAQPJEkbAOqnZHYAQ0KtU/Zo/A14mQUGqqECjV/nq9hXJBJWWcDCmE/ipjXLQlhFOJ+VuZmgKZAQD2nFUgqAmymfXTvCpU/o4UdqVtHim/p7IQRgzFrHrFGCHZtGbiv95ncwm11HOZJpZKsl8UZJxbBWevo77TFNi+dgRIJq5WzEZggZiXUBlF0Kw+PIyCc9rN7Xg/qJavyzSKKFjdILOUICuUB3doQYKEUGP6Bm9ojdPeS/eu/cxb13xipkj9Afe5w/vuo7d</latexit><latexit sha1_base64="v+T8G/IdomkJLsAj+/wfqGFvIEo=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLKF3MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7BkM5kzS0zHLaTjUFEXPaike3U7/1RLVhSj7YcUojAQPJEkbAOqnZHYAQ0KtU/Zo/A14mQUGqqECjV/nq9hXJBJWWcDCmE/ipjXLQlhFOJ+VuZmgKZAQD2nFUgqAmymfXTvCpU/o4UdqVtHim/p7IQRgzFrHrFGCHZtGbiv95ncwm11HOZJpZKsl8UZJxbBWevo77TFNi+dgRIJq5WzEZggZiXUBlF0Kw+PIyCc9rN7Xg/qJavyzSKKFjdILOUICuUB3doQYKEUGP6Bm9ojdPeS/eu/cxb13xipkj9Afe5w/vuo7d</latexit><latexit sha1_base64="v+T8G/IdomkJLsAj+/wfqGFvIEo=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0RH7eAF48R3CSQLKF3MpuMmccyMyuEJf/gxYOKVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWa0JAornQ7BkM5kzS0zHLaTjUFEXPaike3U7/1RLVhSj7YcUojAQPJEkbAOqnZHYAQ0KtU/Zo/A14mQUGqqECjV/nq9hXJBJWWcDCmE/ipjXLQlhFOJ+VuZmgKZAQD2nFUgqAmymfXTvCpU/o4UdqVtHim/p7IQRgzFrHrFGCHZtGbiv95ncwm11HOZJpZKsl8UZJxbBWevo77TFNi+dgRIJq5WzEZggZiXUBlF0Kw+PIyCc9rN7Xg/qJavyzSKKFjdILOUICuUB3doQYKEUGP6Bm9ojdPeS/eu/cxb13xipkj9Afe5w/vuo7d</latexit>

e.g., outside fid. vol. 
decay invisibly



Background candidate at DUNE far detector

p

Fiducial volume

• Other subdominant  
bkg. negligible

• Zero-bkg. is easily 
achievable

e.g., primary: e-scattering, secondary e+ e-

e�/e+
<latexit sha1_base64="w/gQO/6KKqTnjDRgw/J9X8XScG8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgiDUR8eNW8OKxgrGFNi2b7aRdutmE3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYWl5ZXSuulzY2t7Z3yrt7jypOJUWPxjyWzYAo5Eygp5nm2Ewkkijg2AiGtxO/8YRSsVg86FGCfkT6goWMEm2kBnZOz7Bz0i1XnKozhb1I3JxUIEe9W/5q92KaRig05USplusk2s+I1IxyHJfaqcKE0CHpY8tQQSJUfjY9d2wfGaVnh7E0JbQ9VX9PZCRSahQFpjMieqDmvYn4n9dKdXjtZ0wkqUZBZ4vClNs6tie/2z0mkWo+MoRQycytNh0QSag2CZVMCO78y4vEO6/eVN37i0rtMk+jCAdwCMfgwhXU4A7q4AGFITzDK7xZifVivVsfs9aClc/swx9Ynz+ZfI6V</latexit><latexit sha1_base64="w/gQO/6KKqTnjDRgw/J9X8XScG8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgiDUR8eNW8OKxgrGFNi2b7aRdutmE3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYWl5ZXSuulzY2t7Z3yrt7jypOJUWPxjyWzYAo5Eygp5nm2Ewkkijg2AiGtxO/8YRSsVg86FGCfkT6goWMEm2kBnZOz7Bz0i1XnKozhb1I3JxUIEe9W/5q92KaRig05USplusk2s+I1IxyHJfaqcKE0CHpY8tQQSJUfjY9d2wfGaVnh7E0JbQ9VX9PZCRSahQFpjMieqDmvYn4n9dKdXjtZ0wkqUZBZ4vClNs6tie/2z0mkWo+MoRQycytNh0QSag2CZVMCO78y4vEO6/eVN37i0rtMk+jCAdwCMfgwhXU4A7q4AGFITzDK7xZifVivVsfs9aClc/swx9Ynz+ZfI6V</latexit><latexit sha1_base64="w/gQO/6KKqTnjDRgw/J9X8XScG8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgiDUR8eNW8OKxgrGFNi2b7aRdutmE3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYWl5ZXSuulzY2t7Z3yrt7jypOJUWPxjyWzYAo5Eygp5nm2Ewkkijg2AiGtxO/8YRSsVg86FGCfkT6goWMEm2kBnZOz7Bz0i1XnKozhb1I3JxUIEe9W/5q92KaRig05USplusk2s+I1IxyHJfaqcKE0CHpY8tQQSJUfjY9d2wfGaVnh7E0JbQ9VX9PZCRSahQFpjMieqDmvYn4n9dKdXjtZ0wkqUZBZ4vClNs6tie/2z0mkWo+MoRQycytNh0QSag2CZVMCO78y4vEO6/eVN37i0rtMk+jCAdwCMfgwhXU4A7q4AGFITzDK7xZifVivVsfs9aClc/swx9Ynz+ZfI6V</latexit><latexit sha1_base64="w/gQO/6KKqTnjDRgw/J9X8XScG8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgiDUR8eNW8OKxgrGFNi2b7aRdutmE3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYWl5ZXSuulzY2t7Z3yrt7jypOJUWPxjyWzYAo5Eygp5nm2Ewkkijg2AiGtxO/8YRSsVg86FGCfkT6goWMEm2kBnZOz7Bz0i1XnKozhb1I3JxUIEe9W/5q92KaRig05USplusk2s+I1IxyHJfaqcKE0CHpY8tQQSJUfjY9d2wfGaVnh7E0JbQ9VX9PZCRSahQFpjMieqDmvYn4n9dKdXjtZ0wkqUZBZ4vClNs6tie/2z0mkWo+MoRQycytNh0QSag2CZVMCO78y4vEO6/eVN37i0rtMk+jCAdwCMfgwhXU4A7q4AGFITzDK7xZifVivVsfs9aClc/swx9Ynz+ZfI6V</latexit>

⌫e/⌫̄e
<latexit sha1_base64="5+jVDo93K4dbBsYrs0zqwdGOlKk=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiYiPnYFNy4rGFtoQphMb9qhk0mYmYgl9FfcuFBx65e482+ctllo64ELZ865l7n3RBlnSjvOt1VZWV1b36hu1ra2d3b37P36g0pzScGjKU9lNyIKOBPgaaY5dDMJJIk4dKLRzdTvPIJULBX3epxBkJCBYDGjRBsptOu+yEPAp9iPiMSzR2g3nKYzA14mbkkaqEQ7tL/8fkrzBISmnCjVc51MBwWRmlEOk5qfK8gIHZEB9AwVJAEVFLPdJ/jYKH0cp9KU0Him/p4oSKLUOIlMZ0L0UC16U/E/r5fr+CoomMhyDYLOP4pzjnWKp0HgPpNANR8bQqhkZldMh0QSqk1cNROCu3jyMvHOmtdN9+680boo06iiQ3SETpCLLlEL3aI28hBFT+gZvaI3a2K9WO/Wx7y1YpUzB+gPrM8fBwiTTQ==</latexit><latexit sha1_base64="5+jVDo93K4dbBsYrs0zqwdGOlKk=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiYiPnYFNy4rGFtoQphMb9qhk0mYmYgl9FfcuFBx65e482+ctllo64ELZ865l7n3RBlnSjvOt1VZWV1b36hu1ra2d3b37P36g0pzScGjKU9lNyIKOBPgaaY5dDMJJIk4dKLRzdTvPIJULBX3epxBkJCBYDGjRBsptOu+yEPAp9iPiMSzR2g3nKYzA14mbkkaqEQ7tL/8fkrzBISmnCjVc51MBwWRmlEOk5qfK8gIHZEB9AwVJAEVFLPdJ/jYKH0cp9KU0Him/p4oSKLUOIlMZ0L0UC16U/E/r5fr+CoomMhyDYLOP4pzjnWKp0HgPpNANR8bQqhkZldMh0QSqk1cNROCu3jyMvHOmtdN9+680boo06iiQ3SETpCLLlEL3aI28hBFT+gZvaI3a2K9WO/Wx7y1YpUzB+gPrM8fBwiTTQ==</latexit><latexit sha1_base64="5+jVDo93K4dbBsYrs0zqwdGOlKk=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiYiPnYFNy4rGFtoQphMb9qhk0mYmYgl9FfcuFBx65e482+ctllo64ELZ865l7n3RBlnSjvOt1VZWV1b36hu1ra2d3b37P36g0pzScGjKU9lNyIKOBPgaaY5dDMJJIk4dKLRzdTvPIJULBX3epxBkJCBYDGjRBsptOu+yEPAp9iPiMSzR2g3nKYzA14mbkkaqEQ7tL/8fkrzBISmnCjVc51MBwWRmlEOk5qfK8gIHZEB9AwVJAEVFLPdJ/jYKH0cp9KU0Him/p4oSKLUOIlMZ0L0UC16U/E/r5fr+CoomMhyDYLOP4pzjnWKp0HgPpNANR8bQqhkZldMh0QSqk1cNROCu3jyMvHOmtdN9+680boo06iiQ3SETpCLLlEL3aI28hBFT+gZvaI3a2K9WO/Wx7y1YpUzB+gPrM8fBwiTTQ==</latexit><latexit sha1_base64="5+jVDo93K4dbBsYrs0zqwdGOlKk=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiYiPnYFNy4rGFtoQphMb9qhk0mYmYgl9FfcuFBx65e482+ctllo64ELZ865l7n3RBlnSjvOt1VZWV1b36hu1ra2d3b37P36g0pzScGjKU9lNyIKOBPgaaY5dDMJJIk4dKLRzdTvPIJULBX3epxBkJCBYDGjRBsptOu+yEPAp9iPiMSzR2g3nKYzA14mbkkaqEQ7tL/8fkrzBISmnCjVc51MBwWRmlEOk5qfK8gIHZEB9AwVJAEVFLPdJ/jYKH0cp9KU0Him/p4oSKLUOIlMZ0L0UC16U/E/r5fr+CoomMhyDYLOP4pzjnWKp0HgPpNANR8bQqhkZldMh0QSqk1cNROCu3jyMvHOmtdN9+680boo06iiQ3SETpCLLlEL3aI28hBFT+gZvaI3a2K9WO/Wx7y1YpUzB+gPrM8fBwiTTQ==</latexit>

⇡+
<latexit sha1_base64="ZmSPIeCsbAYORwTRhiRnLL8G2Ds=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklE/LgVvHisYGyhjWWznbRLN5uwuxFK6G/w4kHFq3/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g04yxdBniUhUK6QaBZfoG24EtlKFNA4FNsPhzcRvPqHSPJH3ZpRiENO+5BFn1FjJ76T88bRbqbo1dwqySLyCVKFAo1v56vQSlsUoDRNU67bnpibIqTKcCRyXO5nGlLIh7WPbUklj1EE+PXZMjq3SI1GibElDpurviZzGWo/i0HbG1Az0vDcR//PamYmugpzLNDMo2WxRlAliEjL5nPS4QmbEyBLKFLe3EjagijJj8ynbELz5lxeJf1a7rnl359X6RZFGCQ7hCE7Ag0uowy00wAcGHJ7hFd4c6bw4787HrHXJKWYO4A+czx/Ve44y</latexit><latexit sha1_base64="ZmSPIeCsbAYORwTRhiRnLL8G2Ds=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklE/LgVvHisYGyhjWWznbRLN5uwuxFK6G/w4kHFq3/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g04yxdBniUhUK6QaBZfoG24EtlKFNA4FNsPhzcRvPqHSPJH3ZpRiENO+5BFn1FjJ76T88bRbqbo1dwqySLyCVKFAo1v56vQSlsUoDRNU67bnpibIqTKcCRyXO5nGlLIh7WPbUklj1EE+PXZMjq3SI1GibElDpurviZzGWo/i0HbG1Az0vDcR//PamYmugpzLNDMo2WxRlAliEjL5nPS4QmbEyBLKFLe3EjagijJj8ynbELz5lxeJf1a7rnl359X6RZFGCQ7hCE7Ag0uowy00wAcGHJ7hFd4c6bw4787HrHXJKWYO4A+czx/Ve44y</latexit><latexit sha1_base64="ZmSPIeCsbAYORwTRhiRnLL8G2Ds=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklE/LgVvHisYGyhjWWznbRLN5uwuxFK6G/w4kHFq3/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g04yxdBniUhUK6QaBZfoG24EtlKFNA4FNsPhzcRvPqHSPJH3ZpRiENO+5BFn1FjJ76T88bRbqbo1dwqySLyCVKFAo1v56vQSlsUoDRNU67bnpibIqTKcCRyXO5nGlLIh7WPbUklj1EE+PXZMjq3SI1GibElDpurviZzGWo/i0HbG1Az0vDcR//PamYmugpzLNDMo2WxRlAliEjL5nPS4QmbEyBLKFLe3EjagijJj8ynbELz5lxeJf1a7rnl359X6RZFGCQ7hCE7Ag0uowy00wAcGHJ7hFd4c6bw4787HrHXJKWYO4A+czx/Ve44y</latexit><latexit sha1_base64="ZmSPIeCsbAYORwTRhiRnLL8G2Ds=">AAAB63icbVBNS8NAEJ34WetX1aOXxSIIQklE/LgVvHisYGyhjWWznbRLN5uwuxFK6G/w4kHFq3/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dpaWV1bX1ksb5c2t7Z3dyt7+g04yxdBniUhUK6QaBZfoG24EtlKFNA4FNsPhzcRvPqHSPJH3ZpRiENO+5BFn1FjJ76T88bRbqbo1dwqySLyCVKFAo1v56vQSlsUoDRNU67bnpibIqTKcCRyXO5nGlLIh7WPbUklj1EE+PXZMjq3SI1GibElDpurviZzGWo/i0HbG1Az0vDcR//PamYmugpzLNDMo2WxRlAliEjL5nPS4QmbEyBLKFLe3EjagijJj8ynbELz5lxeJf1a7rnl359X6RZFGCQ7hCE7Ag0uowy00wAcGHJ7hFd4c6bw4787HrHXJKWYO4A+czx/Ve44y</latexit>

⇡�
<latexit sha1_base64="XjFY7IOOgdiEYIqsRleQZmr5ojc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4sSQiftwKXjxWMLbQxrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O0vLK6tr66WN8ubW9s5uZW//QSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuI3n1Bpnsh7M0oxiGlf8ogzaqzkd1L+eNqtVN2aOwVZJF5BqlCg0a18dXoJy2KUhgmqddtzUxPkVBnOBI7LnUxjStmQ9rFtqaQx6iCfHjsmx1bpkShRtqQhU/X3RE5jrUdxaDtjagZ63puI/3ntzERXQc5lmhmUbLYoygQxCZl8TnpcITNiZAllittbCRtQRZmx+ZRtCN78y4vEP6td17y782r9okijBIdwBCfgwSXU4RYa4AMDDs/wCm+OdF6cd+dj1rrkFDMH8AfO5w/YgY40</latexit><latexit sha1_base64="XjFY7IOOgdiEYIqsRleQZmr5ojc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4sSQiftwKXjxWMLbQxrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O0vLK6tr66WN8ubW9s5uZW//QSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuI3n1Bpnsh7M0oxiGlf8ogzaqzkd1L+eNqtVN2aOwVZJF5BqlCg0a18dXoJy2KUhgmqddtzUxPkVBnOBI7LnUxjStmQ9rFtqaQx6iCfHjsmx1bpkShRtqQhU/X3RE5jrUdxaDtjagZ63puI/3ntzERXQc5lmhmUbLYoygQxCZl8TnpcITNiZAllittbCRtQRZmx+ZRtCN78y4vEP6td17y782r9okijBIdwBCfgwSXU4RYa4AMDDs/wCm+OdF6cd+dj1rrkFDMH8AfO5w/YgY40</latexit><latexit sha1_base64="XjFY7IOOgdiEYIqsRleQZmr5ojc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4sSQiftwKXjxWMLbQxrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O0vLK6tr66WN8ubW9s5uZW//QSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuI3n1Bpnsh7M0oxiGlf8ogzaqzkd1L+eNqtVN2aOwVZJF5BqlCg0a18dXoJy2KUhgmqddtzUxPkVBnOBI7LnUxjStmQ9rFtqaQx6iCfHjsmx1bpkShRtqQhU/X3RE5jrUdxaDtjagZ63puI/3ntzERXQc5lmhmUbLYoygQxCZl8TnpcITNiZAllittbCRtQRZmx+ZRtCN78y4vEP6td17y782r9okijBIdwBCfgwSXU4RYa4AMDDs/wCm+OdF6cd+dj1rrkFDMH8AfO5w/YgY40</latexit><latexit sha1_base64="XjFY7IOOgdiEYIqsRleQZmr5ojc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4sSQiftwKXjxWMLbQxrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O0vLK6tr66WN8ubW9s5uZW//QSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuI3n1Bpnsh7M0oxiGlf8ogzaqzkd1L+eNqtVN2aOwVZJF5BqlCg0a18dXoJy2KUhgmqddtzUxPkVBnOBI7LnUxjStmQ9rFtqaQx6iCfHjsmx1bpkShRtqQhU/X3RE5jrUdxaDtjagZ63puI/3ntzERXQc5lmhmUbLYoygQxCZl8TnpcITNiZAllittbCRtQRZmx+ZRtCN78y4vEP6td17y782r9okijBIdwBCfgwSXU4RYa4AMDDs/wCm+OdF6cd+dj1rrkFDMH8AfO5w/YgY40</latexit>

µ+
<latexit sha1_base64="ZCRBeGeDI8CbpEuq6xitiURNwpc=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyK+HErePFYwbWFdi3ZNNuGJtklyQpl6W/w4kHFq3/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RkvLK6tr66WN8ubW9s5uZW//wSSZpiygiUh0KyKGCa5YYLkVrJVqRmQkWDMa3kz85hPThifq3o5SFkrSVzzmlFgnBR2ZPZ52K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPj12jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxVZhzlWaWKTpbFGcC2wRPPsc9rhm1YuQIoZq7WzEdEE2odfmUXQj+/MuLJDirXdf8u/Nq/aJIowSHcAQn4MMl1OEWGhAABQ7P8ApvSKEX9I4+Zq1LqJg5gD9Anz/jJY47</latexit><latexit sha1_base64="ZCRBeGeDI8CbpEuq6xitiURNwpc=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyK+HErePFYwbWFdi3ZNNuGJtklyQpl6W/w4kHFq3/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RkvLK6tr66WN8ubW9s5uZW//wSSZpiygiUh0KyKGCa5YYLkVrJVqRmQkWDMa3kz85hPThifq3o5SFkrSVzzmlFgnBR2ZPZ52K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPj12jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxVZhzlWaWKTpbFGcC2wRPPsc9rhm1YuQIoZq7WzEdEE2odfmUXQj+/MuLJDirXdf8u/Nq/aJIowSHcAQn4MMl1OEWGhAABQ7P8ApvSKEX9I4+Zq1LqJg5gD9Anz/jJY47</latexit><latexit sha1_base64="ZCRBeGeDI8CbpEuq6xitiURNwpc=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyK+HErePFYwbWFdi3ZNNuGJtklyQpl6W/w4kHFq3/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RkvLK6tr66WN8ubW9s5uZW//wSSZpiygiUh0KyKGCa5YYLkVrJVqRmQkWDMa3kz85hPThifq3o5SFkrSVzzmlFgnBR2ZPZ52K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPj12jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxVZhzlWaWKTpbFGcC2wRPPsc9rhm1YuQIoZq7WzEdEE2odfmUXQj+/MuLJDirXdf8u/Nq/aJIowSHcAQn4MMl1OEWGhAABQ7P8ApvSKEX9I4+Zq1LqJg5gD9Anz/jJY47</latexit><latexit sha1_base64="ZCRBeGeDI8CbpEuq6xitiURNwpc=">AAAB63icbVBNSwMxEJ34WetX1aOXYBEEoeyK+HErePFYwbWFdi3ZNNuGJtklyQpl6W/w4kHFq3/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RkvLK6tr66WN8ubW9s5uZW//wSSZpiygiUh0KyKGCa5YYLkVrJVqRmQkWDMa3kz85hPThifq3o5SFkrSVzzmlFgnBR2ZPZ52K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPj12jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxVZhzlWaWKTpbFGcC2wRPPsc9rhm1YuQIoZq7WzEdEE2odfmUXQj+/MuLJDirXdf8u/Nq/aJIowSHcAQn4MMl1OEWGhAABQ7P8ApvSKEX9I4+Zq1LqJg5gD9Anz/jJY47</latexit>

µ�
<latexit sha1_base64="7unveFp2k9RwZP4M/hK4cJCtGkM=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZF/LgVvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o6XlldW19dJGeXNre2e3srf/YJJMUxbQRCS6FRHDBFcssNwK1ko1IzISrBkNbyZ+84lpwxN1b0cpCyXpKx5zSqyTgo7MHk+7lapX86bAi8QvSBUKNLqVr04voZlkylJBjGn7XmrDnGjLqWDjciczLCV0SPqs7agikpkwnx47xsdO6eE40a6UxVP190ROpDEjGblOSezAzHsT8T+vndn4Ksy5SjPLFJ0tijOBbYInn+Me14xaMXKEUM3drZgOiCbUunzKLgR//uVFEpzVrmv+3Xm1flGkUYJDOIIT8OES6nALDQiAAodneIU3pNALekcfs9YlVMwcwB+gzx/mK449</latexit><latexit sha1_base64="7unveFp2k9RwZP4M/hK4cJCtGkM=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZF/LgVvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o6XlldW19dJGeXNre2e3srf/YJJMUxbQRCS6FRHDBFcssNwK1ko1IzISrBkNbyZ+84lpwxN1b0cpCyXpKx5zSqyTgo7MHk+7lapX86bAi8QvSBUKNLqVr04voZlkylJBjGn7XmrDnGjLqWDjciczLCV0SPqs7agikpkwnx47xsdO6eE40a6UxVP190ROpDEjGblOSezAzHsT8T+vndn4Ksy5SjPLFJ0tijOBbYInn+Me14xaMXKEUM3drZgOiCbUunzKLgR//uVFEpzVrmv+3Xm1flGkUYJDOIIT8OES6nALDQiAAodneIU3pNALekcfs9YlVMwcwB+gzx/mK449</latexit><latexit sha1_base64="7unveFp2k9RwZP4M/hK4cJCtGkM=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZF/LgVvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o6XlldW19dJGeXNre2e3srf/YJJMUxbQRCS6FRHDBFcssNwK1ko1IzISrBkNbyZ+84lpwxN1b0cpCyXpKx5zSqyTgo7MHk+7lapX86bAi8QvSBUKNLqVr04voZlkylJBjGn7XmrDnGjLqWDjciczLCV0SPqs7agikpkwnx47xsdO6eE40a6UxVP190ROpDEjGblOSezAzHsT8T+vndn4Ksy5SjPLFJ0tijOBbYInn+Me14xaMXKEUM3drZgOiCbUunzKLgR//uVFEpzVrmv+3Xm1flGkUYJDOIIT8OES6nALDQiAAodneIU3pNALekcfs9YlVMwcwB+gzx/mK449</latexit><latexit sha1_base64="7unveFp2k9RwZP4M/hK4cJCtGkM=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZF/LgVvHis4NpCu5Zsmm1Dk+ySZIWy9Dd48aDi1T/kzX9j2u5BWx8MPN6bYWZelApurOd9o6XlldW19dJGeXNre2e3srf/YJJMUxbQRCS6FRHDBFcssNwK1ko1IzISrBkNbyZ+84lpwxN1b0cpCyXpKx5zSqyTgo7MHk+7lapX86bAi8QvSBUKNLqVr04voZlkylJBjGn7XmrDnGjLqWDjciczLCV0SPqs7agikpkwnx47xsdO6eE40a6UxVP190ROpDEjGblOSezAzHsT8T+vndn4Ksy5SjPLFJ0tijOBbYInn+Me14xaMXKEUM3drZgOiCbUunzKLgR//uVFEpzVrmv+3Xm1flGkUYJDOIIT8OES6nALDQiAAodneIU3pNALekcfs9YlVMwcwB+gzx/mK449</latexit>

⌫µ
<latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit>

⌫̄µ
<latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit>

e+
<latexit sha1_base64="FTBkemYDfx2OlHptYvYqDv6/Y7c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoi4set4MVjRWMLbSyb7bRdutmE3Y1QQn+CFw8qXv1H3vw3btsctPXBwOO9GWbmhYng2rjut1NYWl5ZXSuulzY2t7Z3yrt7DzpOFUOfxSJWzZBqFFyib7gR2EwU0igU2AiH1xO/8YRK81jem1GCQUT7kvc4o8ZKd/h40ilX3Ko7BVkkXk4qkKPeKX+1uzFLI5SGCap1y3MTE2RUGc4EjkvtVGNC2ZD2sWWppBHqIJueOiZHVumSXqxsSUOm6u+JjEZaj6LQdkbUDPS8NxH/81qp6V0GGZdJalCy2aJeKoiJyeRv0uUKmREjSyhT3N5K2IAqyoxNp2RD8OZfXiT+afWq6t2eVWrneRpFOIBDOAYPLqAGN1AHHxj04Rle4c0Rzovz7nzMWgtOPrMPf+B8/gBOZI1O</latexit><latexit sha1_base64="FTBkemYDfx2OlHptYvYqDv6/Y7c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoi4set4MVjRWMLbSyb7bRdutmE3Y1QQn+CFw8qXv1H3vw3btsctPXBwOO9GWbmhYng2rjut1NYWl5ZXSuulzY2t7Z3yrt7DzpOFUOfxSJWzZBqFFyib7gR2EwU0igU2AiH1xO/8YRK81jem1GCQUT7kvc4o8ZKd/h40ilX3Ko7BVkkXk4qkKPeKX+1uzFLI5SGCap1y3MTE2RUGc4EjkvtVGNC2ZD2sWWppBHqIJueOiZHVumSXqxsSUOm6u+JjEZaj6LQdkbUDPS8NxH/81qp6V0GGZdJalCy2aJeKoiJyeRv0uUKmREjSyhT3N5K2IAqyoxNp2RD8OZfXiT+afWq6t2eVWrneRpFOIBDOAYPLqAGN1AHHxj04Rle4c0Rzovz7nzMWgtOPrMPf+B8/gBOZI1O</latexit><latexit sha1_base64="FTBkemYDfx2OlHptYvYqDv6/Y7c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoi4set4MVjRWMLbSyb7bRdutmE3Y1QQn+CFw8qXv1H3vw3btsctPXBwOO9GWbmhYng2rjut1NYWl5ZXSuulzY2t7Z3yrt7DzpOFUOfxSJWzZBqFFyib7gR2EwU0igU2AiH1xO/8YRK81jem1GCQUT7kvc4o8ZKd/h40ilX3Ko7BVkkXk4qkKPeKX+1uzFLI5SGCap1y3MTE2RUGc4EjkvtVGNC2ZD2sWWppBHqIJueOiZHVumSXqxsSUOm6u+JjEZaj6LQdkbUDPS8NxH/81qp6V0GGZdJalCy2aJeKoiJyeRv0uUKmREjSyhT3N5K2IAqyoxNp2RD8OZfXiT+afWq6t2eVWrneRpFOIBDOAYPLqAGN1AHHxj04Rle4c0Rzovz7nzMWgtOPrMPf+B8/gBOZI1O</latexit><latexit sha1_base64="FTBkemYDfx2OlHptYvYqDv6/Y7c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoi4set4MVjRWMLbSyb7bRdutmE3Y1QQn+CFw8qXv1H3vw3btsctPXBwOO9GWbmhYng2rjut1NYWl5ZXSuulzY2t7Z3yrt7DzpOFUOfxSJWzZBqFFyib7gR2EwU0igU2AiH1xO/8YRK81jem1GCQUT7kvc4o8ZKd/h40ilX3Ko7BVkkXk4qkKPeKX+1uzFLI5SGCap1y3MTE2RUGc4EjkvtVGNC2ZD2sWWppBHqIJueOiZHVumSXqxsSUOm6u+JjEZaj6LQdkbUDPS8NxH/81qp6V0GGZdJalCy2aJeKoiJyeRv0uUKmREjSyhT3N5K2IAqyoxNp2RD8OZfXiT+afWq6t2eVWrneRpFOIBDOAYPLqAGN1AHHxj04Rle4c0Rzovz7nzMWgtOPrMPf+B8/gBOZI1O</latexit>

⌫e
<latexit sha1_base64="XHXewdyMTX+fxD+36PYC3hkTJgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyezLrY79ac+vuHGSVeAWpQYFWv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE10HOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvrxL/on5T9+4va81GkUYZTuAUzsGDK2jCHbTABwYcnuEV3hzpvDjvzseiteQUM8fwB87nDz3sjnc=</latexit><latexit sha1_base64="XHXewdyMTX+fxD+36PYC3hkTJgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyezLrY79ac+vuHGSVeAWpQYFWv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE10HOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvrxL/on5T9+4va81GkUYZTuAUzsGDK2jCHbTABwYcnuEV3hzpvDjvzseiteQUM8fwB87nDz3sjnc=</latexit><latexit sha1_base64="XHXewdyMTX+fxD+36PYC3hkTJgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyezLrY79ac+vuHGSVeAWpQYFWv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE10HOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvrxL/on5T9+4va81GkUYZTuAUzsGDK2jCHbTABwYcnuEV3hzpvDjvzseiteQUM8fwB87nDz3sjnc=</latexit><latexit sha1_base64="XHXewdyMTX+fxD+36PYC3hkTJgc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyezLrY79ac+vuHGSVeAWpQYFWv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE10HOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvrxL/on5T9+4va81GkUYZTuAUzsGDK2jCHbTABwYcnuEV3hzpvDjvzseiteQUM8fwB87nDz3sjnc=</latexit>

⌫̄µ
<latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit><latexit sha1_base64="fff8rBOneJl1lZvB9nwZP9111hg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkNLx5UvPo13vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSFCVYoUjafiRsv97wm/4c6C8JStKAEu1+/TMaZMQKKg3hWOte4OcmLrAyjHA6rUVW0xyTMR7SnqMSC6rjYn7zFJ04ZYDSTLmSBs3VnxMFFlpPROI6BTYjvezNxP+8njXpVVwwmVtDJVksSi1HJkOzANCAKUoMnziCiWLuVkRGWGFiXEw1F0Kw/PJfEp41r5vB3XmjdVGmUYUjOIZTCOASWnALbQiBQA5P8AKvnvWevTfvfdFa8cqZQ/gF7+MbK26RRw==</latexit>

⌫̄e
<latexit sha1_base64="UgLvLNz4J8pdoXGrhLjVWyO338o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHisYGyxCWWznbZLN5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KBVcG9f9dkorq2vrG+XNytb2zu5edf/gQSeZYuizRCSqHVGNgkv0DTcC26lCGkcCW9HoZuq3nlBpnsh7M04xjOlA8j5n1FjpMYioIoHMutit1ty6OwNZJl5BalCg2a1+Bb2EZTFKwwTVuuO5qQlzqgxnAieVINOYUjaiA+xYKmmMOsxnF0/IiVV6pJ8oW9KQmfp7Iqex1uM4sp0xNUO96E3F/7xOZvpXYc5lmhmUbL6onwliEjJ9n/S4QmbE2BLKFLe3EjakijJjQ6rYELzFl5eJf1a/rnt357XGRZFGGY7gGE7Bg0towC00wQcGEp7hFd4c7bw4787HvLXkFDOH8AfO5w+RlpBa</latexit><latexit sha1_base64="UgLvLNz4J8pdoXGrhLjVWyO338o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHisYGyxCWWznbZLN5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KBVcG9f9dkorq2vrG+XNytb2zu5edf/gQSeZYuizRCSqHVGNgkv0DTcC26lCGkcCW9HoZuq3nlBpnsh7M04xjOlA8j5n1FjpMYioIoHMutit1ty6OwNZJl5BalCg2a1+Bb2EZTFKwwTVuuO5qQlzqgxnAieVINOYUjaiA+xYKmmMOsxnF0/IiVV6pJ8oW9KQmfp7Iqex1uM4sp0xNUO96E3F/7xOZvpXYc5lmhmUbL6onwliEjJ9n/S4QmbE2BLKFLe3EjakijJjQ6rYELzFl5eJf1a/rnt357XGRZFGGY7gGE7Bg0towC00wQcGEp7hFd4c7bw4787HvLXkFDOH8AfO5w+RlpBa</latexit><latexit sha1_base64="UgLvLNz4J8pdoXGrhLjVWyO338o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHisYGyxCWWznbZLN5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KBVcG9f9dkorq2vrG+XNytb2zu5edf/gQSeZYuizRCSqHVGNgkv0DTcC26lCGkcCW9HoZuq3nlBpnsh7M04xjOlA8j5n1FjpMYioIoHMutit1ty6OwNZJl5BalCg2a1+Bb2EZTFKwwTVuuO5qQlzqgxnAieVINOYUjaiA+xYKmmMOsxnF0/IiVV6pJ8oW9KQmfp7Iqex1uM4sp0xNUO96E3F/7xOZvpXYc5lmhmUbL6onwliEjJ9n/S4QmbE2BLKFLe3EjakijJjQ6rYELzFl5eJf1a/rnt357XGRZFGGY7gGE7Bg0towC00wQcGEp7hFd4c7bw4787HvLXkFDOH8AfO5w+RlpBa</latexit><latexit sha1_base64="UgLvLNz4J8pdoXGrhLjVWyO338o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHisYGyxCWWznbZLN5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KBVcG9f9dkorq2vrG+XNytb2zu5edf/gQSeZYuizRCSqHVGNgkv0DTcC26lCGkcCW9HoZuq3nlBpnsh7M04xjOlA8j5n1FjpMYioIoHMutit1ty6OwNZJl5BalCg2a1+Bb2EZTFKwwTVuuO5qQlzqgxnAieVINOYUjaiA+xYKmmMOsxnF0/IiVV6pJ8oW9KQmfp7Iqex1uM4sp0xNUO96E3F/7xOZvpXYc5lmhmUbL6onwliEjJ9n/S4QmbE2BLKFLe3EjakijJjQ6rYELzFl5eJf1a/rnt357XGRZFGGY7gGE7Bg0towC00wQcGEp7hFd4c7bw4787HvLXkFDOH8AfO5w+RlpBa</latexit>

e�
<latexit sha1_base64="FcE1xfF9JuL5MQ96tFXE57CHiXk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR8eNW8OKxorGFNpbNdtou3WzC7kYooT/BiwcVr/4jb/4bt20O2vpg4PHeDDPzwkRwbVz32yksLa+srhXXSxubW9s75d29Bx2niqHPYhGrZkg1Ci7RN9wIbCYKaRQKbITD64nfeEKleSzvzSjBIKJ9yXucUWOlO3w86ZQrbtWdgiwSLycVyFHvlL/a3ZilEUrDBNW65bmJCTKqDGcCx6V2qjGhbEj72LJU0gh1kE1PHZMjq3RJL1a2pCFT9fdERiOtR1FoOyNqBnrem4j/ea3U9C6DjMskNSjZbFEvFcTEZPI36XKFzIiRJZQpbm8lbEAVZcamU7IhePMvLxL/tHpV9W7PKrXzPI0iHMAhHIMHF1CDG6iDDwz68Ayv8OYI58V5dz5mrQUnn9mHP3A+fwBRao1Q</latexit><latexit sha1_base64="FcE1xfF9JuL5MQ96tFXE57CHiXk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR8eNW8OKxorGFNpbNdtou3WzC7kYooT/BiwcVr/4jb/4bt20O2vpg4PHeDDPzwkRwbVz32yksLa+srhXXSxubW9s75d29Bx2niqHPYhGrZkg1Ci7RN9wIbCYKaRQKbITD64nfeEKleSzvzSjBIKJ9yXucUWOlO3w86ZQrbtWdgiwSLycVyFHvlL/a3ZilEUrDBNW65bmJCTKqDGcCx6V2qjGhbEj72LJU0gh1kE1PHZMjq3RJL1a2pCFT9fdERiOtR1FoOyNqBnrem4j/ea3U9C6DjMskNSjZbFEvFcTEZPI36XKFzIiRJZQpbm8lbEAVZcamU7IhePMvLxL/tHpV9W7PKrXzPI0iHMAhHIMHF1CDG6iDDwz68Ayv8OYI58V5dz5mrQUnn9mHP3A+fwBRao1Q</latexit><latexit sha1_base64="FcE1xfF9JuL5MQ96tFXE57CHiXk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR8eNW8OKxorGFNpbNdtou3WzC7kYooT/BiwcVr/4jb/4bt20O2vpg4PHeDDPzwkRwbVz32yksLa+srhXXSxubW9s75d29Bx2niqHPYhGrZkg1Ci7RN9wIbCYKaRQKbITD64nfeEKleSzvzSjBIKJ9yXucUWOlO3w86ZQrbtWdgiwSLycVyFHvlL/a3ZilEUrDBNW65bmJCTKqDGcCx6V2qjGhbEj72LJU0gh1kE1PHZMjq3RJL1a2pCFT9fdERiOtR1FoOyNqBnrem4j/ea3U9C6DjMskNSjZbFEvFcTEZPI36XKFzIiRJZQpbm8lbEAVZcamU7IhePMvLxL/tHpV9W7PKrXzPI0iHMAhHIMHF1CDG6iDDwz68Ayv8OYI58V5dz5mrQUnn9mHP3A+fwBRao1Q</latexit><latexit sha1_base64="FcE1xfF9JuL5MQ96tFXE57CHiXk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR8eNW8OKxorGFNpbNdtou3WzC7kYooT/BiwcVr/4jb/4bt20O2vpg4PHeDDPzwkRwbVz32yksLa+srhXXSxubW9s75d29Bx2niqHPYhGrZkg1Ci7RN9wIbCYKaRQKbITD64nfeEKleSzvzSjBIKJ9yXucUWOlO3w86ZQrbtWdgiwSLycVyFHvlL/a3ZilEUrDBNW65bmJCTKqDGcCx6V2qjGhbEj72LJU0gh1kE1PHZMjq3RJL1a2pCFT9fdERiOtR1FoOyNqBnrem4j/ea3U9C6DjMskNSjZbFEvFcTEZPI36XKFzIiRJZQpbm8lbEAVZcamU7IhePMvLxL/tHpV9W7PKrXzPI0iHMAhHIMHF1CDG6iDDwz68Ayv8OYI58V5dz5mrQUnn9mHP3A+fwBRao1Q</latexit>

⌫µ
<latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit><latexit sha1_base64="lQacaOHNRkcjlhD3zsy4DzwYxDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvHiM4JpAdgmzk9lkyMzsMg8hLPkILx5UvPo/3vwbJ8keNFrQUFR1092V5Jxp4/tfXmVldW19o7pZ29re2d2r7x886MwqQkOS8Ux1E6wpZ5KGhhlOu7miWCScdpLxzczvPFKlWSbvzSSnscBDyVJGsHFSJ5K2Hwnbrzf8pj8H+kuCkjSgRLtf/4wGGbGCSkM41roX+LmJC6wMI5xOa5HVNMdkjIe056jEguq4mJ87RSdOGaA0U66kQXP150SBhdYTkbhOgc1IL3sz8T+vZ016FRdM5tZQSRaLUsuRydDsdzRgihLDJ45gopi7FZERVpgYl1DNhRAsv/yXhGfN62Zwd95oXZRpVOEIjuEUAriEFtxCG0IgMIYneIFXL/eevTfvfdFa8cqZQ/gF7+Mb1D+PZA==</latexit>

No separation of e+/e-

480/yr/40kt
Track-based PID

(e from    )
Timing information

etc..

⇥
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Work in progress

N.C. events (smaller)

C.C. ⌫µ
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: accompanying µ
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: too small flux

• (quasi-elastic) proton 
scattering: less bkg. ⇡
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Experimental efforts

DM direct detection experiments (m0: sub GeV)
• Theoretical study 

• COSINE-100  
      
     First direct search for iBDM

COSINE-100 collaboration, 1811.09344

Giudice, Kim, Park, SS, 1712.07126



Experimental efforts

DM direct detection experiments (m0: sub GeV)
• Theoretical study 

• COSINE-100  
      
     First direct search for iBDM

COSINE-100 collaboration, 1811.09344

Giudice, Kim, Park, SS, 1712.07126

• ProtoDUNE 
    
   Proposal submitted to ProtoDUNE collaboration (first NP search at PD) 

• Short-Baseline Neutrino program (ICARUS, MicroBooNE, SBND)  
 
   Discussion with ICARUS (for iBDM, Gran Sasso + future)

Surface 𝜈 experiments

Chatterjee, De Roeck, Kim, Moghaddam, Park, SS, Whitehead, Yu,  
1803.03264  (PRD 98, 075027)

Kim, Kong, Park, SS, 1804.07302  (eBDM using Earth shielding) 

(Cosmic-ray backgrounds)



Experimental efforts

• DUNE 
    
        DUNE TDR 

• Summary of possible phenomenology in other experiments

Underground 𝜈 experiments

Kim, Park, SS, work in progress with experimentalists

Kim, Machado, Park, SS, 1812.xxxxx

Hyper-Kamiokande, IceCube, DarkSide-20k, ……



Reference Model

Dark photon (X𝜇) mediator

L � � ✏

2
Fµ⌫X

µ⌫ + g11�̄1�
µ�1Xµ + g12�̄2�

µ�1Xµ + h.c.
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(Pseudo-) Dirac fermionic DM Giudice, Kim, Park, SS, 1712.07126

Kim, Park, SS, 1612.06867

kinetic mixing eBDM iBDM

cf inelastic DM

astro-ph/0702587 0903.1037iDM + de-excitation (in the universe)

Phenomenology at fixed target experiments

1309.0825

hep-ph/0101138

1312.1363 1403.6826

iDM at the LHC 1109.4144



Primary 
signature • DIS

• (quasi-elastic)  
p-scattering
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• Differential cross section peaks ≪ 1 GeV:  
the exact value not important 

Kim, Park, SS, 1612.06867

PRD79, 112010 (2009)

(quasi-elastic) p-scattering vs DIS

Signals at DUNE far detector: p vs DIS

p

�1
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Primary 
signature • DIS

• (quasi-elastic)  
p-scattering
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• Differential cross section peaks ≪ 1 GeV:  
the exact value not important 

Kim, Park, SS, 1612.06867

p-scattering

• Super-Kamiokande simulation study:  
50% of the events accompany 𝜋0  

    or charged secondary pp ~ 2 GeV  
 PRD79, 112010 (2009)

(quasi-elastic) p-scattering vs DIS

Signals at DUNE far detector: p vs DIS

p
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(quasi-elastic) p-scattering vs DIS
Kim, Machado, Park, SS, 1812.xxxxx

• Penalty on p-scattering Eth > 21 MeV (conservative): 
ArgoNeuT, 1405.4261

• Still, p-scattering dominates for mX < 1 GeV 
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Signals at DUNE far detector: p vs DIS
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Kim, Machado, Park, SS, 1812.xxxxx

• Penalty on p-scattering Eth > 21 MeV (conservative): 
ArgoNeuT, 1405.4261

• Still, p-scattering dominates for mX < 1 GeV 

�cut
�1p

<latexit sha1_base64="HUwkInwBiw4liAiLsB8e0tv6Vpg=">AAACA3icbVBNS8NAEJ34WetX1GMvi0XwVBIRP24FLx4rGFtoYthsN+3S3STsboQSevDiX/HiQcWrf8Kb/8Ztm4O2Phh4vDfDzLwo40xpx/m2lpZXVtfWKxvVza3tnV17b/9Opbkk1CMpT2UnwopyllBPM81pJ5MUi4jTdjS8mvjtByoVS5NbPcpoIHA/YTEjWBsptGu+Yn2Bw8InAxa6KBvfF74UiOR6HNp1p+FMgRaJW5I6lGiF9pffS0kuaKIJx0p1XSfTQYGlZoTTcdXPFc0wGeI+7RqaYEFVUEyfGKMjo/RQnEpTiUZT9fdEgYVSIxGZToH1QM17E/E/r5vr+CIoWJLlmiZktijOOdIpmiSCekxSovnIEEwkM7ciMsASE21yq5oQ3PmXF4l30rhsuDen9eZZmUYFanAIx+DCOTThGlrgAYFHeIZXeLOerBfr3fqYtS5Z5cwB/IH1+QMn2Zfy</latexit><latexit sha1_base64="HUwkInwBiw4liAiLsB8e0tv6Vpg=">AAACA3icbVBNS8NAEJ34WetX1GMvi0XwVBIRP24FLx4rGFtoYthsN+3S3STsboQSevDiX/HiQcWrf8Kb/8Ztm4O2Phh4vDfDzLwo40xpx/m2lpZXVtfWKxvVza3tnV17b/9Opbkk1CMpT2UnwopyllBPM81pJ5MUi4jTdjS8mvjtByoVS5NbPcpoIHA/YTEjWBsptGu+Yn2Bw8InAxa6KBvfF74UiOR6HNp1p+FMgRaJW5I6lGiF9pffS0kuaKIJx0p1XSfTQYGlZoTTcdXPFc0wGeI+7RqaYEFVUEyfGKMjo/RQnEpTiUZT9fdEgYVSIxGZToH1QM17E/E/r5vr+CIoWJLlmiZktijOOdIpmiSCekxSovnIEEwkM7ciMsASE21yq5oQ3PmXF4l30rhsuDen9eZZmUYFanAIx+DCOTThGlrgAYFHeIZXeLOerBfr3fqYtS5Z5cwB/IH1+QMn2Zfy</latexit><latexit sha1_base64="HUwkInwBiw4liAiLsB8e0tv6Vpg=">AAACA3icbVBNS8NAEJ34WetX1GMvi0XwVBIRP24FLx4rGFtoYthsN+3S3STsboQSevDiX/HiQcWrf8Kb/8Ztm4O2Phh4vDfDzLwo40xpx/m2lpZXVtfWKxvVza3tnV17b/9Opbkk1CMpT2UnwopyllBPM81pJ5MUi4jTdjS8mvjtByoVS5NbPcpoIHA/YTEjWBsptGu+Yn2Bw8InAxa6KBvfF74UiOR6HNp1p+FMgRaJW5I6lGiF9pffS0kuaKIJx0p1XSfTQYGlZoTTcdXPFc0wGeI+7RqaYEFVUEyfGKMjo/RQnEpTiUZT9fdEgYVSIxGZToH1QM17E/E/r5vr+CIoWJLlmiZktijOOdIpmiSCekxSovnIEEwkM7ciMsASE21yq5oQ3PmXF4l30rhsuDen9eZZmUYFanAIx+DCOTThGlrgAYFHeIZXeLOerBfr3fqYtS5Z5cwB/IH1+QMn2Zfy</latexit><latexit sha1_base64="HUwkInwBiw4liAiLsB8e0tv6Vpg=">AAACA3icbVBNS8NAEJ34WetX1GMvi0XwVBIRP24FLx4rGFtoYthsN+3S3STsboQSevDiX/HiQcWrf8Kb/8Ztm4O2Phh4vDfDzLwo40xpx/m2lpZXVtfWKxvVza3tnV17b/9Opbkk1CMpT2UnwopyllBPM81pJ5MUi4jTdjS8mvjtByoVS5NbPcpoIHA/YTEjWBsptGu+Yn2Bw8InAxa6KBvfF74UiOR6HNp1p+FMgRaJW5I6lGiF9pffS0kuaKIJx0p1XSfTQYGlZoTTcdXPFc0wGeI+7RqaYEFVUEyfGKMjo/RQnEpTiUZT9fdEgYVSIxGZToH1QM17E/E/r5vr+CIoWJLlmiZktijOOdIpmiSCekxSovnIEEwkM7ciMsASE21yq5oQ3PmXF4l30rhsuDen9eZZmUYFanAIx+DCOTThGlrgAYFHeIZXeLOerBfr3fqYtS5Z5cwB/IH1+QMn2Zfy</latexit>

iBDM

Signals at DUNE far detector: p vs DIS
(quasi-elastic) p-scattering vs DIS

DIS can 
dominate

��-�

��-�

���

���

���

���

���

��-� ��-� ��-� ��-� ��� ���
��-�

��-�

��-�

��-�

���

���

�� [���]

�
�
[�
��

]

σχ� �
���/σ���� �� = �� ���� �� =��

δ�=�
δ�=��� ��
δ�=� ��
δ�=� ��
δ�=� ��
δ�=�� ��
δ�=�� ��

��� (������� ����)
��� �� ��������

��-� ��-� ��-� ��-� ���

��-�

��-�

���

���

�� [���]

�
�
[�
��

]

σχ� �
���/σ���� �� = �� ���



Kim, Machado, Park, SS, 1812.xxxxx

• Number of DIS induced events (Y = atomic number/atomic weight)

eBDM

g11
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Signals at DUNE far detector: p vs DIS
(quasi-elastic) p-scattering vs DIS

DIS can 
dominate
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Kim, Machado, Park, SS, 1812.xxxxx

• Number of DIS induced events (Y = atomic number/atomic weight)

eBDM

g11
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Signals at DUNE far detector: p vs DIS
(quasi-elastic) p-scattering vs DIS

DIS can 
dominate

• 380kt water (HK) Y=10/18, at most 0.1 events/yr

0.1 events/yr in HK

No detector effects (hence, realistic number is even smaller)

��-�

��-�

���

���

���

���

���

��-� ��-� ��-� ��-� ��� ���
��-�

��-�

��-�

��-�

���

���

�� [���]

�
�
[�
��

]

σχ� �
���/σ���� �� = �� ���� �� =��

��-�

��-�

��-�

��-���

��-���

��� = �� ϵ= ��-�

��-� ��-� ��-� ��-� ���
��-�

��-�

��-�

��-�

���

���

�� [���]

�
�
[�
��

]

���� / ���� / �� / �� �� = �� ���� �� =��



Kim, Machado, Park, SS, 1812.xxxxx

• NDIS negligible unless a much larger detector or flux exists (model dependent)
Josh’s talk

Signals at DUNE far detector: p vs DIS

• p-scattering dominates for smaller mX < 1 GeV even for E1 > 50 GeV 
(unlike neutrino scattering events: mediator W, Z)

(quasi-elastic) p-scattering vs DIS

d��1p

dpp
/ 1

(p2p +m2
X)2
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d�DIS

dxdy

/ 1

(Q2 +m

2
X)2
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Differential cross section peaks  
pp ≪ 1 GeV

Q > 1.5GeV
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Signals at DUNE far detector: p vs e
• Theoretical calculation: p-scattering wins unless mX ≲ keV

• Realistic effects such as Eth,angular resolutions, and event acceptance added

iv) Secondary signature: e- e+ 

eBDM
• Red: p-scattering preferred 

Blue: e-scattering preferred 

• For smaller mX, a further suppression 
of        by pp effective��1p

<latexit sha1_base64="d42/Za0sLciJaff8VJXbZ2gMRp8=">AAAB+XicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIQb0VvHisYGyhCWGz3bRLd5Owu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8KONMacf5tipr6xubW9Xt2s7u3v6BXT+8V2kuCfVIylPZi7CinCXU00xz2sskxSLitBuNr2d+94FKxdLkTk8yGgg8TFjMCNZGCu26r9hQ4LDwyYiFLsqmod1wms4caJW4JWlAiU5of/mDlOSCJppwrFTfdTIdFFhqRjid1vxc0QyTMR7SvqEJFlQFxfz0KTo1ygDFqTSVaDRXf08UWCg1EZHpFFiP1LI3E//z+rmOL4OCJVmuaUIWi+KcI52iWQ5owCQlmk8MwUQycysiIywx0SatmgnBXX55lXjnzaume9tqtFtlGlU4hhM4AxcuoA030AEPCDzCM7zCm/VkvVjv1seitWKVM0fwB9bnD1mck48=</latexit><latexit sha1_base64="d42/Za0sLciJaff8VJXbZ2gMRp8=">AAAB+XicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIQb0VvHisYGyhCWGz3bRLd5Owu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8KONMacf5tipr6xubW9Xt2s7u3v6BXT+8V2kuCfVIylPZi7CinCXU00xz2sskxSLitBuNr2d+94FKxdLkTk8yGgg8TFjMCNZGCu26r9hQ4LDwyYiFLsqmod1wms4caJW4JWlAiU5of/mDlOSCJppwrFTfdTIdFFhqRjid1vxc0QyTMR7SvqEJFlQFxfz0KTo1ygDFqTSVaDRXf08UWCg1EZHpFFiP1LI3E//z+rmOL4OCJVmuaUIWi+KcI52iWQ5owCQlmk8MwUQycysiIywx0SatmgnBXX55lXjnzaume9tqtFtlGlU4hhM4AxcuoA030AEPCDzCM7zCm/VkvVjv1seitWKVM0fwB9bnD1mck48=</latexit><latexit sha1_base64="d42/Za0sLciJaff8VJXbZ2gMRp8=">AAAB+XicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIQb0VvHisYGyhCWGz3bRLd5Owu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8KONMacf5tipr6xubW9Xt2s7u3v6BXT+8V2kuCfVIylPZi7CinCXU00xz2sskxSLitBuNr2d+94FKxdLkTk8yGgg8TFjMCNZGCu26r9hQ4LDwyYiFLsqmod1wms4caJW4JWlAiU5of/mDlOSCJppwrFTfdTIdFFhqRjid1vxc0QyTMR7SvqEJFlQFxfz0KTo1ygDFqTSVaDRXf08UWCg1EZHpFFiP1LI3E//z+rmOL4OCJVmuaUIWi+KcI52iWQ5owCQlmk8MwUQycysiIywx0SatmgnBXX55lXjnzaume9tqtFtlGlU4hhM4AxcuoA030AEPCDzCM7zCm/VkvVjv1seitWKVM0fwB9bnD1mck48=</latexit><latexit sha1_base64="d42/Za0sLciJaff8VJXbZ2gMRp8=">AAAB+XicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIQb0VvHisYGyhCWGz3bRLd5Owu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8KONMacf5tipr6xubW9Xt2s7u3v6BXT+8V2kuCfVIylPZi7CinCXU00xz2sskxSLitBuNr2d+94FKxdLkTk8yGgg8TFjMCNZGCu26r9hQ4LDwyYiFLsqmod1wms4caJW4JWlAiU5of/mDlOSCJppwrFTfdTIdFFhqRjid1vxc0QyTMR7SvqEJFlQFxfz0KTo1ygDFqTSVaDRXf08UWCg1EZHpFFiP1LI3E//z+rmOL4OCJVmuaUIWi+KcI52iWQ5owCQlmk8MwUQycysiIywx0SatmgnBXX55lXjnzaume9tqtFtlGlU4hhM4AxcuoA030AEPCDzCM7zCm/VkvVjv1seitWKVM0fwB9bnD1mck48=</latexit>

d��1p

dpp
/ 1

(p2p +m2
X)2

<latexit sha1_base64="M3zRNBaVOYjLRWPHLkdqYVMzuJw="></latexit><latexit sha1_base64="M3zRNBaVOYjLRWPHLkdqYVMzuJw="></latexit><latexit sha1_base64="M3zRNBaVOYjLRWPHLkdqYVMzuJw="></latexit><latexit sha1_base64="M3zRNBaVOYjLRWPHLkdqYVMzuJw="></latexit>

d��1e

dpe
/ 1

(mepe +m2
X)2

<latexit sha1_base64="KdTBk62qDc0tZ7rROONMkHxVpUc="></latexit><latexit sha1_base64="KdTBk62qDc0tZ7rROONMkHxVpUc="></latexit><latexit sha1_base64="KdTBk62qDc0tZ7rROONMkHxVpUc="></latexit><latexit sha1_base64="KdTBk62qDc0tZ7rROONMkHxVpUc="></latexit>

• Contours: Nevents by p-scattering (red)  
            e-scattering (blue)

g11 = 1, ✏ = 10�4
<latexit sha1_base64="eaeaGqp3VBhEG23MS0K7Zs1OPm8=">AAACB3icbVDLSsNAFJ3UV62vqEsXDlbBRS2JFNSFUHDjsoK1hSaGyXTSDp1MwsxEKCFLN/6KGxcqbv0Fd/6NkzYLbT1w4cw59zL3Hj9mVCrL+jZKC4tLyyvl1cra+sbmlrm9cyejRGDSxhGLRNdHkjDKSVtRxUg3FgSFPiMdf3SV+50HIiSN+K0ax8QN0YDTgGKktOSZ+wMvte0MXkK75tQcEkvKIp4/rfv0pJF5ZtWqWxPAeWIXpAoKtDzzy+lHOAkJV5ghKXu2FSs3RUJRzEhWcRJJYoRHaEB6mnIUEummk0MyeKSVPgwioYsrOFF/T6QolHIc+rozRGooZ71c/M/rJSo4d1PK40QRjqcfBQmDKoJ5KrBPBcGKjTVBWFC9K8RDJBBWOruKDsGePXmetE/rF3X7plFtHhZplMEeOADHwAZnoAmuQQu0AQaP4Bm8gjfjyXgx3o2PaWvJKGZ2wR8Ynz80C5cE</latexit><latexit sha1_base64="eaeaGqp3VBhEG23MS0K7Zs1OPm8=">AAACB3icbVDLSsNAFJ3UV62vqEsXDlbBRS2JFNSFUHDjsoK1hSaGyXTSDp1MwsxEKCFLN/6KGxcqbv0Fd/6NkzYLbT1w4cw59zL3Hj9mVCrL+jZKC4tLyyvl1cra+sbmlrm9cyejRGDSxhGLRNdHkjDKSVtRxUg3FgSFPiMdf3SV+50HIiSN+K0ax8QN0YDTgGKktOSZ+wMvte0MXkK75tQcEkvKIp4/rfv0pJF5ZtWqWxPAeWIXpAoKtDzzy+lHOAkJV5ghKXu2FSs3RUJRzEhWcRJJYoRHaEB6mnIUEummk0MyeKSVPgwioYsrOFF/T6QolHIc+rozRGooZ71c/M/rJSo4d1PK40QRjqcfBQmDKoJ5KrBPBcGKjTVBWFC9K8RDJBBWOruKDsGePXmetE/rF3X7plFtHhZplMEeOADHwAZnoAmuQQu0AQaP4Bm8gjfjyXgx3o2PaWvJKGZ2wR8Ynz80C5cE</latexit><latexit sha1_base64="eaeaGqp3VBhEG23MS0K7Zs1OPm8=">AAACB3icbVDLSsNAFJ3UV62vqEsXDlbBRS2JFNSFUHDjsoK1hSaGyXTSDp1MwsxEKCFLN/6KGxcqbv0Fd/6NkzYLbT1w4cw59zL3Hj9mVCrL+jZKC4tLyyvl1cra+sbmlrm9cyejRGDSxhGLRNdHkjDKSVtRxUg3FgSFPiMdf3SV+50HIiSN+K0ax8QN0YDTgGKktOSZ+wMvte0MXkK75tQcEkvKIp4/rfv0pJF5ZtWqWxPAeWIXpAoKtDzzy+lHOAkJV5ghKXu2FSs3RUJRzEhWcRJJYoRHaEB6mnIUEummk0MyeKSVPgwioYsrOFF/T6QolHIc+rozRGooZ71c/M/rJSo4d1PK40QRjqcfBQmDKoJ5KrBPBcGKjTVBWFC9K8RDJBBWOruKDsGePXmetE/rF3X7plFtHhZplMEeOADHwAZnoAmuQQu0AQaP4Bm8gjfjyXgx3o2PaWvJKGZ2wR8Ynz80C5cE</latexit><latexit sha1_base64="eaeaGqp3VBhEG23MS0K7Zs1OPm8=">AAACB3icbVDLSsNAFJ3UV62vqEsXDlbBRS2JFNSFUHDjsoK1hSaGyXTSDp1MwsxEKCFLN/6KGxcqbv0Fd/6NkzYLbT1w4cw59zL3Hj9mVCrL+jZKC4tLyyvl1cra+sbmlrm9cyejRGDSxhGLRNdHkjDKSVtRxUg3FgSFPiMdf3SV+50HIiSN+K0ax8QN0YDTgGKktOSZ+wMvte0MXkK75tQcEkvKIp4/rfv0pJF5ZtWqWxPAeWIXpAoKtDzzy+lHOAkJV5ghKXu2FSs3RUJRzEhWcRJJYoRHaEB6mnIUEummk0MyeKSVPgwioYsrOFF/T6QolHIc+rozRGooZ71c/M/rJSo4d1PK40QRjqcfBQmDKoJ5KrBPBcGKjTVBWFC9K8RDJBBWOruKDsGePXmetE/rF3X7plFtHhZplMEeOADHwAZnoAmuQQu0AQaP4Bm8gjfjyXgx3o2PaWvJKGZ2wR8Ynz80C5cE</latexit>

Note: bkg. should be subtracted



Signals at DUNE far detector: p vs e
• Theoretical calculation: p-scattering wins unless mX ≲ keV

• Realistic effects such as Eth,angular resolutions, and event acceptance added

iv) Secondary signature: e- e+ 

iBDM g12 = 1, ✏ = 10�4
<latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit>

• e-scattering more preferred for smaller m1: 
angular cut for secondary e- e+ 
   ∵ recoiling p has less energy, i.e., 
           has more energy 

• e-scattering is limited for larger 𝛿m 

• gray: e- e+ is too soft for small  𝛿m or mX

�2
<latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit>



Signals at DUNE far detector: p vs e
• Theoretical calculation: p-scattering wins unless mX ≲ keV

• Realistic effects such as Eth,angular resolutions, and event acceptance added

iv) Secondary signature: e- e+ 

iBDM g12 = 1, ✏ = 10�4
<latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit>

X → inv.
if g11 sizable

• e-scattering more preferred for smaller m1: 
angular cut for secondary e- e+ 
   ∵ recoiling p has less energy, i.e., 
           has more energy 

• e-scattering is limited for larger 𝛿m 

• gray: e- e+ is too soft for small  𝛿m or mX

�2
<latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit>



Signals at DUNE far detector: p vs e
• Theoretical calculation: p-scattering wins unless mX ≲ keV

• Realistic effects such as Eth,angular resolutions, and event acceptance added

iv) Secondary signature: e- e+ 

iBDM g12 = 1, ✏ = 10�4
<latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit><latexit sha1_base64="b3PFQMVsu4etuaS1x34ZIgl1qyc=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFgFD1qypaAeCgUvHisYW2hj2Gy3delmE3Y3Qgm5ePGvePGg4tUf4c1/47bNQVsfDDzem2FmXhBzprTjfFuFhcWl5ZXiamltfWNzy97euVVRIgl1ScQj2Q6wopwJ6mqmOW3HkuIw4LQVDC/HfuuBSsUicaNHMfVCPBCszwjWRvLt/YGfompWRyewS2PFeCRgHSLnLj2tZb5ddirOBHCeoJyUQY6mb391exFJQio04VipDnJi7aVYakY4zUrdRNEYkyEe0I6hAodUeenkiwweGaUH+5E0JTScqL8nUhwqNQoD0xlifa9mvbH4n9dJdP/cS5mIE00FmS7qJxzqCI4jgT0mKdF8ZAgmkplbIbnHEhNtgiuZENDsy/PErVYuKui6Vm4c5mkUwR44AMcAgTPQAFegCVxAwCN4Bq/gzXqyXqx362PaWrDymV3wB9bnD7M+lj8=</latexit>

X → inv.
if g11 sizable

X* → e- e+ • e-scattering more preferred for smaller m1: 
angular cut for secondary e- e+ 
   ∵ recoiling p has less energy, i.e., 
           has more energy 

• e-scattering is limited for larger 𝛿m 

• gray: e- e+ is too soft for small  𝛿m or mX

�2
<latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit><latexit sha1_base64="HySTIsZT0sBLMb1z6UjEhCO4b04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOgMyYcPGsFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTXQcZE0lqqCDLRVHKkZFo8ToaMUWJ4TNLMFHM3orIBCtMjA2oYkPwVl9eJ36jflP37pu1VrNIowxncA6X4MEVtOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/kVWOnQ==</latexit>



Sensitivities at DUNE far detector

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

�2 ! X⇤�1 ! e+e��1
<latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit>

�2 ! X(⇤)�1 ! e+e��1
<latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit>

mX > 2m1
<latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit>

mX < 2m1
<latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit>



Sensitivities at DUNE far detector

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

�2 ! X⇤�1 ! e+e��1
<latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit>

�2 ! X(⇤)�1 ! e+e��1
<latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit>

mX > 2m1
<latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit>

mX < 2m1
<latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit>

• p-scattering larger than e-scattering as increasing mX 

• DUNE preferred parameter region over HK (lower Eth, better resolution)  
            although the size is ~ 1/10 

• Difference huge for p-scattering



Sensitivities at DUNE far detector

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

g12 = 1
<latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit><latexit sha1_base64="iJtkZGJI3DQ5Ae9iX6M4wSYg44g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK1hbbEPZbDft0s0m7E6EEvovvHhQ8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8ePZg41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSN4Oxjczv/3EtRGxusdJwv2IDpUIBaNopcdhP/NqU3JNvH654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLq6RVq15Vvbt6pVHP0yjCCZzCOXhwAQ24hSa0gIGCZ3iFN8c4L86787FoLTj5zDH8gfP5AzV+j3M=</latexit>

�2 ! X⇤�1 ! e+e��1
<latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit><latexit sha1_base64="LuIGV+YIr7IFBRA2ixjkcKuImFE=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCUCxJKai7ghuXFYwtNGmYTE/boZMLMxOhhD6EG1/FjQsVt27c+TZO0yy09YcDP985h5nzBwlnUlnWt7Gyura+sVnaKm/v7O7tmweH9zJOBQWHxjwWnYBI4CwCRzHFoZMIIGHAoR2Mr2f99gMIyeLoTk0S8EIyjNiAUaI08s2qS0fMr2NXxbjTc4lUOCd2TqBX1XVeIN+sWDUrF142dmEqqFDLN7/cfkzTECJFOZGya1uJ8jIiFKMcpmU3lZAQOiZD6GobkRCkl+VHTfGpJn08iIWuSOGc/t7ISCjlJAz0ZEjUSC72ZvC/XjdVg0svY1GSKojo/KFByrG+d5YQ7jMBVPGJNoQKpv+K6YgIQpXOsaxDsBdPXjZOvXZVs28blWajSKOEjtEJOkM2ukBNdINayEEUPaJn9IrejCfjxXg3PuajK0axc4T+yPj8AXXjnBY=</latexit>

�2 ! X(⇤)�1 ! e+e��1
<latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit><latexit sha1_base64="PwUGAdqk2+zGwMiySn/ib6/G9mQ=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIFbEmpaDuCm5cVjC20KRhMp20QyeTMDMRSuhjuPFV3LhQcas738ZpmoW2Hrhw+O69zNwTJIxKZVnfxtLyyuraemmjvLm1vbNr7u3fyzgVmDg4ZrHoBEgSRjlxFFWMdBJBUBQw0g5G19N++4EISWN+p8YJ8SI04DSkGCmNfPPcxUPq16GrYtjpZVUXSXUygTm1c0p6p7rOCuSbFatm5YKLxi5MBRRq+eaX249xGhGuMENSdm0rUV6GhKKYkUnZTSVJEB6hAelqy1FEpJflh03gsSZ9GMZCF1cwp783MhRJOY4CPRkhNZTzvSn8r9dNVXjpZZQnqSIczx4KUwb1vdOUYJ8KghUba4OwoPqvEA+RQFjpLMs6BHv+5EXj1GtXNfu2UWk2ijRK4BAcgSqwwQVoghvQAg7A4BE8g1fwZjwZL8a78TEbXTKKnQPwR8bnDzdPnYc=</latexit>

mX > 2m1
<latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit><latexit sha1_base64="85QgbCFg60X9itNecHvTdNUZikw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQb1IwYvHCkYLaQib7aZdursJuxOhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMizPBDbjut1NZW9/Y3Kpu13Z29/YP6odHDybNNWU+TUWqezExTHDFfOAgWC/TjMhYsMd4fDPzH5+YNjxV9zDJWCjJUPGEUwJWCmTUw9e4hWXkRfWG23TnwKvEK0kDlehG9a/+IKW5ZAqoIMYEnptBWBANnAo2rfVzwzJCx2TIAksVkcyExfzkKT6zygAnqbalAM/V3xMFkcZMZGw7JYGRWfZm4n9ekENyGRZcZTkwRReLklxgSPHsfzzgmlEQE0sI1dzeiumIaELBplSzIXjLL68Sv9W8anp37UanXaZRRSfoFJ0jD12gDrpFXeQjilL0jF7RmwPOi/PufCxaK045c4z+wPn8AY6Fj58=</latexit>

mX < 2m1
<latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit><latexit sha1_base64="mhBXrshywx5B5ZD/Hx2jqCPROxs=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lKQQUPBS8eKxgtpCFstpt26e4m7E6EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL84EN+C6305lbX1jc6u6XdvZ3ds/qB8ePZg015T5NBWp7sXEMMEV84GDYL1MMyJjwR7j8c3Mf3xi2vBU3cMkY6EkQ8UTTglYKZBRD1/jFpaRF9UbbtOdA68SryQNVKIb1b/6g5TmkimgghgTeG4GYUE0cCrYtNbPDcsIHZMhCyxVRDITFvOTp/jMKgOcpNqWAjxXf08URBozkbHtlARGZtmbif95QQ7JZVhwleXAFF0sSnKBIcWz//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtv7xK/FbzqundtRuddplGFZ2gU3SOPHSBOugWdZGPKErRM3pFbw44L86787ForTjlzDH6A+fzB4tzj50=</latexit>

• p-scattering larger than e-scattering as increasing mX 

• DUNE preferred parameter region over HK (lower Eth, better resolution)  
            although the size is ~ 1/10 

• Difference huge for p-scattering
Better for larger E1



Conclusions

• Searches for iBDM (+ eBDM) provide a new opportunity of DM 
search in DUNE far detectors 

• Signal category: primary (e-scattering, p-scattering, DIS)  
                           secondary (visible SM particles e+e-, 𝜇+𝜇-, 𝜋+𝜋-, …) 

• For iBDM, zero-background may be easily achievable 

• Sensitivity at DUNE can be better than other experiments (e.g., HK) 
in some parameter space (in particular for p-scattering) 

• Results will be in the follow-up papers and DUNE TDR 

• Experimental observation signal by signal?  
                 (any theoretical model sharing a single signal)
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・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

(decay-length dependent)
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・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

with signal efficiency

𝜎fid or 𝜎vis

(decay-length dependent)
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Sensitivity: prompt decay/elastic scattering

F / h�vi�0�0!�1�1

m2
0

Fix (then use NFW)
h�vi�0�0!�1�1 = 5⇥ 10�26 cm3s�1

zero-background assumption 
(90% C.L.)
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Sensitivity: prompt decay/elastic scattering

F / h�vi�0�0!�1�1

m2
0

Fix (then use NFW)
h�vi�0�0!�1�1 = 5⇥ 10�26 cm3s�1

information of energy and flux

co
rre

spo
nd

zero-background assumption 
(90% C.L.)
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Back up: PD, sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

• Sneaking-in can be included 
in the events failed to be 
reconstructed as 𝜇 

• Hardly emitted photon 

• A track pops-up there > Eth 
with unclear kink feature   

• e-faking 𝜇±  
(≪ e-faking 𝛾 rate: 7%)

~ 10 energetic (> 500 MeV) cosmic 𝜇 events/ms ≃ 4×1011/yr/detector
(ProtoDUNE)



Back up: PD, sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

• Sneaking-in can be included 
in the events failed to be 
reconstructed as 𝜇 

• Hardly emitted photon 

• A track pops-up there > Eth 
with unclear kink feature   

• e-faking 𝜇±  
(≪ e-faking 𝛾 rate: 7%)

~ 10 energetic (> 500 MeV) cosmic 𝜇 events/ms ≃ 4×1011/yr/detector

< 0.1%

∼ 0.2%↵

⇡

< 1%

𝘷

𝘷

𝘷

(ProtoDUNE)



Back up: PD, sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

• Sneaking-in can be included 
in the events failed to be 
reconstructed as 𝜇 

• Hardly emitted photon 

• A track pops-up there > Eth 
with unclear kink feature   

• e-faking 𝜇±  
(≪ e-faking 𝛾 rate: 7%)

~ 10 energetic (> 500 MeV) cosmic 𝜇 events/ms ≃ 4×1011/yr/detector

< 0.1%

∼ 0.2%↵

⇡

< 1%

𝘷

𝘷

𝘷

if 0.06%
NBG∼100 

(crazy upper limit)

Dedicated analysis 
needed

(ProtoDUNE)



Back up: Earth shielding

Detector

𝜒0𝜒0 → 𝜒1 𝜒1

𝜒1

cosmic 𝜇

Collect upward-going signal 
only when the source is at 

the opposite side

SBNP: 0.66, ProtoDUNE: 0.69

From the sun: half

From the GC: 
Earth

Kim, Kong, Park, SS, 1804.07302



eBDM iBDM

Back up: strategy

Surface 𝜈 exp.

Underground 𝜈 exp.

Signal probe

Particle 
identification

+ Earth shielding

Detector type

LArTPC (DUNE, SBNP, …)

Cherenkov (SK, HK/KNO, …)

Better PID, resolutions

Directionality of 
the scattering 

Larger volume

+ Unique topology 



Back up
COSINE-100

106kg array of 8 ultra-pure NaI(Tl) crystals 
immersed in an active veto detector

2200L of liquid scintillator  
(~ 2 ton)



Back up
HK selection criteria

iv) Secondary signature: e- e+ 



 Back up

1305.7513

neutrino scattering



Back up

𝜒0


