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Subtraction of  
major background (𝜈) 

• Directionality information:             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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>
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Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.



SK, IceCube, Borexino, …

HK/KNO, DUNE, JUNO, …

600 m ~ 2 km (earth crust)

Cosmic-ray backgrounds  
much suppressed

eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Background

(Very) rare 
 𝜈-induced 𝝅s𝜈-scattering

SK, IceCube, Borexino, …

HK/KNO, DUNE, JUNO, …

600 m ~ 2 km (earth crust)

Cosmic-ray backgrounds  
much suppressed



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Particle 
identification

Directionality of  
the scattering 

𝜈-scattering (Very) rare 
 𝜈-induced 𝝅s

Background

Signals?

Berger, Cui, Zhao, 1410.2246

Kong, Mohlabeng, Park, 1411.6632

+ 1611.09866 with Alhazmi

Necib, Moon et al., 1610.03486 + 1712.07126 with Giudice
Kim, Park, SS, 1612.06867

+ 1810.xxxxx with Machado
(Maybe) zero-bkg 

achievable



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Background

(Very) rare 
 𝜈-induced 𝝅s𝜈-scattering

ProtoDUNE, NOvA, …

ICARUS, MicroBooNE, SBND 
(SBNP at Fermilab)

 O(1m) (+ overburden)

Cosmic-ray backgrounds  
abundant

Nµ ⇠ 1010/m2/yr
<latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit>

at sea level
E > 10 MeV 

PDG



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Background

(Very) rare 
 𝜈-induced 𝝅s𝜈-scattering

Cosmic-ray backgrounds  
abundant

Nµ ⇠ 1010/m2/yr
<latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit><latexit sha1_base64="olOX+9G95SN/MYy8+a39qo9tpEk=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0E1NSkHdFdy4kgrGFpo0TKbTduhMEmYmQgh5Bje+ihsXKm7dufNtnLYRtPXAwMe593LnniBmVCrL+jJKS8srq2vl9crG5tb2jrm7dyejRGDi4IhFohMgSRgNiaOoYqQTC4J4wEg7GF9O6u17IiSNwluVxsTjaBjSAcVIacs3T659lyfQlZRD2+pltpXDU5i5gkOe9+o/nIrcN6tWzZoKLoJdQBUUavnmp9uPcMJJqDBDUnZtK1ZehoSimJG84iaSxAiP0ZB0NYaIE+ll05NyeKSdPhxEQr9Qwan7eyJDXMqUB7qTIzWS87WJ+V+tm6jBuZfRME4UCfFs0SBhUEVwkg/sU0GwYqkGhAXVf4V4hATCSqdY0SHY8ycvglOvXdTsm0a12SjSKIMDcAiOgQ3OQBNcgRZwAAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8ZH98NjJtf</latexit>

at sea level
E > 10 MeV 

PDG

ProtoDUNE, NOvA, …

ICARUS, MicroBooNE, SBND 
(SBNP at Fermilab)

 O(1m) (+ overburden)

+ Cosmic-rays
+ (Very) rare 

cosmic-ray induced 
processes



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Background

(Very) rare 
 𝜈-induced 𝝅s𝜈-scattering

Particle 
identification

Directionality of  
 the scattering Signals?

Earth shielding
+

Kong, Kim, Park, SS, 1804.07302

+ (Very) rare 
cosmic-ray induced 

processes
+ Cosmic-rays



Earth shielding

Detector

𝜒0𝜒0 → 𝜒1 𝜒1

cosmic 𝜇

Dashed: 7km below sea level
Nµ ⇠ 0.1/m2/yr

<latexit sha1_base64="l6jMBIP6Ft6unuCvlWe3FVZUsBg=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4CompaDuCm5cSQVjhSaGyXTSDp1JwsxECKFP4MZXceNCxa17d76N0zaCth4Y+Dj3Xu7cE6aMSmXbX0ZlaXllda26XtvY3NreMXf3bmSSCUxcnLBE3IZIEkZj4iqqGLlNBUE8ZKQbjs4n9e49EZIm8bXKU+JzNIhpRDFS2grMxmXg8Qx6knJoWw48hoUnOOTju+YP52IcmHXbsqeCi+CUUAelOoH56fUTnHESK8yQlD3HTpVfIKEoZmRc8zJJUoRHaEB6GmPEifSL6Tlj2NBOH0aJ0C9WcOr+nigQlzLnoe7kSA3lfG1i/lfrZSo69Qsap5kiMZ4tijIGVQIn2cA+FQQrlmtAWFD9V4iHSCCsdII1HYIzf/IiuE3rzHKuWvV2q0yjCg7AITgCDjgBbXABOsAFGDyAJ/ACXo1H49l4M95nrRWjnNkHf2R8fAPub5mu</latexit><latexit sha1_base64="l6jMBIP6Ft6unuCvlWe3FVZUsBg=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4CompaDuCm5cSQVjhSaGyXTSDp1JwsxECKFP4MZXceNCxa17d76N0zaCth4Y+Dj3Xu7cE6aMSmXbX0ZlaXllda26XtvY3NreMXf3bmSSCUxcnLBE3IZIEkZj4iqqGLlNBUE8ZKQbjs4n9e49EZIm8bXKU+JzNIhpRDFS2grMxmXg8Qx6knJoWw48hoUnOOTju+YP52IcmHXbsqeCi+CUUAelOoH56fUTnHESK8yQlD3HTpVfIKEoZmRc8zJJUoRHaEB6GmPEifSL6Tlj2NBOH0aJ0C9WcOr+nigQlzLnoe7kSA3lfG1i/lfrZSo69Qsap5kiMZ4tijIGVQIn2cA+FQQrlmtAWFD9V4iHSCCsdII1HYIzf/IiuE3rzHKuWvV2q0yjCg7AITgCDjgBbXABOsAFGDyAJ/ACXo1H49l4M95nrRWjnNkHf2R8fAPub5mu</latexit><latexit sha1_base64="l6jMBIP6Ft6unuCvlWe3FVZUsBg=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4CompaDuCm5cSQVjhSaGyXTSDp1JwsxECKFP4MZXceNCxa17d76N0zaCth4Y+Dj3Xu7cE6aMSmXbX0ZlaXllda26XtvY3NreMXf3bmSSCUxcnLBE3IZIEkZj4iqqGLlNBUE8ZKQbjs4n9e49EZIm8bXKU+JzNIhpRDFS2grMxmXg8Qx6knJoWw48hoUnOOTju+YP52IcmHXbsqeCi+CUUAelOoH56fUTnHESK8yQlD3HTpVfIKEoZmRc8zJJUoRHaEB6GmPEifSL6Tlj2NBOH0aJ0C9WcOr+nigQlzLnoe7kSA3lfG1i/lfrZSo69Qsap5kiMZ4tijIGVQIn2cA+FQQrlmtAWFD9V4iHSCCsdII1HYIzf/IiuE3rzHKuWvV2q0yjCg7AITgCDjgBbXABOsAFGDyAJ/ACXo1H49l4M95nrRWjnNkHf2R8fAPub5mu</latexit><latexit sha1_base64="l6jMBIP6Ft6unuCvlWe3FVZUsBg=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4CompaDuCm5cSQVjhSaGyXTSDp1JwsxECKFP4MZXceNCxa17d76N0zaCth4Y+Dj3Xu7cE6aMSmXbX0ZlaXllda26XtvY3NreMXf3bmSSCUxcnLBE3IZIEkZj4iqqGLlNBUE8ZKQbjs4n9e49EZIm8bXKU+JzNIhpRDFS2grMxmXg8Qx6knJoWw48hoUnOOTju+YP52IcmHXbsqeCi+CUUAelOoH56fUTnHESK8yQlD3HTpVfIKEoZmRc8zJJUoRHaEB6GmPEifSL6Tlj2NBOH0aJ0C9WcOr+nigQlzLnoe7kSA3lfG1i/lfrZSo69Qsap5kiMZ4tijIGVQIn2cA+FQQrlmtAWFD9V4iHSCCsdII1HYIzf/IiuE3rzHKuWvV2q0yjCg7AITgCDjgBbXABOsAFGDyAJ/ACXo1H49l4M95nrRWjnNkHf2R8fAPub5mu</latexit>

𝜒1 if the source is here

Earth



Earth shielding

Detector

cosmic 𝜇

Dashed: 7km below sea level
Nµ ⇠ 0.1/m2/yr
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𝜒1
if the source is here

Earth

Hard to subtract the 
cosmic-ray background 

in this case



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



+ Cosmic-rays

eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Background

(Very) rare 
 𝜈-induced 𝝅s𝜈-scattering

Particle 
identification

Directionality of  
𝜈-scattering Signals?

Earth shielding
+

Kong, Kim, Park, SS, 1804.07302

+ (Very) rare 
cosmic-ray induced 

processes

Unique event  
topology
Kim, Park, SS,  

DUNE experimentalists, 
1803.03264 



iBDM bkg: sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

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

• Hardly emitted photon 

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

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

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



iBDM bkg: sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

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

• Hardly emitted photon 

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

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

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

< 0.1%

∼ 0.2%↵

⇡

< 1%

𝘷

𝘷

𝘷

(ProtoDUNE)



iBDM bkg: sneaking-in 𝜇 

 
 

 

𝛾

sneaking-in 𝜇±

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

• Hardly emitted photon 

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

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

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

< 0.1%

∼ 0.2%↵

⇡

< 1%

𝘷

𝘷

𝘷

if 0.06%
NBG∼100 

(crazy upper limit)

Dedicated analysis 
needed

(ProtoDUNE)



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Signal probe

Particle 
identification

+ Earth shielding

Directionality of 
the scattering 

+ Unique topology 



eBDM iBDM

Strategy of signal probe

Surface 𝜈 exp.

Underground 𝜈 exp.

Signal probe

Particle 
identification

+ Earth shielding

Detector type

LArTPC (DUNE, SBNP, …)

Cherenkov (SK, HK/KNO, …)

Better PID, resolutions

Directionality of 
the scattering 

Larger volume

+ Unique topology 



eBDM iBDM

Conclusions

e-scattering

p-scattering

Signal type

DUNE 
but comparableSK, HK/KNO

DUNEDUNE

Proposal may be  
accepted

• Search possible in surface experiments: ProtoDUNE, SBNP 

• More analysis will be in DUNE TDR

• Underground experiments proper to search BDM signals



Dark photon parameter reach
eBDM at surface experiments

1 yr exposure, i.e., 0.69 yr (ProtoDUNE) and 0.66 yr (SBNP)  

X→e+e-X→invisible

An order of magnitude stronger coverage (model dependent) possible

NA48

E141

BaBar

NA64

BaBar



Search of BDM signals

𝜒0𝜒0 → 𝜒1 𝜒1
(n𝜒0)2∝1/(m𝜒0)2 • Flux of 𝜒1  

• Detector resolutions 

O(10�7 cm�2s�1)O(10) GeV

m𝜒0 Flux of 𝜒1

Large volume 𝜈 experiments

�1 �1

𝘷

h�vi0 ⇠ 10�26 cm3/s

NFW

22.5kt
40kt



Search of BDM signals

𝜒0𝜒0 → 𝜒1 𝜒1
(n𝜒0)2∝1/(m𝜒0)2 • Flux of 𝜒1  

• Detector resolutions 

O(10�7 cm�2s�1)O(10) GeV

m𝜒0 Flux of 𝜒1

Large volume 𝜈 experiments

�1 �1

SK, 1711.05278

𝘷

h�vi0 ⇠ 10�26 cm3/s

NFW

22.5kt
40kt



BDM at ProtoDUNE

• Constructed at CERN with initial operation plan in 2018 

• Huge active volume: 720t  

• Originally installed to test beam and cosmic-ray response  
     (installed on the ground)

Prototype of DUNE far detector

New physics search?

single  
phase

dual  
phase

420t
300t



BDM at ProtoDUNE

• Constructed at CERN with initial operation plan in 2018 

• Huge active volume: 720t  

• Originally installed to test beam and cosmic-ray response  
     (installed on the ground)

Prototype of DUNE far detector

New physics search?

Yes! 1803.03264

iBDM: first physics study

single  
phase

dual  
phase

420t
300t



Model independent reach
 

 

Controllable

(decay-length dependent)

✏
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Model independent reach
 

 

Controllable

・function of mean decay length of 𝜒2 

`2,lab =
c�2
�2

⇠ 16.2 cm⇥
✓
10�3

✏

◆
⇥

✓
1

g12

◆2

⇥
⇣ mX

30MeV

⌘4
✓
10MeV

�m

◆5
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10

・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

(decay-length dependent)
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・function of mean decay length of 𝜒2 

`2,lab =
c�2
�2

⇠ 16.2 cm⇥
✓
10�3

✏

◆
⇥

✓
1

g12

◆2

⇥
⇣ mX

30MeV

⌘4
✓
10MeV

�m

◆5

⇥ �5
10

・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

with signal efficiency

𝜎fid or 𝜎vis

(decay-length dependent)
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Sensitivity: prompt decay/elastic scattering
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Fix (then use NFW)
h�vi�0�0!�1�1 = 5⇥ 10�26 cm3s�1

zero-background assumption 
(90% C.L.)
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Sensitivity: prompt decay/elastic scattering
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0

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

information of energy and flux
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zero-background assumption 
(90% C.L.)
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𝜒0: heavy, 𝜒1: light

• Conventional WIMP model 

• BDM: multi-component DM with different int. 
           𝜒0: only with 𝜒1  
           𝜒1: with SM

U(1)’/Z2 U(1)’’/Z’2

e.g., SM 
proton: heavy 
neutrino: light 
photon: EM int.
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Freeze out first

Back up

�0
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𝜒0: heavy, 𝜒1: light

Belanger, Park, 1112.4491

Assisted freeze-out mechanism

Freeze out later

Y1

non-relativistic relic 𝜒1

Y0 � Y1

U(1)’/Z2 U(1)’’/Z’2
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Back up
Elastic scattering

Ee > 10 MeV cut

• An order of magnitude stronger bounds! 

• DEAP: effect of vertex resolution 

Comparison with iBDM



Back up
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


