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Similar feature in iDM
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𝜒0𝜒0 → 𝜒1 𝜒1
(n𝜒0)2∝1/(m𝜒0)2 • Flux of 𝜒1  

• Detector resolutions 
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Large volume 𝜈 experiments
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Search of BDM signals

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

• Detector resolutions 

O(0.1) GeV

m𝜒0 Flux of 𝜒1

𝘷

𝘷

h�vi0 ⇠ 10�26 cm3/s

NFW

= E𝜒1Eth

O(10�3 cm�2s�1)

1t size OK

• Nucleon elastic scattering:  
     coherent scattering (not energetic) 
                           

• Electron scattering: energetic�1

DM direct detection

Cherry, Frandsen, Shoemaker, 1501.03166

Giudice, Kim, Park, SS, 1712.07126



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)
Exotic signal

(Solar 𝜈 cut-out )



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)
Exotic signal

All the PMTs are saturated??? (like cosmic muon) 

(Solar 𝜈 cut-out )



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)
Exotic signal

All the PMTs are saturated??? (like cosmic muon) 

∵ e stopping power is  
larger

Maybe not (depending on the direction of 𝜒1) 

≲ 10cm for Ee ≲1 GeV

(Solar 𝜈 cut-out )



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)
Exotic signal

Liquid Xe

Gas Xe

Drift field

e�
(energetically) recoiling

�1

s2

s1

𝘷 (Solar 𝜈 cut-out )



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)

Liquid Xe

Gas Xe

Drift field

    
 

  
    
    

 
  

 

 

    

ionized

• Array of scattering points of recoiling e 

• Free e ↑ at each point (by recoiling e) 

• PMTs in the central region may be still 
saturated                   

• Series of flickering of some PMTs 
around the saturated ones by an 
interval of ~10ns  
(Not saturated because of energy 
deposit)

𝘷
Exotic signal

(Solar 𝜈 cut-out )



BDM at XENON1T: energetic e-recoil
• Prompt e-scattering ≳ 10 MeV 

• Displaced multi-track (iBDM)
Exotic signal

Liquid Xe

Gas Xe

Drift field

 
 

𝘷

• Two 511keV  𝛾-rays  

• Region isolated from primary vertex 

• Tracks pop-up inside the fiducial vol. 
     (same for prompt scattering)

Characteristic feature in Bragg peak

(Solar 𝜈 cut-out )

Detector resolutions are important
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     (installed on the ground)
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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
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• 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

< 1%

∼ 0.2%↵

⇡

< 1%

𝘷

𝘷

𝘷

if 0.06%NBG∼100: controllable

Dedicated analysis 
needed



Model independent reach
 

 

Controllable

(decay-length dependent)

✏
<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>



Model independent reach
 

 

Controllable

・function of mean decay length of 𝜒2 

`2,lab =
c�2
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✓
10�3
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◆
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⇥
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✓
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・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

(decay-length dependent)

✏
<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>



Model independent reach
 

 

Controllable

・function of mean decay length of 𝜒2 
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・function of detector geometry: event generation 

(cumulatively isotopic flux of 𝜒1) 

with signal efficiency

𝜎fid or 𝜎vis

(decay-length dependent)

✏
<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>

✏
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Sensitivity: prompt decay/elastic scattering

F / h�vi�0�0!�1�1

m2
0

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

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

F / h�vi�0�0!�1�1

m2
0

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

information of energy and flux

co
rre

spo
nd

zero-background assumption 
(90% C.L.)
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Benchmark model parameters (dark photon)
X→e+e- X→invisible

Solid: Eth = 30 MeV Dotted: Eth = 20 MeVDashed: Eth = 45 MeV

An order of magnitude improvement

NA64

BaBar

NA48

E141

BaBar

zero-background assumption



Conclusions

• e-recoiling BDM (+ iBDM): extraordinary signals in  
                                Direct Detection experiments  

• ProtoDUNE (720t): first new physics study with iBDM  
                                                      (unique signal feature) 

• eBDM at surface neutrino detectors  
                 (ProtoDUNE and Short-Baseline Neutrino programs) 

• Proton scattering with more neutrino experiments 

(complementary search not covered by 𝜈 experiments)

Kong, Kim, Park, SS, 1804.07302

Kim, Machado, Park, SS, Work in progress



SM

SM

Back up

�0

�0

�1

�1

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.



SM

SM

Most of  
the relic

Y0

Freeze out first

Back up

�0

�0

�1

�1

𝜒0: heavy, 𝜒1: light

U(1)’/Z2 U(1)’’/Z’2



SM

SM

Most of  
the relic

Y0

Freeze out first

Back up

�0

�0

�1

�1

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



Back up

co
rre

spo
nd

?

iDM Xenon1T

zero-background  
assumption



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


