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Cast	A	Wide	Net	for	Dark	Matter



Direct	Detection
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�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>

�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>

v ⇠ 10�3c

<latexit sha1_base64="f3nc5nyAx23vy/DpdD2riR5G5m8=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwY0lqte2u6MZlBfuAdiyZNG1Dk5khyRTK0D9x40IRt/6JO//GTFtBRQ9cOJxzL/fe40eCa4PQh5NZWV1b38hu5ra2d3b33P2Dpg5jRVmDhiJUbZ9oJnjAGoYbwdqRYkT6grX88XXqtyZMaR4Gd2YaMU+SYcAHnBJjpZ7rTmBXcwkxuk/OzmeQ9tw8KiCEMMYwJbh8iSypVitFXIE4tSzyYIl6z33v9kMaSxYYKojWHYwi4yVEGU4Fm+W6sWYRoWMyZB1LAyKZ9pL55TN4YpU+HITKVmDgXP0+kRCp9VT6tlMSM9K/vVT8y+vEZlDxEh5EsWEBXSwaxAKaEKYxwD5XjBoxtYRQxe2tkI6IItTYsHI2hK9P4f+kWSzgUuHitpSvXS3jyIIjcAxOAQZlUAM3oA4agIIJeABP4NlJnEfnxXldtGac5cwh+AHn7RPMTJJ+</latexit>

ER . 100 keV

<latexit sha1_base64="9XZTu5X/VzmE7SKKOfLsz+wbKmw=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwICWRih6LInisYj+gCWGznbZLd5OwuxFK6MGLf8WLB0W8+iO8+W/ctjlo64OBx3szzMwLE86Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbIVHAWQQNzTSHdiKBiJBDKxxeTfzWA0jF4uhejxLwBelHrMco0UYK7NJ1cIc9DkopJrDrON5J5kmBh9AcB3bZqThT4EXi5qSMctQD+8vrxjQVEGnKiVId10m0nxGpGeUwLnqpgoTQIelDx9CICFB+Nn1ijI+M0sW9WJqKNJ6qvycyIpQaidB0CqIHat6biP95nVT3LvyMRUmqIaKzRb2UYx3jSSK4yyRQzUeGECqZuRXTAZGEapNb0YTgzr+8SJqnFbdaObutlmuXeRwFVEKH6Bi56BzV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD73bluU=</latexit>



Standard	Assumptions
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·

Standard	halo	velocity	distribution:	v	~	10

-3

c	<	v

esc

.	

·

Recoil	energy	in	the	ballpark	of	dark	matter	kinetic	energy.

Is	it	possible	to	go	beyond	these?
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Can	Dark	Matter	Travel	Faster?

�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>

�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>

ER . 100 keV

<latexit sha1_base64="9XZTu5X/VzmE7SKKOfLsz+wbKmw=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwICWRih6LInisYj+gCWGznbZLd5OwuxFK6MGLf8WLB0W8+iO8+W/ctjlo64OBx3szzMwLE86Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbIVHAWQQNzTSHdiKBiJBDKxxeTfzWA0jF4uhejxLwBelHrMco0UYK7NJ1cIc9DkopJrDrON5J5kmBh9AcB3bZqThT4EXi5qSMctQD+8vrxjQVEGnKiVId10m0nxGpGeUwLnqpgoTQIelDx9CICFB+Nn1ijI+M0sW9WJqKNJ6qvycyIpQaidB0CqIHat6biP95nVT3LvyMRUmqIaKzRb2UYx3jSSK4yyRQzUeGECqZuRXTAZGEapNb0YTgzr+8SJqnFbdaObutlmuXeRwFVEKH6Bi56BzV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD73bluU=</latexit>

5

A	new	acceleration	mechanism:	using	solar	neutrinos.

v � 10�3c

<latexit sha1_base64="nTVKg2nlJtoLHXgBm6+L7FKb9mI=">AAAB9XicdVDLTgIxFO3gC/GFunTTSEzcSFpEgR3RjUtM5JHAQDqlMzR0Hmk7GDLhP9y40Bi3/os7/8YOYKJGT3KTk3Puzb33OJHgSiP0YWVWVtfWN7Kbua3tnd29/P5BS4WxpKxJQxHKjkMUEzxgTc21YJ1IMuI7grWd8XXqtydMKh4Gd3oaMdsnXsBdTok2Un8Ce54HMeonZ+czOsgXUBEhhDGGKcGVS2RIrVYt4SrEqWVQAEs0Bvn33jCksc8CTQVRqotRpO2ESM2pYLNcL1YsInRMPNY1NCA+U3Yyv3oGT4wyhG4oTQUaztXvEwnxlZr6jun0iR6p314q/uV1Y+1W7YQHUaxZQBeL3FhAHcI0AjjkklEtpoYQKrm5FdIRkYRqE1TOhPD1KfyftEpFXC5e3JYL9atlHFlwBI7BKcCgAurgBjRAE1AgwQN4As/WvfVovVivi9aMtZw5BD9gvX0CFMCRng==</latexit>

⌫

<latexit sha1_base64="+GHa80jRq0tTzBlknE+IK7FQbto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBhe43f</latexit>



The	First	Try

Consider	sub-GeV	dark	matter.	Kinematics:

·Elastic	neutrino-dark	matter	scattering

·When	such	dark	matter	strikes	on	nuclear	target

p� ⇠ E⌫

<latexit sha1_base64="IMUA1XXBplck/RF4e8Ttm/kvXOY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoseiCB4r2A9oQthsN+3SzSbsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDbGinAna0kxz2k0lxXHIaSccXU/9zgOViiXiXo9T6sd4IFjECNZGCuxqGnhkyJCnWIxuAk9kgV1z6s4MaJm4BalBgWZgf3n9hGQxFZpwrFTPdVLt51hqRjidVLxM0RSTER7QnqECx1T5+ez0CTo2Sh9FiTQlNJqpvydyHCs1jkPTGWM9VIveVPzP62U6uvRzJtJMU0Hmi6KMI52gaQ6ozyQlmo8NwUQycysiQywx0SatignBXXx5mbRP6+5Z/fzurNa4KuIowyEcwQm4cAENuIUmtIDAIzzDK7xZT9aL9W59zFtLVjFzAH9gff4Af1+ThA==</latexit>

q ⇠ p�, ER ⇠ E2
⌫

mA

<latexit sha1_base64="0sLKG+OEo4+mrQpyZfk7QVg4Syc=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwIWWmVHRZlYLLKvYBnTpk0kwbmmSmSUYoQ7/Djb/ixoUi7sSNf2P6WGjrgQuHc+7l3nuCmFGlHefbyiwtr6yuZddzG5tb2zv27l5dRYnEpIYjFslmgBRhVJCappqRZiwJ4gEjjaB/NfYbD0QqGok7PYxJm6OuoCHFSBvJt90B9BTlMPY93KMn0BskqAMr/u1U9kKJcFrxPZHcF0cp9y9Gvp13Cs4EcJG4M5IHM1R9+9PrRDjhRGjMkFIt14l1O0VSU8zIKOclisQI91GXtAwViBPVTievjeCRUTowjKQpoeFE/T2RIq7UkAemkyPdU/PeWPzPayU6PG+nVMSJJgJPF4UJgzqC45xgh0qCNRsagrCk5laIe8ikoU2aOROCO//yIqkXC26pcHpTypcvZ3FkwQE4BMfABWegDK5BFdQABo/gGbyCN+vJerHerY9pa8aazeyDP7C+fgCf+qAI</latexit>

Similar	story	as	the	solar	neutrino	background	(

8

B	neutrinos)

6

⌫ + � ! ⌫ + �

<latexit sha1_base64="FJOsccguaj79Nh32pMd5yeTgJdg=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEQSiJVHRZdOOygn1AE8pkOmmHTiZhZiKU2IW/4saFIm79DXf+jdM0C209MHDuOfcy954g4Uxpx/m2lpZXVtfWSxvlza3tnV17b7+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0M/XbD1QqFot7PU6oH+GBYCEjWBupZx96IkVnHhky5OkYmSovenbFqTo50CJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeF0UvZSRRNMRnhAu4YKHFHlZ/n+E3RilD4KY2me0ChXf09kOFJqHAWmM8J6qOa9qfif1011eOVnTCSppoLMPgpTjsyl0zBQn0lKNB8bgolkZldEhlhiok1kZROCO3/yImmdV91a9eKuVqlfF3GU4AiO4RRcuIQ63EIDmkDgEZ7hFd6sJ+vFerc+Zq1LVjFzAH9gff4AfTaVIg==</latexit>

�+A ! �+A

<latexit sha1_base64="6LLjPwg7ldavkLnQbMnwRUrO0hM=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASqeiy6sZlBfuAJpTJdNIOnUzCzEQooeCvuHGhiFu/w51/47SNoK0HBs6ccy/33hMknCntOF9WYWl5ZXWtuF7a2Nza3rF395oqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCoY3E7/1QKVisbjXo4T6Ee4LFjKCtZG69oFHBgydoivk6Rj9fLp22ak4U6BF4uakDDnqXfvT68UkjajQhGOlOq6TaD/DUjPC6bjkpYommAxxn3YMFTiiys+m64/RsVF6KIyleUKjqfq7I8ORUqMoMJUR1gM1703E/7xOqsNLP2MiSTUVZDYoTDkyl06yQD0mKdF8ZAgmkpldERlgiYk2iZVMCO78yYukeVZxq5Xzu2q5dp3HUYRDOIITcOECanALdWgAgQye4AVerUfr2Xqz3melBSvv2Yc/sD6+Adhbk3w=</latexit>



Composite	Dark	Matter

Final	state	χ	obtains	a	parametrically	higher	momentum

Even	the	pp	neutrinos	could	yield	large	enough	recoil	energies.

7

⌫

<latexit sha1_base64="+GHa80jRq0tTzBlknE+IK7FQbto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBhe43f</latexit>

(��)

<latexit sha1_base64="+70WxmtKoaXAFluApACBIiM7Ry0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9OKxgv3AdinZNNuGZpMlyQpl6b/w4kERr/4bb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpv5nSeqNJPiwUxj6kd4JFjICDZWeqz2yZhldT4oV9yaOwdaJV5OKpCjOSh/9YeSJBEVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SwWOqPbT+cUzdGaVIQqlsiUMmqu/J1IcaT2NAtsZYTPWy14m/uf1EhNe+ykTcWKoIItFYcKRkSh7Hw2ZosTwqSWYKGZvRWSMFSbGhlSyIXjLL6+S9kXNq9cu7+uVxk0eRxFO4BSq4MEVNOAOmtACAgKe4RXeHO28OO/Ox6K14OQzx/AHzucPxieQVw==</latexit>

�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>

�

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

Introduce	a	neutrino	portal	interaction:	

(LH)(��)

<latexit sha1_base64="yzqFvv+iOBnJIiJkuWbWhoZ7KcE=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEdlMSqeiy6KYLFxXsA5pQJtNJM3TyYGYi1NAvceNCEbd+ijv/xmmbhbYeuHA4517uvcdLOJPKsr6Nwsbm1vZOcbe0t39wWDaPjrsyTgWhHRLzWPQ9LClnEe0opjjtJ4Li0OO0501u537vkQrJ4uhBTRPqhngcMZ8RrLQ0NMvVu1YNVR0SMCcJWG1oVqy6tQBaJ3ZOKpCjPTS/nFFM0pBGinAs5cC2EuVmWChGOJ2VnFTSBJMJHtOBphEOqXSzxeEzdK6VEfJjoStSaKH+nshwKOU09HRniFUgV725+J83SJV/7WYsSlJFI7Jc5KccqRjNU0AjJihRfKoJJoLpWxEJsMBE6axKOgR79eV10r2o24365X2j0rzJ4yjCKZxBFWy4gia0oA0dIJDCM7zCm/FkvBjvxseytWDkMyfwB8bnD6LJkcw=</latexit>

YZ	(2001.00948)

En route to detector

p� ⇠
p

m�E⌫ � E⌫ (for m� � E⌫)

<latexit sha1_base64="jOmbAycRVS8ottCagWYSIuUtnTg="></latexit>



Velocity	Distribution

8

speed up by
solar neutrinos

standard halo
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YZ	(2001.00948)

(m� = 100MeV, �⌫�� = 0.7, ↵d = 0.05)

<latexit sha1_base64="dtztaGYHSQxiH5ZDiPNJV0UPe7k="></latexit>



Reinterpreting	Results

9

YZ	(2001.00948)
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Beyond	Kinetic	Energy?

10

Rest	mass	+	kinetic	energy

Ψ’

Ψ

Neutrino detectors

v ⇠ 10�3c

<latexit sha1_base64="f3nc5nyAx23vy/DpdD2riR5G5m8=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwY0lqte2u6MZlBfuAdiyZNG1Dk5khyRTK0D9x40IRt/6JO//GTFtBRQ9cOJxzL/fe40eCa4PQh5NZWV1b38hu5ra2d3b33P2Dpg5jRVmDhiJUbZ9oJnjAGoYbwdqRYkT6grX88XXqtyZMaR4Gd2YaMU+SYcAHnBJjpZ7rTmBXcwkxuk/OzmeQ9tw8KiCEMMYwJbh8iSypVitFXIE4tSzyYIl6z33v9kMaSxYYKojWHYwi4yVEGU4Fm+W6sWYRoWMyZB1LAyKZ9pL55TN4YpU+HITKVmDgXP0+kRCp9VT6tlMSM9K/vVT8y+vEZlDxEh5EsWEBXSwaxAKaEKYxwD5XjBoxtYRQxe2tkI6IItTYsHI2hK9P4f+kWSzgUuHitpSvXS3jyIIjcAxOAQZlUAM3oA4agIIJeABP4NlJnEfnxXldtGac5cwh+AHn7RPMTJJ+</latexit>



Challenge:	the	decay

11

SM

SM

·

Conflict:	Need	a	large	enough	scattering	rate	&	Ψ’to	decay	

quickly,	whereas	Ψ	should	be	cosmologically	long	lived.	

� . 10�60 cm2

✓
1GeV

m 

◆2 ✓ 0 decay length

10meter

◆✓
1028 sec

 lifetime

◆

<latexit sha1_base64="t40clgoLFpMWBS/xXqI7xoS0IxY="></latexit>

Ψ’

Ψ



Self-Destructing	Dark	Matter
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V (r)
<latexit sha1_base64="h8h+P5vUDbTUZW2AH6qOur1GeNg=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBahXsKm1Kbeil48VjBtoQ1ls920S3eTsLsRSuhf8OJBxau/yJv/xk1bQUUfDDzem2FmXpBwpjRCH1ZhbX1jc6u4XdrZ3ds/KB8edVScSkI9EvNY9gKsKGcR9TTTnPYSSbEIOO0G0+vc795TqVgc3elZQn2BxxELGcE6lzpVeT4sV5Dt1By3XofIdhtOo9k0pHbhui6Cjo0WqIAV2sPy+2AUk1TQSBOOleo7KNF+hqVmhNN5aZAqmmAyxWPaNzTCgio/W9w6h2dGGcEwlqYiDRfq94kMC6VmIjCdAuuJ+u3l4l9eP9Vh089YlKSaRmS5KEw51DHMH4cjJinRfGYIJpKZWyGZYImJNvGUTAhfn8L/iVezL210W6+0rlZpFMEJOAVV4AAXtMANaAMPEDABD+AJPFvCerRerNdla8FazRyDH7DePgEvqY3h</latexit><latexit sha1_base64="h8h+P5vUDbTUZW2AH6qOur1GeNg=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBahXsKm1Kbeil48VjBtoQ1ls920S3eTsLsRSuhf8OJBxau/yJv/xk1bQUUfDDzem2FmXpBwpjRCH1ZhbX1jc6u4XdrZ3ds/KB8edVScSkI9EvNY9gKsKGcR9TTTnPYSSbEIOO0G0+vc795TqVgc3elZQn2BxxELGcE6lzpVeT4sV5Dt1By3XofIdhtOo9k0pHbhui6Cjo0WqIAV2sPy+2AUk1TQSBOOleo7KNF+hqVmhNN5aZAqmmAyxWPaNzTCgio/W9w6h2dGGcEwlqYiDRfq94kMC6VmIjCdAuuJ+u3l4l9eP9Vh089YlKSaRmS5KEw51DHMH4cjJinRfGYIJpKZWyGZYImJNvGUTAhfn8L/iVezL210W6+0rlZpFMEJOAVV4AAXtMANaAMPEDABD+AJPFvCerRerNdla8FazRyDH7DePgEvqY3h</latexit><latexit sha1_base64="h8h+P5vUDbTUZW2AH6qOur1GeNg=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBahXsKm1Kbeil48VjBtoQ1ls920S3eTsLsRSuhf8OJBxau/yJv/xk1bQUUfDDzem2FmXpBwpjRCH1ZhbX1jc6u4XdrZ3ds/KB8edVScSkI9EvNY9gKsKGcR9TTTnPYSSbEIOO0G0+vc795TqVgc3elZQn2BxxELGcE6lzpVeT4sV5Dt1By3XofIdhtOo9k0pHbhui6Cjo0WqIAV2sPy+2AUk1TQSBOOleo7KNF+hqVmhNN5aZAqmmAyxWPaNzTCgio/W9w6h2dGGcEwlqYiDRfq94kMC6VmIjCdAuuJ+u3l4l9eP9Vh089YlKSaRmS5KEw51DHMH4cjJinRfGYIJpKZWyGZYImJNvGUTAhfn8L/iVezL210W6+0rlZpFMEJOAVV4AAXtMANaAMPEDABD+AJPFvCerRerNdla8FazRyDH7DePgEvqY3h</latexit>

r
<latexit sha1_base64="h0BikzljE+aSxnCdHy9npfiZGTk=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbeqt6MVjC8YW2lA22027utmE3Y1QQn+BFw8qXv1L3vw3bj8EFX0w8Hhvhpl5YcqZ0o7zYRVWVtfWN4qbpa3tnd298v7BjUoySahPEp7IbogV5UxQXzPNaTeVFMchp53w7nLmd+6pVCwR13qS0iDGI8EiRrA2UlsOyhXHdquuV6shx/bqbr3RMKR65nmeg1zbmaMCS7QG5ff+MCFZTIUmHCvVc51UBzmWmhFOp6V+pmiKyR0e0Z6hAsdUBfn80Ck6McoQRYk0JTSaq98nchwrNYlD0xljPVa/vZn4l9fLdNQIcibSTFNBFouijCOdoNnXaMgkJZpPDMFEMnMrImMsMdEmm5IJ4etT9D/xq/a57bRrlebFMo0iHMExnIILHjThClrgAwEKD/AEz9at9Wi9WK+L1oK1nDmEH7DePgHCo40c</latexit><latexit sha1_base64="h0BikzljE+aSxnCdHy9npfiZGTk=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbeqt6MVjC8YW2lA22027utmE3Y1QQn+BFw8qXv1L3vw3bj8EFX0w8Hhvhpl5YcqZ0o7zYRVWVtfWN4qbpa3tnd298v7BjUoySahPEp7IbogV5UxQXzPNaTeVFMchp53w7nLmd+6pVCwR13qS0iDGI8EiRrA2UlsOyhXHdquuV6shx/bqbr3RMKR65nmeg1zbmaMCS7QG5ff+MCFZTIUmHCvVc51UBzmWmhFOp6V+pmiKyR0e0Z6hAsdUBfn80Ck6McoQRYk0JTSaq98nchwrNYlD0xljPVa/vZn4l9fLdNQIcibSTFNBFouijCOdoNnXaMgkJZpPDMFEMnMrImMsMdEmm5IJ4etT9D/xq/a57bRrlebFMo0iHMExnIILHjThClrgAwEKD/AEz9at9Wi9WK+L1oK1nDmEH7DePgHCo40c</latexit><latexit sha1_base64="h0BikzljE+aSxnCdHy9npfiZGTk=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbeqt6MVjC8YW2lA22027utmE3Y1QQn+BFw8qXv1L3vw3bj8EFX0w8Hhvhpl5YcqZ0o7zYRVWVtfWN4qbpa3tnd298v7BjUoySahPEp7IbogV5UxQXzPNaTeVFMchp53w7nLmd+6pVCwR13qS0iDGI8EiRrA2UlsOyhXHdquuV6shx/bqbr3RMKR65nmeg1zbmaMCS7QG5ff+MCFZTIUmHCvVc51UBzmWmhFOp6V+pmiKyR0e0Z6hAsdUBfn80Ck6McoQRYk0JTSaq98nchwrNYlD0xljPVa/vZn4l9fLdNQIcibSTFNBFouijCOdoNnXaMgkJZpPDMFEMnMrImMsMdEmm5IJ4etT9D/xq/a57bRrlebFMo0iHMExnIILHjThClrgAwEKD/AEz9at9Wi9WK+L1oK1nDmEH7DePgHCo40c</latexit>

�↵D

r
<latexit sha1_base64="4nis6nGknQBH6X6KEzeMdiBqHHU=">AAAB+3icdVDLSsNAFJ3UV62vaJduBovgxjApVttdURcuK1hbaEuYTCft0MmDmYkQQvwVNy5U3Poj7vwbJ20EFT1w4XDOvdx7jxtxJhVCH0ZpaXllda28XtnY3NreMXf3bmUYC0K7JOSh6LtYUs4C2lVMcdqPBMW+y2nPnV3kfu+OCsnC4EYlER35eBIwjxGstOSY1eOhJzBJh5hHU+xcZqnIHLOGLDQHRFa9gVrNnDSQ3Tq1oV1YNVCg45jvw3FIYp8GinAs5cBGkRqlWChGOM0qw1jSCJMZntCBpgH2qRyl8+MzeKiVMfRCoStQcK5+n0ixL2Xiu7rTx2oqf3u5+Jc3iJXXHKUsiGJFA7JY5MUcqhDmScAxE5QonmiCiWD6VkimWIehdF4VHcLXp/B/0q1bLQtdn9Ta50UaZbAPDsARsMEZaIMr0AFdQEACHsATeDbujUfjxXhdtJaMYqYKfsB4+wSbjJT2</latexit><latexit sha1_base64="4nis6nGknQBH6X6KEzeMdiBqHHU=">AAAB+3icdVDLSsNAFJ3UV62vaJduBovgxjApVttdURcuK1hbaEuYTCft0MmDmYkQQvwVNy5U3Poj7vwbJ20EFT1w4XDOvdx7jxtxJhVCH0ZpaXllda28XtnY3NreMXf3bmUYC0K7JOSh6LtYUs4C2lVMcdqPBMW+y2nPnV3kfu+OCsnC4EYlER35eBIwjxGstOSY1eOhJzBJh5hHU+xcZqnIHLOGLDQHRFa9gVrNnDSQ3Tq1oV1YNVCg45jvw3FIYp8GinAs5cBGkRqlWChGOM0qw1jSCJMZntCBpgH2qRyl8+MzeKiVMfRCoStQcK5+n0ixL2Xiu7rTx2oqf3u5+Jc3iJXXHKUsiGJFA7JY5MUcqhDmScAxE5QonmiCiWD6VkimWIehdF4VHcLXp/B/0q1bLQtdn9Ta50UaZbAPDsARsMEZaIMr0AFdQEACHsATeDbujUfjxXhdtJaMYqYKfsB4+wSbjJT2</latexit><latexit sha1_base64="4nis6nGknQBH6X6KEzeMdiBqHHU=">AAAB+3icdVDLSsNAFJ3UV62vaJduBovgxjApVttdURcuK1hbaEuYTCft0MmDmYkQQvwVNy5U3Poj7vwbJ20EFT1w4XDOvdx7jxtxJhVCH0ZpaXllda28XtnY3NreMXf3bmUYC0K7JOSh6LtYUs4C2lVMcdqPBMW+y2nPnV3kfu+OCsnC4EYlER35eBIwjxGstOSY1eOhJzBJh5hHU+xcZqnIHLOGLDQHRFa9gVrNnDSQ3Tq1oV1YNVCg45jvw3FIYp8GinAs5cBGkRqlWChGOM0qw1jSCJMZntCBpgH2qRyl8+MzeKiVMfRCoStQcK5+n0ixL2Xiu7rTx2oqf3u5+Jc3iJXXHKUsiGJFA7JY5MUcqhDmScAxE5QonmiCiWD6VkimWIehdF4VHcLXp/B/0q1bLQtdn9Ta50UaZbAPDsARsMEZaIMr0AFdQEACHsATeDbujUfjxXhdtJaMYqYKfsB4+wSbjJT2</latexit>

�↵D

r
+

`(`+ 1)

2µr2
<latexit sha1_base64="hHwB8xzR6AWXuwPZOUawpIE9r8M="></latexit><latexit sha1_base64="hHwB8xzR6AWXuwPZOUawpIE9r8M="></latexit><latexit sha1_base64="hHwB8xzR6AWXuwPZOUawpIE9r8M="></latexit>

O
<latexit sha1_base64="xueyW+TPIjelD/MR8Tp3Q8X0Cac=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgaZkNMRtvQS/eTMA1gWQJs5PZZMzsg5lZIYR8gRcPKl79JW/+jZOHoKIFDUVVN91dQSq40hh/WLmV1bX1jfxmYWt7Z3evuH9wq5JMUubRRCSyHRDFBI+Zp7kWrJ1KRqJAsFYwupz5rXsmFU/iGz1OmR+RQcxDTok2UvO6Vyxh2yk7bqWCsO1WnWqtZkj5zHVdjBwbz1GCJRq94nu3n9AsYrGmgijVcXCq/QmRmlPBpoVuplhK6IgMWMfQmERM+ZP5oVN0YpQ+ChNpKtZorn6fmJBIqXEUmM6I6KH67c3Ev7xOpsOaP+FxmmkW08WiMBNIJ2j2NepzyagWY0MIldzciuiQSEK1yaZgQvj6FP1PvLJ9buNmpVS/WKaRhyM4hlNwwIU6XEEDPKDA4AGe4Nm6sx6tF+t10ZqzljOH8APW2yeNuoz5</latexit><latexit sha1_base64="xueyW+TPIjelD/MR8Tp3Q8X0Cac=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgaZkNMRtvQS/eTMA1gWQJs5PZZMzsg5lZIYR8gRcPKl79JW/+jZOHoKIFDUVVN91dQSq40hh/WLmV1bX1jfxmYWt7Z3evuH9wq5JMUubRRCSyHRDFBI+Zp7kWrJ1KRqJAsFYwupz5rXsmFU/iGz1OmR+RQcxDTok2UvO6Vyxh2yk7bqWCsO1WnWqtZkj5zHVdjBwbz1GCJRq94nu3n9AsYrGmgijVcXCq/QmRmlPBpoVuplhK6IgMWMfQmERM+ZP5oVN0YpQ+ChNpKtZorn6fmJBIqXEUmM6I6KH67c3Ev7xOpsOaP+FxmmkW08WiMBNIJ2j2NepzyagWY0MIldzciuiQSEK1yaZgQvj6FP1PvLJ9buNmpVS/WKaRhyM4hlNwwIU6XEEDPKDA4AGe4Nm6sx6tF+t10ZqzljOH8APW2yeNuoz5</latexit><latexit sha1_base64="xueyW+TPIjelD/MR8Tp3Q8X0Cac=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgaZkNMRtvQS/eTMA1gWQJs5PZZMzsg5lZIYR8gRcPKl79JW/+jZOHoKIFDUVVN91dQSq40hh/WLmV1bX1jfxmYWt7Z3evuH9wq5JMUubRRCSyHRDFBI+Zp7kWrJ1KRqJAsFYwupz5rXsmFU/iGz1OmR+RQcxDTok2UvO6Vyxh2yk7bqWCsO1WnWqtZkj5zHVdjBwbz1GCJRq94nu3n9AsYrGmgijVcXCq/QmRmlPBpoVuplhK6IgMWMfQmERM+ZP5oVN0YpQ+ChNpKtZorn6fmJBIqXEUmM6I6KH67c3Ev7xOpsOaP+FxmmkW08WiMBNIJ2j2NepzyagWY0MIldzciuiQSEK1yaZgQvj6FP1PvLJ9buNmpVS/WKaRhyM4hlNwwIU6XEEDPKDA4AGe4Nm6sx6tF+t10ZqzljOH8APW2yeNuoz5</latexit>

·

Cannot	easily	directly	annihilate	thanks	

to	the	potential	barrier

Grossman,	Harnik,	Telem,	YZ	(1712.00455)

·

Cannot	easily	de-excite	if	the	binding	

energy	difference	is	smaller	than	the	

force	carrier	or	mediator.

Ψ	could	be	long	lived	due	to	its	internal	structure:	a	bound	state	

made	of	elementary	dark	particles	χ,	χ,	with	high	orbital	angular	

momentum,	l>>1.

_



Self-Destruction	Process
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Ψ10,9 Ψ1,0 

A’

(A,Z) (A,Z)

Long-lived

Followed	by	prompt	decay	of	Ψ

1,0	

Grossman,	Harnik,	Telem,	YZ	(1712.00455)

⌧( 1,0 ! A0A0) = (↵5
Dm�/2)

�1 ' 2⇥ 10�14 sec
⇣ ↵D

0.01

⌘�5 ⇣ m�

1GeV

⌘�1

<latexit sha1_base64="x1zyABnHwkDqMdnXSrn1qAj2nzc="></latexit>



Self-Destruction	Signals

14

detector

A’ decay	length	≲	10	meter,	observe	both	pairs,	back	to	back.

Ψ

1,0 → A’ A’ → 2(e+e-)	could	produce	two	pairs	of	e+e-.		

·

Each	pair	carries	energy	set	by	mχ.		

·

Invariant	mass	set	by	mA’.



Directionality

detector

detector

15

• cτ ≲	km:	isotropic

• cτ ≫	km:	most	pairs	up-going

Dark	photon	A’	could	be	long	lived,		cτ	≳	10	m.	Scattering	on	

earth,	only	one	A’	travels	to	detector	

—

	see	single	pair.



Powerful	Reach	with	SDDM

16

Grossman,	Harnik,	Telem,	YZ	(1712.00455)
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' MSDDM/2
<latexit sha1_base64="2k0WTFU5SwwCg2fDKEt9B9CeN+k=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5oUQb0V7cFLoaKxhTaEzXbTLt3dxN2NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhwqjSjvNtLSwuLa+sFtaK6xubW9v2zu69ilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4GvvNRyIVjcWdHibE56gnaEQx0kYK7P2Oopw8wHqQdSSHt7VafXRSCeySU3YmgPPEzUkJ5GgE9lenG+OUE6ExQ0q1XSfRfoakppiRUbGTKpIgPEA90jZUIE6Un03OH8Ejo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dO5nVCSpJgJPF0UpgzqG4yxgl0qCNRsagrCk5laI+0girE1iRROCO/vyPPEq5Yuyc3Naql7maRTAATgEx8AFZ6AKrkEDeACDDDyDV/BmPVkv1rv1MW1dsPKZPfAH1ucPEh2Ucw==</latexit><latexit sha1_base64="2k0WTFU5SwwCg2fDKEt9B9CeN+k=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5oUQb0V7cFLoaKxhTaEzXbTLt3dxN2NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhwqjSjvNtLSwuLa+sFtaK6xubW9v2zu69ilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4GvvNRyIVjcWdHibE56gnaEQx0kYK7P2Oopw8wHqQdSSHt7VafXRSCeySU3YmgPPEzUkJ5GgE9lenG+OUE6ExQ0q1XSfRfoakppiRUbGTKpIgPEA90jZUIE6Un03OH8Ejo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dO5nVCSpJgJPF0UpgzqG4yxgl0qCNRsagrCk5laI+0girE1iRROCO/vyPPEq5Yuyc3Naql7maRTAATgEx8AFZ6AKrkEDeACDDDyDV/BmPVkv1rv1MW1dsPKZPfAH1ucPEh2Ucw==</latexit><latexit sha1_base64="2k0WTFU5SwwCg2fDKEt9B9CeN+k=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5oUQb0V7cFLoaKxhTaEzXbTLt3dxN2NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhwqjSjvNtLSwuLa+sFtaK6xubW9v2zu69ilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4GvvNRyIVjcWdHibE56gnaEQx0kYK7P2Oopw8wHqQdSSHt7VafXRSCeySU3YmgPPEzUkJ5GgE9lenG+OUE6ExQ0q1XSfRfoakppiRUbGTKpIgPEA90jZUIE6Un03OH8Ejo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dO5nVCSpJgJPF0UpgzqG4yxgl0qCNRsagrCk5laI+0girE1iRROCO/vyPPEq5Yuyc3Naql7maRTAATgEx8AFZ6AKrkEDeACDDDyDV/BmPVkv1rv1MW1dsPKZPfAH1ucPEh2Ucw==</latexit>

↵� = ↵A0 = 0.01, mA0 = (2/3)m�, 100Events/year
<latexit sha1_base64="GRSsJJxAya+iyn4+Qw3eLqGl8Tg="></latexit><latexit sha1_base64="GRSsJJxAya+iyn4+Qw3eLqGl8Tg="></latexit><latexit sha1_base64="GRSsJJxAya+iyn4+Qw3eLqGl8Tg="></latexit>

searches for 
free χ as DM

searches for 
dark photon

Early	universe	production:	

[Geller,	Telem,	2001.11514]



Summary

17

I	discussed	two	scenarios	of	composite	dark	matter,	where	

direction	detection	occurs	beyond	the	standard	picture.

We	will	be	getting	more	and	more	instrumentally	prepared	for	

discovering	these	surprises.

Dark	matter	may	originate	from	dark	sectors	with	rich	physics,	

plausible	to	consider	bound	states	(analogy	to	our	world).

Thanks!

To	find	dark	matter,	we	need	both	persistence	and	open	mind.


