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• (Non-gravitational) Interactions?  
   DM - SM 
   DM - DM

i) Observation 
ii) Amount of DM

Weakly Interacting Massive Particle (WIMP)
Preferred candidate so far was

• Weak scale mass: O(1 ~ 100) × proton mass

• Weak interaction with the SM particles: 
  about < 10-12 (in cross section) smaller than EM

Byproduct of many BSM theories 
for resolving the hierarchy problem
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Light DM

• Light Dark Matter is being actively considered as a dark sector candidate. 
(Both in a simplified model or UV model) 

• Due to its mass, the interactions with electron target are being focused.

keV ~ GeV

Unlike WIMP (coherent scattering with nucleus)
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Where do we probe the LDM recoiling electron target?

• Light WIMP (non-relativistic) at DM direct detection experiments:  
sometimes new devices are proposed. 
 

• Light DM in neutrino experiments: boosted dark matter 

• Light DM produced in high intensity accelerators

Kopp, Niro, Schwetz, Zupan, PRD 2009

+ many…Roberts, Dzuba, Flambaum, Pospelov, Stadnik, PRD 2016

Essig, Mardon, Volansky, PRD2012, w/ Manalaysay, Sorensen, PRL 2012

Lee, Lisanti, Mishra-Sharma, Safdi, PRD 2015
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Where do we probe the LDM recoiling electron target?
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The deposited energy by slowly moving DM (𝑣 ~ 10-3) is mostly 𝒪(eV) ≪ keV (Eth).
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Light Dark Matter recoiling electron
Where do we probe the LDM recoiling electron target?

Dark Matter

• Dark sector structure

• Scattering with energetic background

• Production in an astrophysical object providing 
large kinetic energy, e.g., SN

Agashe, Cui, Necib, Thaler, JCAP 2014 Kim, Park, SS, PRL 2017

Yin, 1809.08610

Cappiello, Ng, Beacom, PRD 2019 Jho, Park, Park, Tseng, 2021
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• Light WIMP (non-relativistic) at DM direct detection experiments:  
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First proposal on the e-recoil by  
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Nuclear recoil also possible
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�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>

Ne

• DIS

• (quasi-elastic)  
N-scattering

• (quasi-elastic) 
e-scattering

Primary 
signature

Fiducial volume

𝜒1: light BDM, 𝜒2: excited state

𝜒0𝜒0 → 

𝜒1 𝜒1



Signals inside a fiducial volume

�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>

�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>

Ne

• DIS

• (quasi-elastic)  
N-scattering

• (quasi-elastic) 
e-scattering

Primary 
signature

Fiducial volume

𝜒1: light BDM, 𝜒2: excited state

𝜒0𝜒0 → 

𝜒1 𝜒1



prompt or 
displaced

Signals inside a fiducial volume

�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>

�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>
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<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>

�
<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>

𝜒1: light BDM, 𝜒2: excited state

𝜒0𝜒0 → 

𝜒1 𝜒1



prompt or 
displaced

Signals inside a fiducial volume

�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>

�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>

Ne

• DIS

• (quasi-elastic)  
N-scattering

• (quasi-elastic) 
e-scattering

Primary 
signature

Fiducial volume

Secondary 
signature

e-

e+
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>

�
<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>

𝜒1: light BDM, 𝜒2: excited state

𝜒0𝜒0 → 

𝜒1 𝜒1

• For iBDM, two signatures  
can be separated beyond  
the position and angular  
resolutions.

• For eBDM, energy deposit  
in e-recoil signatures is  
larger than what is  
expected by light WIMP.

Zero bkg. (conservative)



New method in eBDM search: darkstrahlung

N

�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>

• DIS

• (quasi-elastic)  
N-scattering

e

• (quasi-elastic) 
e-scattering

Primary 
signature

Fiducial volume

�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>

NOT like 𝜈

2nd signature in 
the elastic scattering

dark gauge boson scenario

X

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>

e+
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Secondary 
signature

• Different from 
WIMP → 𝜈 𝜈

• NLO but O(10-20%)  
of LO possible 

(impossible for beam 
produced DM)

Kim, Park, SS, PRD2019, arXiv:1903.05087

• Efficient for large NBG 
(cosmogenic BSM signal)

𝜒1: light BDM

𝜒0𝜒0 → 

𝜒1 𝜒1
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MeV scale e-recoil by BDM

Giudice, Kim, Park, SS, PLB 780, 543 (2018)

• Various direct detection experiments can have good enough sensitivities:   
e.g., in a dark photon scenario: 𝜒1(2) - e 

• Experimental details (position/angle/energy resolutions) are crucial in 
determining the sensitivities.



COSINE-100 result
COSINE-100, PRL 2019

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

2200L of liquid scintillator 
(~ 2 ton)

Based on theoretical study

Observed: 21 events, Background expected: 16.4 ± 2.1

Giudice, Kim, Park, SS, PLB 780, 543 (2018)



keV scale e-recoil: XENON1T 2020

XENON1T, 2006.09721

76 ± 2(stat) events exceeding background expectation0.65 ton∙year

• Background? Tritium, Ar37 decays 
(most probable?) 

• Solar axion, neutrino MDM ~3𝜎 ? 

• Dark Matter recoil? 

7 keV
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keV scale e-recoil: XENON1T 2020

XENON1T, 2006.09721

76 ± 2(stat) events exceeding background expectation0.65 ton∙year

• Background? Tritium, Ar37 decays 
(most probable?) 

• Solar axion, neutrino MDM ~3𝜎 ? 

• Dark Matter recoil? 

- No nuclear recoil signals

- Too high energy e-recoil for WIMP 
or WIMP-like light DM

7 keV

Fast-moving light DM

• Light DM absorption 

• Inelastic (exothermic) DM

See also



Parameter fit of XENON1T 2020
Not so simple task

Life is not easy  
for any of us.

• Large number of events: large cross section with the material of Earth 
                               (deflected and loose energy) 

• A narrow range of 2 keV ≤ ER ≤ 7 keV is preferred.  

• The binding energy of electrons in Xe is not negligible. 
      (for ER ~ keV)

7 keV

More difficult 
than MeV case
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Two-component BDM from GC

F1 = 1.6 cm�2 s�1

⇥
✓

h�0!1vi
5⇥ 10�26 cm3 s�1

◆✓
10MeV

m0

◆2
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𝜒1 - 𝑒 (fiducial) scattering 
cross section

Total exposure time

Number of effective target electrons 
in the fiducial volume

First approximation
, tot
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• The maximum ER of electrons scattered by BDM ≥ 2 keV (non-shaded). 
This is model independently given as above. 

• 𝐸1 ≳ 20 keV is preferred (depending on 𝑚1).

Emax
r =

2mep21
s

=
E2

1 �m2
1

m2
1 +m2

e + 2meE1
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Energy of  
the incoming BDM

Mass of BDM

Alhazmi, Kim, Kong, Mohlabeng, 
Park, SS, JHEP 05, 055 (2021),  

arXiv: 2006.16252

Parameter fit of XENON1T 2020
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• The values of (fiducial) cross section 𝜎1𝑒 giving 𝑁sig = 100 are shown, 
assuming                  (will be discussed later). 

• To avoid the Earth attenuation, the mean free path ≳ 𝒪(1000 km) is preferred. 

    (at least larger than the depth of XENON1T ~ 1.6 km) 

Energy of  
the incoming BDM

Mass of BDM

¯̀
1 ⇠ 1

hnei�1e
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Mean 𝑒-number density 

along the 𝜒1 propagation line.

Parameter fit of XENON1T 2020
Alhazmi, Kim, Kong, Mohlabeng, 
Park, SS, JHEP 05, 055 (2021),  

arXiv: 2006.16252
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• The velocity of BDM, 𝑣1, can be close to 𝑐 in a wide range of parameter 
space (≫ 0.1𝑐 is also preferred). 

• Shade regions and the black lines are model independent while the orange 
lines are applied for conventional BDM (but readily applicable).

Energy of  
the incoming BDM

Mass of BDM

Parameter fit of XENON1T 2020
Alhazmi, Kim, Kong, Mohlabeng, 
Park, SS, JHEP 05, 055 (2021),  

arXiv: 2006.16252
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• The value of                 is used from naively considering the 3 outermost shells 
(5p,5s,4d).  

• The largest binding energy ≲ 76 eV ~17% of the energy resolution (450 eV): 
induce ≲ 5% uncertainty in estimating 2-3 keV energy deposition.

Parameter fit of XENON1T 2020
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• Atomic Ionization Form Factor: Likelihood that a given momentum 
transfer results in a particular ER. 

• The incoming light BDM is relativistic & the electron velocities in the 
inner shell can be large: Relativistic approach needed (for large 𝑞).

Parameter fit of XENON1T 2020

Lee, Lisanti, Mishra-Sharma, Safdi, PRD 2015Essig, Mardon, Volansky, PRD2012

Roberts, Dzuba, Flambaum, Pospelov, Stadnik, PRD 2016 Work in progress with Alhazmi, Kim, Kong, Mohlabeng, Park,

All electrons in binding potential
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• The scales of mass and coupling parameters preferred by the excess 
depend on the type of the mediators. 

• We analyze the shape of the spectrum for various types of mediators 
(vector:V, pseudoscalar: P, scalar: S) and DM (fermion: F, scalar: S). 

• Three reference parameter regions are chosen.

mediator DM
V F
V S

P F
P S
S
S

F
S

A S
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• The scales of mass and coupling parameters preferred by the excess 
depend on the type of the mediators. 

• We analyze the shape of the spectrum for various types of mediators 
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Fit to the excess

VF PF

𝜎1𝑒 : Here, nominal cross section

Larger nominal cross section 
needed to fit the data because 

of the detector effects
Smaller nominal cross sections 
than VF cases since 𝜎fid ≈ 𝜎nominal

Couplings are larger than VF cases since 
the total cross sections are smaller by 

Z
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Fit to the excess

• ✔: One can find mass spectra to reproduce XENON1T excess and 
satisfy the conditions of the associated regions. 

• ✔: A certain range of mediator mass may not reproduce the XENON1T 
excess. 

• ✘: It is generally hard to find a mass spectrum to explain the excess.
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Further discussions
• Bounds from accelerators, astrophysical and cosmological observations?

Dent et al., PRL 2020

- If the coupling constant and the mass parameter 
have effective dependence upon environmental 
conditions of astrophysical objects such as 
temperature and matter density, the limits can be 
relaxed by several orders of magnitude.

- Some regions can be probed in future accelerators.

• Nuclear scattering can occur when 𝐸1 increases over 𝒪(10 MeV). 
(reference parameters do not induce nuclear scattering due to kinematics)

- Complimentary searches are possible.

Kim, Machado, Park, SS, JHEP 2007, 057 (2020)



Conclusions
• Light dark matter is being considered as a promising example of dark 

sector beyond WIMP.  

• Due to kinematics, there are tons of experimental program searching for 
its electron recoil signals: mostly ER ~ 𝒪(eV) for non-relativistic light DM.  

• Energetic light dark matter boosted in the universe (not just BDM) can 
leave high energy (> keV) electron recoil signals in DM direct detection 
experiments: Byproduct of the existing or planned experiments, e.g., 
COSINE-100. 

• Dedicated analysis for the case with keV scale electron recoil needs 
more careful considerations of the binding potential of the electrons: 
XENON1T. 

• Future direct detection experiments can give more hints to light DM!
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Backup: iBDM fit



• Boosted Dark Matter: DM boosted by the dark sector structure 
                    (not from scattering with the energetic SM particles)from 2014

Backup: various BDM scenarios

WIMP wind ~ O(100 km/s) ≫ O(100 km/s)

in promising theories beyond WIMP

• Anti-DM from DM-induced nucleon decay in the Sun 

• Solar reflection: light DM scattered with hot solar nuclei or electrons 

• Energetic cosmic-ray induced light DM

Huang, Zhao, 1312.0011

Yin, 1809.08610Bringmann, Pospelov, 1810.10543 Ema, Sala, Sato, 1811.00520

An, Pospelov, Pradler, Ritz, 1708.03642 Emken, Kouvaris, Nielsen, 1709.06573

Cappiello, Beacom, 1906.11283 Cappiello, Ng, Beacom, 1810.07705
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• Simultaneous charging of PMTs 
  (some of them saturated) 

• Identification of a lengthy track                         

ionized

Saturated PMTs

• Track/energy 
reconstruction 
from likelihood 
analysis with 
unsaturated PMTs

• Additional flickering pattern 
from secondary collisions?
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Characteristic feature in Bragg peak

Liquid Xe

Gas Xe

Drift field

Backup: expected pattern

• Two 511keV  𝛾-rays  

• Region isolated from primary vertex

 
 



Backup: Possible backgrounds?

1307.5458

• Displaced vertex: No → Promising! 

• Elastic/prompt decay: solar neutrino?

0.1 events at LZ-5y with Ee > 10 MeV cut

Energy cut!



Backup: Detector comparison
Xenon1T Borexino 

(solar 𝜈)
COSINE-100, CUORE 

(array-type)

Ton size 

Good angular/
position resolutions 

Less background 
(prompt/elastic) 

Lower energy range

100 ton size 

Bad angular/position 
resolutions 

More background 
(prompt/elastic) 

Higher energy range   
0.2MeV

Sub-ton size 

Better in identifying 
displaced vertices 

No background 
(small size) 

Lower energy range  

Smaller m1 and E1  

Displaced vertex 
Post-discovery analysis 

Larger m1 and E1
“Long” displaced  

vertex



Backup: DM experiments

Kim, Machado, Park, SS, JHEP 2007, 057 (2020)



Backup: constraints & comparisons

NA64, arXiv:1912.11389
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