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Not simple dark sector
“WIMP may be an oversimplification of dark sector.”

e.g., copy of SM or more complex?

• Relativistically moving? dark e or 𝝂 ?

• Multi-component? dark p or e or 𝝂 ? 

• Dark gauge symmetry? U(1), SU(2), SU(3)?

• Different flavor? dark e, 𝜇 ?
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Assisted freeze-out mechanism

Freeze out later

Y1

non-relativistic relic 𝜒1 (negligible) 
Y0 � Y1

Multi-component Boosted DM (BDM)

U(1)’/Z’2

Agashe, Cui, Necib, Thaler,1405.7370



Multi-component BDM

𝜒0𝜒0 → 𝜒1 𝜒1
• 𝜒0 : gravitationally WIMP accumulated              

       (GC,   Sun,   dSphs) 

• 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 
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Huge detector if m𝜒0 ≳ O(10 GeV)

Large volume 𝜈 experiments
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Subtraction of  
major background (𝜈) 

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

• Signal with unique feature

Open up novel possibilities of BDM search in many experiments

Flux: small & Energy of 𝜒1: large

Important for all cosmogenic  
BSM signals



Inelastic BDM (iBDM)
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Assume a contact 
interaction 

(no details discussed)
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Inelastic BDM (iBDM)

heavier dark 
sector state

secondary 
signature

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

Kim, Park, SS, PRL 119, 161801 (2017)

Follow the structure 
of inelastic DM  

e.g., pseudo-Dirac 
fermion,  

dark photon

𝜒0: heavy DM

𝜒2: excited state

𝜒1: light BDM
(eBDM)

(iBDM)



Signals inside a fiducial volume
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<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 volumeprompt or 

displaced

• Track observation 
& time correlation  
can reject bkg.

GC

�
<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>

iBDM

𝜒1: light BDM, 𝜒2: excited state



New method in eBDM search: darkstrahlung

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>

• DIS

• (quasi-elastic)  
p-scattering

e

• (quasi-elastic) 
e-scattering

Primary 
signature

Fiducial volumeGC

�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

eBDM: elastically 
scattering BDM 

dark gauge boson scenario

X

e�
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signature

• Different from 
DM → 𝜈 𝜈

• NLO but O(10-20%)  
of LO possible 

(impossible for beam 
produced DM)

Kim, Park, SS, 1903.05087

• Efficient for large NBG 
(cosmogenic BSM signal)

𝜒1: light BDM



Signal probe

• DUNE: Search for both iBDM & eBDM  TRD (soon)

�1

De Roeck, Kim, Moghaddam, Park, SS, Whitehead, work in progress



Signal probe

• DUNE: Search for both iBDM & eBDM  TRD (soon)

De Roeck, Kim, Moghaddam, Park, SS, Whitehead, work in progress

Smaller size detectors are good enough if m𝜒0 ≲ O(1 GeV)

Flux of 𝜒1 ' 1.6⇥ 10�8 cm�2s�1 ⇥
✓

h�vi0!1

5⇥ 10�26 cm3s�1

◆
⇥

✓
100GeV

m0

◆2
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Assume: NFW



Signal probe

• DUNE: Search for both iBDM & eBDM  TRD (soon)

De Roeck, Kim, Moghaddam, Park, SS, Whitehead, work in progress

• Moderate volume surface-based neutrino experiments: 
      Short-baseline neutrino program, ProtoDUNE 

• Ton-scale DM direct detection experiments:  
      XENON1T, DarkSide-20k, COSINE-100 (+)

Kim, Kong, Park, SS, 1804.07302

Chatterjee, De Roeck, Kim, Moghaddam, Park, SS, Whitehead, Yu, 1803.03264 

First idea searching for NP at ProtoDUNE.  
Proposal submitted to take 3 yr comic data.



Signal probe

• DUNE: Search for both iBDM & eBDM  TRD (soon)

De Roeck, Kim, Moghaddam, Park, SS, Whitehead, work in progress

• Moderate volume surface-based neutrino experiments: 
      Short-baseline neutrino program, ProtoDUNE 

• Ton-scale DM direct detection experiments:  
      XENON1T, DarkSide-20k, COSINE-100

PRL 2019
First iBDM search result

Observed: 21 events, Background expected: 16.4 ± 2.1

106kg array of 8 ultra-pure NaI(Tl) crystals

surrounded by 2200L of liquid scintillator (~ 2 ton)



Complementary searches

Large volume 𝜈 experiments (underground) 

Moderate volume surface 𝜈 experiments 
Ton scale DM direct detection  
experiments (underground)

Better resolution (Eth, angle)
Sensitive for smaller E1=m0

Early discovery & less 𝜈 background



Applications of dark sector structure
• Positron excess (TeV) 

• High Energy cosmic-ray signals: IceCube (PeV), ANITA (EeV) 

• Light DM searches in fixed target experiments: e.g, 𝝂-experiments

Kim, Park, SS, 1702.02944 

Heurtier, Kim, Park, SS, 1905.13223 

Heurtier, Kim, Park, Park, SS, in progress 

Subtraction of  
major background (𝜈) ? 

http://arxiv.org/abs/arXiv:1702.02944


Applications of dark sector structure
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Kim, Park, SS, 1702.02944 

Heurtier, Kim, Park, SS, 1905.13223 

Heurtier, Kim, Park, Park, SS, in progress 

Dutta, Kim, Liao, Park, SS, Strigari,  
1906.10745 & in progress  

Arrival time to detectors  
&  

Recoil energy
Subtraction of  

major background (𝜈) ? 

http://arxiv.org/abs/arXiv:1702.02944


Applications of dark sector structure
• Positron excess (TeV) 

• High Energy cosmic-ray signals: IceCube (PeV), ANITA (EeV) 

• Light DM searches in fixed target experiments: e.g, 𝝂-experiments

Kim, Park, SS, 1702.02944 

Heurtier, Kim, Park, SS, 1905.13223 

Heurtier, Kim, Park, Park, SS, in progress 

Dutta, Kim, Liao, Park, SS, Strigari,  
1906.10745 & in progress  

Arrival time to detectors  
&  

Recoil energy
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+ ! ⌫µe

+⌫̄µ⌫e
<latexit sha1_base64="F5TPbjl9uSx7OuC5nefbLJjLu1U=">AAACInicbVDLSgMxFM34rPVVdekmWARBKDMiWF0V3LisYG2hMw6Z9E4bmskMSUYoQ//Fjb/ixoWvleDHmGkH1NYLl5ycey7JOUHCmdK2/WktLC4tr6yW1srrG5tb25Wd3VsVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdDC/zefsepGKxuNGjBLyI9AULGSXaUH7lwk3Y3TF2dYxdkfpulGLTMwzk94DIH4k5wa9U7Zo9KTwPnAJUUVFNv/Lu9mKaRiA05USprmMn2suI1IxyGJfdVEFC6JD0oWugIBEoL5t4HONDw/RwGEvTQuMJ+3sjI5FSoygwyojogZqd5eR/s26qw7qXMZGkGgSdPhSmHBv/eWC4xyRQzUcGECqZ+SumAyIJ1SbWsgnBmbU8D1ontfOac31abdSLNEpoHx2gI+SgM9RAV6iJWoiiB/SEXtCr9Wg9W2/Wx1S6YBU7e+hPWV/fKiei8g==</latexit><latexit sha1_base64="F5TPbjl9uSx7OuC5nefbLJjLu1U=">AAACInicbVDLSgMxFM34rPVVdekmWARBKDMiWF0V3LisYG2hMw6Z9E4bmskMSUYoQ//Fjb/ixoWvleDHmGkH1NYLl5ycey7JOUHCmdK2/WktLC4tr6yW1srrG5tb25Wd3VsVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdDC/zefsepGKxuNGjBLyI9AULGSXaUH7lwk3Y3TF2dYxdkfpulGLTMwzk94DIH4k5wa9U7Zo9KTwPnAJUUVFNv/Lu9mKaRiA05USprmMn2suI1IxyGJfdVEFC6JD0oWugIBEoL5t4HONDw/RwGEvTQuMJ+3sjI5FSoygwyojogZqd5eR/s26qw7qXMZGkGgSdPhSmHBv/eWC4xyRQzUcGECqZ+SumAyIJ1SbWsgnBmbU8D1ontfOac31abdSLNEpoHx2gI+SgM9RAV6iJWoiiB/SEXtCr9Wg9W2/Wx1S6YBU7e+hPWV/fKiei8g==</latexit><latexit sha1_base64="F5TPbjl9uSx7OuC5nefbLJjLu1U=">AAACInicbVDLSgMxFM34rPVVdekmWARBKDMiWF0V3LisYG2hMw6Z9E4bmskMSUYoQ//Fjb/ixoWvleDHmGkH1NYLl5ycey7JOUHCmdK2/WktLC4tr6yW1srrG5tb25Wd3VsVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdDC/zefsepGKxuNGjBLyI9AULGSXaUH7lwk3Y3TF2dYxdkfpulGLTMwzk94DIH4k5wa9U7Zo9KTwPnAJUUVFNv/Lu9mKaRiA05USprmMn2suI1IxyGJfdVEFC6JD0oWugIBEoL5t4HONDw/RwGEvTQuMJ+3sjI5FSoygwyojogZqd5eR/s26qw7qXMZGkGgSdPhSmHBv/eWC4xyRQzUcGECqZ+SumAyIJ1SbWsgnBmbU8D1ontfOac31abdSLNEpoHx2gI+SgM9RAV6iJWoiiB/SEXtCr9Wg9W2/Wx1S6YBU7e+hPWV/fKiei8g==</latexit><latexit sha1_base64="F5TPbjl9uSx7OuC5nefbLJjLu1U=">AAACInicbVDLSgMxFM34rPVVdekmWARBKDMiWF0V3LisYG2hMw6Z9E4bmskMSUYoQ//Fjb/ixoWvleDHmGkH1NYLl5ycey7JOUHCmdK2/WktLC4tr6yW1srrG5tb25Wd3VsVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdDC/zefsepGKxuNGjBLyI9AULGSXaUH7lwk3Y3TF2dYxdkfpulGLTMwzk94DIH4k5wa9U7Zo9KTwPnAJUUVFNv/Lu9mKaRiA05USprmMn2suI1IxyGJfdVEFC6JD0oWugIBEoL5t4HONDw/RwGEvTQuMJ+3sjI5FSoygwyojogZqd5eR/s26qw7qXMZGkGgSdPhSmHBv/eWC4xyRQzUcGECqZ+SumAyIJ1SbWsgnBmbU8D1ontfOac31abdSLNEpoHx2gI+SgM9RAV6iJWoiiB/SEXtCr9Wg9W2/Wx1S6YBU7e+hPWV/fKiei8g==</latexit>

prompt delayed

http://arxiv.org/abs/arXiv:1702.02944
http://arxiv.org/abs/arXiv:1906.10745


Applications of dark sector structure
• Positron excess (TeV) 

• High Energy cosmic-ray signals: IceCube (PeV), ANITA (EeV) 

• Light DM searches in fixed target experiments: e.g, 𝝂-experiments

Kim, Park, SS, 1702.02944 

Heurtier, Kim, Park, SS, 1905.13223 

Heurtier, Kim, Park, Park, SS, in progress 
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Applications of dark sector structure
• Positron excess (TeV) 

• High Energy cosmic-ray signals: IceCube (PeV), ANITA (EeV) 

• Light DM searches in fixed target experiments: e.g, 𝝂-experiments

Kim, Park, SS, 1702.02944 

Heurtier, Kim, Park, SS, 1905.13223 

Heurtier, Kim, Park, Park, SS, in progress 
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3𝜎 (2.4𝜎) statistical deviation 
for Rn = 5.5fm (4.7fm) 

COHERENT, 2018 CsI data
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Conclusions

• BDM (iBDM & eBDM) is a candidate of Dark World beyond WIMP   
                             New DM search strategies required!  

• Unique signal feature helps to reject 𝜈 background: 
                       i) iBDM  
                       ii) Darkstrahlung for eBDM  

• Complementary searches in various experiments 



• 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

Ultra High Energetic Cosmic-Ray induced DM 
Yin, 1809.08610Bringmann, Pospelov, 1810.10543 Ema, Sala, Sato, 1811.00520

Same phenomenology

Backup: other energetic DM scenarios
• Semi-annihilation model 

• 3 → 2 model

D’Eramo, Thaler, 1003.5912 

Carlson, Machaceck, Hall, Astrophys J. (1992)

Hochberg, Kuflik, Volansky, Wacker, 1402.5143

Cappiello, Beacom, 1906.11283Cappiello, Ng, Beacom, 1810.07705



Backup: Sensitivities at DUNE vs HK
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<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>

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

• Difference is huge for p-scattering
Better for larger E1

Kim, Machado, Park, SS, To appear soon



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

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>

Backup: cosmic-ray background

sneaking-in 
 𝜇± e-looking 𝜇±

𝛾 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>

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

• Dominant background: 
sneaking-in muon 
(rare events but  

many cosmic-muons)

< 0.1%

∼ 0.2%↵

⇡

< 1%

+ a track pops-up here with E > Eth  
and with unclear kink feature

⇥
<latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit>

2×10-8
4×1011/yr/detector

SP: 300 t 
DP: 210 t

• Assume the unknown  
probability ~ 0.6% 

6×10-3
< 100

in total detectors

cosmic 𝜇 events (> 400 MeV) ≃ 94/m2/s/sr at sea level



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

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>

Backup: cosmic-ray background

sneaking-in 
 𝜇± e-looking 𝜇±

𝛾 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>

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

• Dominant background: 
sneaking-in muon 
(rare events but  

many cosmic-muons)

< 0.1%

∼ 0.2%↵

⇡

< 1%

+ a track pops-up here with E > Eth  
and with unclear kink feature

⇥
<latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit><latexit sha1_base64="cl53JNMcxu/bIUT3NP4Qi/WJfAE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIH7eCF48VTFtoQ9lsN+3azSbsToQS+h+8eFDx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsrq2vrGZmmrvL2zu7dfOThsmiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFqp2UURc9OrVN2aOwNZJl5BqlCg0at8dfsJy2KukElqTMdzUwxyqlEwySflbmZ4StmIDnjHUkXtkiCfXTshp1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnrpC80ZyjHllCmhb2VsCHVlKENqGxD8BZfXib+ee2m5t1fVOuXRRolOIYTOAMPrqAOd9AAHxg8wjO8wpuTOC/Ou/Mxb11xipkj+APn8wce6o78</latexit>

2×10-8
4×1011/yr/detector

SP: 300 t 
DP: 210 t

• Assume the unknown  
probability ~ 0.6% 

6×10-3
< 100

in total detectors

• Pattern analysis by  
machine learning  

will decrease further 
(Nbkg: negligible)

Work in progress

cosmic 𝜇 events (> 400 MeV) ≃ 94/m2/s/sr at sea level



Backup: 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



Backup: COSINE-100 result
COSINE-100, 1811.09344

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
Giudice, Kim, Park, SS, 1712.07126

Observed: 21 events, Background expected: 16.4 ± 2.1



 

Backup: sensitivity
  ✏

<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

✏
<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

(detector geometry, only for iBDM)

(e,p,n)
NT

<latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit>

NT
<latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit>

Fixed for a given 
experiment



 

Backup: sensitivity
  ✏

<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

✏
<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

(detector geometry, only for iBDM)

Both primary and secondary inside the fiducial volume

• Function of decay length of 𝜒2 (event generation assuming 
cumulatively isotopic flux of 𝜒1) 

• Conservatively, we calculate the maximum mean decay length 
in the laboratory frame for each parameter set 

(e,p,n)
NT

<latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit>

NT
<latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit>

Fixed for a given 
experiment



 

Backup: sensitivity
 

with signal efficiency

𝜎fid or 𝜎vis

✏
<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

✏
<latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit><latexit sha1_base64="Q1q9GUI5N8wOBvQa75fLLkUAh/U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4CokI6q3gxWMFYwttKJvtpF262cTdjVBC/4QXDype/T3e/Ddu2xy09cHA470ZZuZFmeDaeN63s7K6tr6xWdmqbu/s7u3XDg4fdJorhgFLRaraEdUouMTAcCOwnSmkSSSwFY1upn7rCZXmqbw34wzDhA4kjzmjxkrtLmaai1T2anXP9WYgy8QvSR1KNHu1r24/ZXmC0jBBte74XmbCgirDmcBJtZtrzCgb0QF2LJU0QR0Ws3sn5NQqfRKnypY0ZKb+nihoovU4iWxnQs1QL3pT8T+vk5v4Kiy4zHKDks0XxbkgJiXT50mfK2RGjC2hTHF7K2FDqigzNqKqDcFffHmZBOfutevfXdQbbplGBY7hBM7Ah0towC00IQAGAp7hFd6cR+fFeXc+5q0rTjlzBH/gfP4Asj+P4A==</latexit>

(detector geometry, only for iBDM)

Both primary and secondary inside the fiducial volume

• Function of decay length of 𝜒2 (event generation assuming 
cumulatively isotopic flux of 𝜒1) 

• Conservatively, we calculate the maximum mean decay length 
in the laboratory frame for each parameter set 

(e,p,n)
NT

<latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit><latexit sha1_base64="dWjsAszpn9qPYkRdLUD1gy2+2bw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxJxcYW2lA22027dLMJuxOhlP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDPzW09cG5GoJo5THsR0oEQkGEUrPdz1mr1yxa26c5BV4uWkAjkavfJXt5+wLOYKmaTGdDw3xWBCNQom+bTUzQxPKRvRAe9YqmjMTTCZnzolZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xOhlEtmAiVZsgVWyyKMkkwIbO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2/vEr8i+p11bu/rNRreRpFOIFTOAcPrqAOt9AAHxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBrio1j</latexit>

NT
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Backup: SK

𝜒0



Backup: SK

SK, 1711.05278

m0 [GeV]
m0 [GeV]

1
10 100 1000

m1 =200 MeV, mX = 20 MeV, g11=0.5  

0.1 GeV < pe < 1 TeV
pe

th  with  
angular resolution 3° GC & Sun

90% bound



Backup: Darkstrahlung topology

Altmannshofer, Gori, Pospelov, 
Yavin, 1406.2332

de Gouvea, Fox, Harnik, Kelly, 
Zhang, 1809.06388

Gupta, Primulando, Saraswat, 
1504.01385 Kim, Lee, Park, Zhang, 1612.02850



Backup: Higher Energy?

Heurtier, Kim, Park, SS, 1905.13223

𝜒0 → 𝜒1 𝜒1𝜒1

𝜒2


