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Detecting sub-MeV dark matter 
with chemistry and collective 
modes

… 



地下

Novel experimental 
ideas


Chemistry-
Condensed matter-
particle detection

Novel theoretical 
description

‘Light’ dark matter (<~MeV)

EFTs of collective 
modes - DM 
interactions



We have long been searching for DM in 
underground detectors…



On the principle of:

Trigger 



Trigger 

On the principle of:



However, observations do not tell us 
the mass scale of dark matter

We do not know what is the right 
type of trigger to use



DM Mass

Fit inside 
galaxy

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

1 DM 
through earth 

in a year

The size of this trigger problem is a 
more than sixty orders of magnitude one



DM Mass

Fit inside 
galaxy

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

1 DM 
through earth 

in a year

<latexit sha1_base64="5zdbsMGkCjKaOeAk1xzM1DY5xDw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQktSxLosunFZwT6giWUynbRDJw9mbsQS4q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WCK7Csb6Owsrq2vlHcLG1t7+zumfsHbRUlkrIWjUQkux5RTPCQtYCDYN1YMhJ4gnW88fXU7zwwqXgU3sEkZm5AhiH3OSWgpb5Ztq379KxWz5xTB9gjpONh1jcrVtWaAS8TOycVlKPZN7+cQUSTgIVABVGqZ1sxuCmRwKlgWclJFIsJHZMh62kakoApN50dn+FjrQywH0ldIeCZ+nsiJYFSk8DTnQGBkVr0puJ/Xi8B/9JNeRgnwEI6X+QnAkOEp0ngAZeMgphoQqjk+lZMR0QSCjqvkg7BXnx5mbRrVfuiat2eVxpXeRxFdIiO0AmyUR010A1qohaiaIKe0St6M56MF+Pd+Ji3Fox8poz+wPj8AbQ7lC4=</latexit>

10�27 kg
<latexit sha1_base64="bG4ehJPSdwJXFFY4O50Ol4Kha6k=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRcbkFvXiMYBbIjKGnU5M06VnorlHDOJ/ixYMiXv0Sb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsLi0vLKamGtuL6xubVtlnYaKk4lgzqLRSxbPlUgeAR15CiglUigoS+g6Q+uRn7zHqTicXSLwwS8kPYiHnBGUUsds+TYd9lF7h65CI+YQSPvmGW7Yo9hzRNnSspkilrH/HK7MUtDiJAJqlTbsRP0MiqRMwF50U0VJJQNaA/amkY0BOVl49Nz60ArXSuIpa4IrbH6eyKjoVLD0NedIcW+mvVG4n9eO8Xg3Mt4lKQIEZssClJhYWyNcrC6XAJDMdSEMsn1rRbrU0kZ6rSKOgRn9uV50jiuOKcV++akXL2cxlEge2SfHBKHnJEquSY1UieMPJBn8krejCfjxXg3PiatC8Z0Zpf8gfH5A7Kbk6Y=</latexit>

109 eV

Proton 
mass

Electron 
mass

<latexit sha1_base64="cx6nAlvXFYcD7KJ+T/Tm8HLvV4o=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgEDxJmxKjHoBePEcwCmRh6OpWkSc9Cd40YhuDFX/HiQRGvfoU3/8bOctDEBwWP96qoqufHUmh0nG8rs7C4tLySXc2trW9sbtnbO1UdJYpDhUcyUnWfaZAihAoKlFCPFbDAl1Dz+1cjv3YPSosovMVBDM2AdUPREZyhkVr2XtFDEYCmrnOXFofesYfwgClUhy077xScMeg8cackT6Yot+wvrx3xJIAQuWRaN1wnxmbKFAouYZjzEg0x433WhYahITNrm+n4hSE9NEqbdiJlKkQ6Vn9PpCzQehD4pjNg2NOz3kj8z2sk2LlopiKME4SQTxZ1EkkxoqM8aFso4CgHhjCuhLmV8h5TjKNJLWdCcGdfnifVk4J7VnBuTvOly2kcWbJPDsgRcck5KZFrUiYVwskjeSav5M16sl6sd+tj0pqxpjO75A+szx9X25bF</latexit>

5⇥ 105 eV

<latexit sha1_base64="GzYaFAxKwvUmtImixd01zFiCn/c=">AAACBHicbVC5TsNAEF1zhnAZKNOsiJAoILK5ywgayiCRQ4pNtN6sk1XWh3bHiMhyQcOv0FCAEC0fQcffsElcQMKTRnp6b0Yz87xYcAWW9W3MzS8sLi0XVoqra+sbm+bWdkNFiaSsTiMRyZZHFBM8ZHXgIFgrlowEnmBNb3A18pv3TCoehbcwjJkbkF7IfU4JaKljlk4d4AFT2Lbu0sNjO3MOHGAPkA56WccsWxVrDDxL7JyUUY5ax/xyuhFNAhYCFUSptm3F4KZEAqeCZUUnUSwmdEB6rK1pSPRiNx0/keE9rXSxH0ldIeCx+nsiJYFSw8DTnQGBvpr2RuJ/XjsB/8JNeRgnwEI6WeQnAkOER4ngLpeMghhqQqjk+lZM+0QSCjq3og7Bnn55ljSOKvZZxbo5KVcv8zgKqIR20T6y0TmqomtUQ3VE0SN6Rq/ozXgyXox342PSOmfkMzvoD4zPH12yl0w=</latexit>

5⇥ 10�31 kg

The size of this trigger problem is a 
more than sixty orders of magnitude one

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp



DM Mass

Clearly, search strategies must be diverse

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

The size of this trigger problem is a 
more than sixty orders of magnitude one

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp



overlapping 

DM Mass

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp

<latexit sha1_base64="lyHbveM4Efu0eR1goVrVYYA8pAU=">AAAB+3icbVDJSgNBEO1xjXEb49HLYBA8aJiRoB6DXjxGMAtkxtDTqUma9Cx010jCML/ixYMiXv0Rb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsrq2vrGZmGruL2zu7dvHpSaKk4lgwaLRSzbPlUgeAQN5CignUigoS+g5Q9vJ37rCaTicfSA4wS8kPYjHnBGUUtds+TYj9l5NXfPXIQRZtDMu2bZrthTWMvEmZMymaPeNb/cXszSECJkgirVcewEvYxK5ExAXnRTBQllQ9qHjqYRDUF52fT23DrRSs8KYqkrQmuq/p7IaKjUOPR1Z0hxoBa9ifif10kxuPYyHiUpQsRmi4JUWBhbkyCsHpfAUIw1oUxyfavFBlRShjquog7BWXx5mTQvKs5lxb6vlms38zgK5Igck1PikCtSI3ekThqEkRF5Jq/kzciNF+Pd+Ji1rhjzmUPyB8bnDxe0k9g=</latexit>

10�4 eV
<latexit sha1_base64="5Q8l8wpDCO8lt/qEmA5QkppRVW4=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRiR6DXjxGMAtkxtDTqUma9Cx016hhnE/x4kERr36JN//GznLQxAcFj/eqqKrnJ4IrtO1vY2l5ZXVtvbBR3Nza3tk1S3tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXY791D1LxOLrFUQJeSPsRDzijqKWuWXLsu6yauycuwiNm0My7Ztmu2BNYi8SZkTKZod41v9xezNIQImSCKtVx7AS9jErkTEBedFMFCWVD2oeOphENQXnZ5PTcOtJKzwpiqStCa6L+nshoqNQo9HVnSHGg5r2x+J/XSTG48DIeJSlCxKaLglRYGFvjHKwel8BQjDShTHJ9q8UGVFKGOq2iDsGZf3mRNE8rTrVi35yVa5ezOArkgBySY+KQc1Ij16ROGoSRB/JMXsmb8WS8GO/Gx7R1yZjN7JM/MD5/AK3rk6M=</latexit>

106 eV

Limited by ability to 
detect recoil (energy 
threshold)

Resonance
Limited by ability to 
detect recoil (energy 
threshold)

<latexit sha1_base64="girgkkPx3fcgk2mHkCpxPmEbYl8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiom6EohuXFewDmlAm00k7dDIJM5NCCQF/xY0LRdz6He78G6dtFtp6YOBwzrncOydIOFPacb6t0srq2vpGebOytb2zu2fvH7RUnEpCmyTmsewEWFHOBG1qpjntJJLiKOC0HYzupn57TKVisXjUk4T6ER4IFjKCtZF69pHHTbiPb7xQYpIN8yxC47xnV52aMwNaJm5BqlCg0bO/vH5M0ogKTThWqus6ifYzLDUjnOYVL1U0wWSEB7RrqMARVX42Oz9Hp0bpozCW5gmNZurviQxHSk2iwCQjrIdq0ZuK/3ndVIfXfsZEkmoqyHxRmHKkYzTtAvWZpETziSGYSGZuRWSITQ/aNFYxJbiLX14mrfOae1lzHi6q9duijjIcwwmcgQtXUId7aEATCGTwDK/wZj1ZL9a79TGPlqxi5hD+wPr8AXTSlc8=</latexit>

� =
h

mv particle-like
wave-like

Limited by loss of DM 
temporal and spatial 
coherence



DM Mass

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp

<latexit sha1_base64="lyHbveM4Efu0eR1goVrVYYA8pAU=">AAAB+3icbVDJSgNBEO1xjXEb49HLYBA8aJiRoB6DXjxGMAtkxtDTqUma9Cx010jCML/ixYMiXv0Rb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsrq2vrGZmGruL2zu7dvHpSaKk4lgwaLRSzbPlUgeAQN5CignUigoS+g5Q9vJ37rCaTicfSA4wS8kPYjHnBGUUtds+TYj9l5NXfPXIQRZtDMu2bZrthTWMvEmZMymaPeNb/cXszSECJkgirVcewEvYxK5ExAXnRTBQllQ9qHjqYRDUF52fT23DrRSs8KYqkrQmuq/p7IaKjUOPR1Z0hxoBa9ifif10kxuPYyHiUpQsRmi4JUWBhbkyCsHpfAUIw1oUxyfavFBlRShjquog7BWXx5mTQvKs5lxb6vlms38zgK5Igck1PikCtSI3ekThqEkRF5Jq/kzciNF+Pd+Ji1rhjzmUPyB8bnDxe0k9g=</latexit>

10�4 eV

“Light WIMPs”

<latexit sha1_base64="5Q8l8wpDCO8lt/qEmA5QkppRVW4=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRiR6DXjxGMAtkxtDTqUma9Cx016hhnE/x4kERr36JN//GznLQxAcFj/eqqKrnJ4IrtO1vY2l5ZXVtvbBR3Nza3tk1S3tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXY791D1LxOLrFUQJeSPsRDzijqKWuWXLsu6yauycuwiNm0My7Ztmu2BNYi8SZkTKZod41v9xezNIQImSCKtVx7AS9jErkTEBedFMFCWVD2oeOphENQXnZ5PTcOtJKzwpiqStCa6L+nshoqNQo9HVnSHGg5r2x+J/XSTG48DIeJSlCxKaLglRYGFvjHKwel8BQjDShTHJ9q8UGVFKGOq2iDsGZf3mRNE8rTrVi35yVa5ezOArkgBySY+KQc1Ij16ROGoSRB/JMXsmb8WS8GO/Gx7R1yZjN7JM/MD5/AK3rk6M=</latexit>

106 eV
Less than a few times the mass of 
the proton

WIMPsAxions

Mass scale of the particles 
that mediate the weak force 
of nature



1) gives the correct dark matter 
abundance 

2) give a signal in an earth based detector 

3) also has signals at colliders like the LHC

A “sprinkle and leave” in 
the early universe

The WIMP paradigm

And its connection with supersymmetry



1) simple models that give the correct 
dark matter abundance 

2) have a signal in an earth based 
detector 

3) also have signals at colliders like the 
LHC, B-factories

Different kind of 
sprinkle

Light WIMPs 



DM Mass

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp

<latexit sha1_base64="lyHbveM4Efu0eR1goVrVYYA8pAU=">AAAB+3icbVDJSgNBEO1xjXEb49HLYBA8aJiRoB6DXjxGMAtkxtDTqUma9Cx010jCML/ixYMiXv0Rb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsrq2vrGZmGruL2zu7dvHpSaKk4lgwaLRSzbPlUgeAQN5CignUigoS+g5Q9vJ37rCaTicfSA4wS8kPYjHnBGUUtds+TYj9l5NXfPXIQRZtDMu2bZrthTWMvEmZMymaPeNb/cXszSECJkgirVcewEvYxK5ExAXnRTBQllQ9qHjqYRDUF52fT23DrRSs8KYqkrQmuq/p7IaKjUOPR1Z0hxoBa9ifif10kxuPYyHiUpQsRmi4JUWBhbkyCsHpfAUIw1oUxyfavFBlRShjquog7BWXx5mTQvKs5lxb6vlms38zgK5Igck1PikCtSI3ekThqEkRF5Jq/kzciNF+Pd+Ji1rhjzmUPyB8bnDxe0k9g=</latexit>

10�4 eV

Sensitivity

WIMPs

<latexit sha1_base64="5Q8l8wpDCO8lt/qEmA5QkppRVW4=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRiR6DXjxGMAtkxtDTqUma9Cx016hhnE/x4kERr36JN//GznLQxAcFj/eqqKrnJ4IrtO1vY2l5ZXVtvbBR3Nza3tk1S3tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXY791D1LxOLrFUQJeSPsRDzijqKWuWXLsu6yauycuwiNm0My7Ztmu2BNYi8SZkTKZod41v9xezNIQImSCKtVx7AS9jErkTEBedFMFCWVD2oeOphENQXnZ5PTcOtJKzwpiqStCa6L+nshoqNQo9HVnSHGg5r2x+J/XSTG48DIeJSlCxKaLglRYGFvjHKwel8BQjDShTHJ9q8UGVFKGOq2iDsGZf3mRNE8rTrVi35yVa5ezOArkgBySY+KQc1Ij16ROGoSRB/JMXsmb8WS8GO/Gx7R1yZjN7JM/MD5/AK3rk6M=</latexit>

106 eV

Decades and orders of 
magnitude of 
improvement



DM Mass

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp

<latexit sha1_base64="lyHbveM4Efu0eR1goVrVYYA8pAU=">AAAB+3icbVDJSgNBEO1xjXEb49HLYBA8aJiRoB6DXjxGMAtkxtDTqUma9Cx010jCML/ixYMiXv0Rb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsrq2vrGZmGruL2zu7dvHpSaKk4lgwaLRSzbPlUgeAQN5CignUigoS+g5Q9vJ37rCaTicfSA4wS8kPYjHnBGUUtds+TYj9l5NXfPXIQRZtDMu2bZrthTWMvEmZMymaPeNb/cXszSECJkgirVcewEvYxK5ExAXnRTBQllQ9qHjqYRDUF52fT23DrRSs8KYqkrQmuq/p7IaKjUOPR1Z0hxoBa9ifif10kxuPYyHiUpQsRmi4JUWBhbkyCsHpfAUIw1oUxyfavFBlRShjquog7BWXx5mTQvKs5lxb6vlms38zgK5Igck1PikCtSI3ekThqEkRF5Jq/kzciNF+Pd+Ji1rhjzmUPyB8bnDxe0k9g=</latexit>

10�4 eV

Sensitivity

WIMPs

<latexit sha1_base64="5Q8l8wpDCO8lt/qEmA5QkppRVW4=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRiR6DXjxGMAtkxtDTqUma9Cx016hhnE/x4kERr36JN//GznLQxAcFj/eqqKrnJ4IrtO1vY2l5ZXVtvbBR3Nza3tk1S3tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXY791D1LxOLrFUQJeSPsRDzijqKWuWXLsu6yauycuwiNm0My7Ztmu2BNYi8SZkTKZod41v9xezNIQImSCKtVx7AS9jErkTEBedFMFCWVD2oeOphENQXnZ5PTcOtJKzwpiqStCa6L+nshoqNQo9HVnSHGg5r2x+J/XSTG48DIeJSlCxKaLglRYGFvjHKwel8BQjDShTHJ9q8UGVFKGOq2iDsGZf3mRNE8rTrVi35yVa5ezOArkgBySY+KQc1Ij16ROGoSRB/JMXsmb8WS8GO/Gx7R1yZjN7JM/MD5/AK3rk6M=</latexit>

106 eV

Decades and orders of 
magnitude of 
improvement

Lower threshold to probe 
light WIMP sensitivity gap



DM Mass

<latexit sha1_base64="WPFkIf66rvJpA79w26SINiLg0NM=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwoGE3iHoMevEYwTwgiWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+raXlldW19dxGfnNre2fX3tuv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6nviNB1BahMEdJhF0fDYIRF9whkbq2gXXuU9Py+Vx+6SN8Igp1Mddu+iUnCnoInEzUiQZql37q90LeexDgFwyrVuuE2EnZQoFlzDOt2MNEeMjNoCWoQHzQXfS6fFjemSUHu2HylSAdKr+nkiZr3Xie6bTZzjU895E/M9rxdi/7KQiiGKEgM8W9WNJMaSTJGhPKOAoE0MYV8LcSvmQKcbR5JU3IbjzLy+Sernknpec27Ni5SqLI0cOyCE5Ji65IBVyQ6qkRjhJyDN5JW/Wk/VivVsfs9YlK5spkD+wPn8AiXKUEg==</latexit>

10�22 eV
<latexit sha1_base64="WTu6L1xIx/7SgBronBX5V3mXBJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBg5REinosevFYwX5AE8tmO22Xbj7YnUhLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/Fhwhbb9bRTW1jc2t4rbpZ3dvf0D87DcUlEiGTRZJCLZ8akCwUNoIkcBnVgCDXwBbX98O/PbTyAVj8IHnMbgBXQY8gFnFLXUM8uO/ZjW7Mw9dxEmmEIr65kVu2rPYa0SJycVkqPRM7/cfsSSAEJkgirVdewYvZRK5ExAVnITBTFlYzqErqYhDUB56fz2zDrVSt8aRFJXiNZc/T2R0kCpaeDrzoDiSC17M/E/r5vg4NpLeRgnCCFbLBokwsLImgVh9bkEhmKqCWWS61stNqKSMtRxlXQIzvLLq6R1UXUuq/Z9rVK/yeMokmNyQs6IQ65IndyRBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnDxxrk9s=</latexit>

1040 eV

<latexit sha1_base64="AKNXv3DwaV9lNpB4aji7/AGjwBE=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcOMuOQY9OIxglkgM4aeTk/SpGehu0YchvFXvHhQxKsf4s2/sbMcNPFBweO9KqrqebHgCizr2ygsLa+srhXXSxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD322w9MKh6Fd5DGzA3IIOQ+pwS01DPLtnWfnZzXcufYAfYI2WiQ98yKVbUmwIvEnpEKmqHRM7+cfkSTgIVABVGqa1sxuBmRwKlgeclJFIsJHZEB62oakoApN5scn+NDrfSxH0ldIeCJ+nsiI4FSaeDpzoDAUM17Y/E/r5uAX3MzHsYJsJBOF/mJwBDhcRK4zyWjIFJNCJVc34rpkEhCQedV0iHY8y8vktZp1b6oWrdnlfrVLI4i2kcH6AjZ6BLV0Q1qoCaiKEXP6BW9GU/Gi/FufExbC8Zspoz+wPj8Abp+lDI=</latexit>

10�58 kg
<latexit sha1_base64="KrnBQMzZVyDhNYkBkLjgV94r9+M=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEmkqMuiG5cV7AOaWCbTSTt0MgkzN2qJ+RQ3LhRx65e482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGV2O/dc+U5rG8hVHC/Ij0JQ85JWCkrl1ynbusmnsnHrBHyIb9vGuXnYozAV4k7oyU0Qz1rv3l9WKaRkwCFUTrjusk4GdEAaeC5UUv1SwhdEj6rGOoJBHTfjY5PcdHRunhMFamJOCJ+nsiI5HWoygwnRGBgZ73xuJ/XieF8MLPuExSYJJOF4WpwBDjcQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM3TintWcW6q5drlLI4COkCH6Bi56BzV0DWqowai6AE9o1f0Zj1ZL9a79TFtXbJmM/voD6zPH83Ek7g=</latexit>

104 kg

<latexit sha1_base64="l3CJHOkTnjA3IDqlqsl5yCAtFMg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5cT/Hab9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTZBTZTgTOK30Mo0pZWM6xK6lksaog3x+7JScWWVAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w8QJ47a</latexit>me
<latexit sha1_base64="fDkF8SLvuEZMY2zzjw54EgqvRMM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4ruG2hXUo2zbahSTYkWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLa+sbmVnm7srO7t39QPTxqmTTThIYk5anuxNhQziQNLbOcdpSmWMSctuPx3cxvP1FtWCof7UTRSOChZAkj2DopFP1cTfvVml/350CrJChIDQo0+9Wv3iAlmaDSEo6N6Qa+slGOtWWE02mllxmqMBnjIe06KrGgJsrnx07RmVMGKEm1K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJciZVZqkki0VJxpFN0exzNGCaEssnjmCimbsVkRHWmFiXT8WFECy/vEpaF/Xgqu4/XNYat0UcZTiBUziHAK6hAffQhBAIMHiGV3jzpPfivXsfi9aSV8wcwx94nz8g3o7l</latexit>mp

<latexit sha1_base64="lyHbveM4Efu0eR1goVrVYYA8pAU=">AAAB+3icbVDJSgNBEO1xjXEb49HLYBA8aJiRoB6DXjxGMAtkxtDTqUma9Cx010jCML/ixYMiXv0Rb/6NneWgiQ8KHu9VUVXPTwRXaNvfxsrq2vrGZmGruL2zu7dvHpSaKk4lgwaLRSzbPlUgeAQN5CignUigoS+g5Q9vJ37rCaTicfSA4wS8kPYjHnBGUUtds+TYj9l5NXfPXIQRZtDMu2bZrthTWMvEmZMymaPeNb/cXszSECJkgirVcewEvYxK5ExAXnRTBQllQ9qHjqYRDUF52fT23DrRSs8KYqkrQmuq/p7IaKjUOPR1Z0hxoBa9ifif10kxuPYyHiUpQsRmi4JUWBhbkyCsHpfAUIw1oUxyfavFBlRShjquog7BWXx5mTQvKs5lxb6vlms38zgK5Igck1PikCtSI3ekThqEkRF5Jq/kzciNF+Pd+Ji1rhjzmUPyB8bnDxe0k9g=</latexit>

10�4 eV

Another reason for this 
differentiation…

<latexit sha1_base64="5Q8l8wpDCO8lt/qEmA5QkppRVW4=">AAAB+nicbVDJSgNBEO1xjXGb6NHLYBA8SJgRiR6DXjxGMAtkxtDTqUma9Cx016hhnE/x4kERr36JN//GznLQxAcFj/eqqKrnJ4IrtO1vY2l5ZXVtvbBR3Nza3tk1S3tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXY791D1LxOLrFUQJeSPsRDzijqKWuWXLsu6yauycuwiNm0My7Ztmu2BNYi8SZkTKZod41v9xezNIQImSCKtVx7AS9jErkTEBedFMFCWVD2oeOphENQXnZ5PTcOtJKzwpiqStCa6L+nshoqNQo9HVnSHGg5r2x+J/XSTG48DIeJSlCxKaLglRYGFvjHKwel8BQjDShTHJ9q8UGVFKGOq2iDsGZf3mRNE8rTrVi35yVa5ezOArkgBySY+KQc1Ij16ROGoSRB/JMXsmb8WS8GO/Gx7R1yZjN7JM/MD5/AK3rk6M=</latexit>

106 eV



DM Mass
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“Light WIMPs”
DM de Broglie wavelength > interatomic spacing

See collective modes
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Light WIMPs see collective modes
DM de Broglie wavelength > interatomic spacing

Important theory input!
Radically changes phenomenology of Light WIMP 

detection from that of their heavier cousins



Light WIMPs see collective modes
DM de Broglie wavelength > interatomic spacing

We are used to characterising DM via its interaction 
with particles

Its just that here, the quanta of collective modes are 
the relevant particle description

Symmetries are different, perhaps less familiar, so 
can expect novel features in Light WIMP scattering



Light WIMPs see collective modes
DM de Broglie wavelength > interatomic spacing

Novel theoretical 
description

EFTs of collective 
modes - DM 
interactions

Single ‘optical’ phonon

Two acoustic phonons  }Cox, TM, and Rajendran; PRD 100 no 5, 
055011 (2019)

Campbell-Deem, Cox, Knapen, Lin, TM, 
PRD 101 055011 (2020)

In crystals

Optical phonons

Acoustic phonons

DM

Pseudo-acoustic phonon

Esposito, Geoffray, TM, Phys Rev D 102 (2020)

Novel EFT



Light WIMPs see collective modes
DM de Broglie wavelength > interatomic spacing

Surprising 
cancellations

Single ‘optical’ phonon

Two acoustic phonons  }Cox, TM, and Rajendran; PRD 100 no 5, 
055011 (2019)

Campbell-Deem, Cox, Knapen, Lin, TM, 
PRD 101 055011 (2020)

In crystals

Optical phonons

Acoustic phonons

DM

Pseudo-acoustic phonon

Esposito, Geoffray, TM, Phys Rev D 102 (2020)

Novel EFT

Precise calculations 
required to get 
reliable DM rate



Condensed matter, quantum devices, 
chemistry 

Tabletop experiments
Piggyback on R&D for  
detecting and 
manipulating single quanta



Condensed matter, quantum devices, 
chemistry 

Now a number of different 
ideas on the table

Multiphonons in 
superfluid helium

Superconductors

Chemical crystals as 
Magnetic bubble chambers

Schutz and Zurek, Phys.Rev.Lett. 117 
(2016) no.12, 121302 

Hochberg, Zhao, and Zurek, 
Phys.Rev.Lett. 116 (2016) no.1, 011301

Bunting, Gratta, TM, and Rajendran, 
Phys.Rev. D95 (2017) no.9, 095001 

Knapen, Lin, Pyle, and Zurek, 
Phys.Lett. B785 (2018) 386-390 

… 

… 

Phonons in crystals e.g. 
sapphire, 
semiconductors



Condensed matter, quantum devices, 
chemistry 

Chemical crystals as 
Magnetic bubble chambers
Bunting, Gratta, TM, and Rajendran, 
Phys.Rev. D95 (2017) no.9, 095001 

… 

Proof of principle of 
mechanism (at 
higher energy)
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Hao Chen,1 Rupak Mahapatra,1 Glenn Agnolet,1 Michael Nippe,2 Minjie Lu,1 Philip
C. Bunting,3 Tom Melia,4 Surjeet Rajendran,5 Giorgio Gratta,6 and Je↵rey Long7

1
Department of Physics and Astronomy, Texas A&M University, College Station, TX, 77843

2
Department of Chemistry, Texas A&M University, College Station, TX, 77843

3
Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, California 92093

4
Kavli IPMU (WPI), UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan

5
Department of Physics & Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

6
Physics Department, Stanford University, Stanford, CA, 94305

7
Chemistry Department, University of California, Berkeley, CA, 94720

(Dated: February 19, 2020)

We report the first experimental demonstration of magnetic avalanches induced by scattering of
quanta in single-molecule magnet (SMM) crystals made of Mn12-acetate, establishing the use of
SMMs as particle detectors for the first time. While the current setup has an energy threshold in
the MeV regime, our results motivate the exploration of a wide variety of SMMs whose properties
could achieve 10 meV thresholds. If developed, such detectors could serve as single quantum sensors
of infrared photons with high e�ciency and low dark count rate, and enable the direct detection of
sub-GeV dark matter.

Single quantum sensors that can detect energy depo-
sitions as low as ⇠ 10 meV with high e�ciency and low
false positive (or dark count) rates are of considerable
scientific interest. For example, they can be deployed to
count single infrared photons, a technical feat of consider-
able interest to many fields, including quantum comput-
ing. This technology can also be leveraged to detect the
scattering or absorption of light dark matter. Recently,
it was proposed in [1] that such a single quantum sen-
sor could be realized in single crystals of single-molecule
magnets (SMMs).

Common SMM molecules can be arranged in a crys-
talline lattice via crystallization and are comprised of
mono- or polynuclear transition metal or lanthanide ion
cores that are stabilized by organic ligands. The mag-
netic anisotropy is hereby of molecular origin and leads
to superparamagnetic properties. SMMs exhibit mag-
netic bistability [2] as the result of a degenerate mag-
netic ground state and a barrier to reorientation of the
magnetization. However, in the presence of an externally
applied magnetic field, Zeeman splitting breaks this de-
generacy such that molecules in a metastable magnetic
state can be created at low temperatures. For a given
SMM material, the lifetime of this metastable state is
dependent on temperature. In many cases, this lifetime
can be on the order of several months at cryogenic tem-
peratures and in the picosecond regime at higher tem-
peratures. In [1], it was pointed out that this drastic
temperature dependence can be leveraged to amplify the
e↵ects of small, localized energy depositions, leading to
observable signatures.

In this scheme (see Figure 1), a set of SMM crystals
are first magnetically polarized by an external magnetic
field. The field is then reversed, which places the molec-
ular spins in the metastable state. The system is held
at cryogenic temperatures, wherein the metastable state

has a lifetime of several months. Localized energy de-
position heats up a small part of the crystal. As a re-
sult of the increased local temperature, the spins in this
hot region rapidly relax to the ground state, releasing
their stored Zeeman energy. Hence, neighboring spins
are heated, causing them to flip as well, releasing even
more stored energy. This results in a magnetic “burn-
ing” (or deflagration) of the spins in the crystal, wherein
all the spins in the entire crystal flip, producing a mag-
netic “avalanche” that causes a measurable change in the
magnetization of the crystal. The process thus amplifies
the e↵ect of the initial energy deposition, fueled by the
original Zeeman energy. This magnetic avalanche detec-
tor is similar in concept to superheated bubble chamber
particle detectors, like the PICO detector [3].

As pointed out in [1], carefully designed detectors using
SMMs have the potential to detect energy depositions as
small as 10 meV. Due to the metastability of the excited
Zeeman state at cryogenic temperatures, such detectors
would be able to act as high e�ciency, low dark count
single photon detectors for infrared photons. As dark
matter detectors, they could search for the absorption of
meV scale “dark photons” or the scattering of ⇠ keV -
MeV mass dark matter particles. Their sensitivity to lo-
calized energy depositions, appropriate for these signals,
is an important tool in the suppression of backgrounds
caused by electron scattering, whereby the same energy
is deposited in larger regions, with a density that is in-
su�cient to trigger the magnetic avalanche. Moreover,
through the use of precision magnetometers, it may also
be possible to identify the location of the scattering event
in a bulk volume, so that surface events can be identified,
enabling the demarcation of a low background fiducial
volume in the bulk.

In this paper, we report the experimental demonstra-
tion of the central concept proposed in [1] i.e. the de-
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Single quantum sensors that can detect energy depo-
sitions as low as ⇠ 10 meV with high e�ciency and low
false positive (or dark count) rates are of considerable
scientific interest. For example, they can be deployed to
count single infrared photons, a technical feat of consider-
able interest to many fields, including quantum comput-
ing. This technology can also be leveraged to detect the
scattering or absorption of light dark matter. Recently,
it was proposed in [1] that such a single quantum sen-
sor could be realized in single crystals of single-molecule
magnets (SMMs).

Common SMM molecules can be arranged in a crys-
talline lattice via crystallization and are comprised of
mono- or polynuclear transition metal or lanthanide ion
cores that are stabilized by organic ligands. The mag-
netic anisotropy is hereby of molecular origin and leads
to superparamagnetic properties. SMMs exhibit mag-
netic bistability [2] as the result of a degenerate mag-
netic ground state and a barrier to reorientation of the
magnetization. However, in the presence of an externally
applied magnetic field, Zeeman splitting breaks this de-
generacy such that molecules in a metastable magnetic
state can be created at low temperatures. For a given
SMM material, the lifetime of this metastable state is
dependent on temperature. In many cases, this lifetime
can be on the order of several months at cryogenic tem-
peratures and in the picosecond regime at higher tem-
peratures. In [1], it was pointed out that this drastic
temperature dependence can be leveraged to amplify the
e↵ects of small, localized energy depositions, leading to
observable signatures.

In this scheme (see Figure 1), a set of SMM crystals
are first magnetically polarized by an external magnetic
field. The field is then reversed, which places the molec-
ular spins in the metastable state. The system is held
at cryogenic temperatures, wherein the metastable state

has a lifetime of several months. Localized energy de-
position heats up a small part of the crystal. As a re-
sult of the increased local temperature, the spins in this
hot region rapidly relax to the ground state, releasing
their stored Zeeman energy. Hence, neighboring spins
are heated, causing them to flip as well, releasing even
more stored energy. This results in a magnetic “burn-
ing” (or deflagration) of the spins in the crystal, wherein
all the spins in the entire crystal flip, producing a mag-
netic “avalanche” that causes a measurable change in the
magnetization of the crystal. The process thus amplifies
the e↵ect of the initial energy deposition, fueled by the
original Zeeman energy. This magnetic avalanche detec-
tor is similar in concept to superheated bubble chamber
particle detectors, like the PICO detector [3].

As pointed out in [1], carefully designed detectors using
SMMs have the potential to detect energy depositions as
small as 10 meV. Due to the metastability of the excited
Zeeman state at cryogenic temperatures, such detectors
would be able to act as high e�ciency, low dark count
single photon detectors for infrared photons. As dark
matter detectors, they could search for the absorption of
meV scale “dark photons” or the scattering of ⇠ keV -
MeV mass dark matter particles. Their sensitivity to lo-
calized energy depositions, appropriate for these signals,
is an important tool in the suppression of backgrounds
caused by electron scattering, whereby the same energy
is deposited in larger regions, with a density that is in-
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through the use of precision magnetometers, it may also
be possible to identify the location of the scattering event
in a bulk volume, so that surface events can be identified,
enabling the demarcation of a low background fiducial
volume in the bulk.

In this paper, we report the experimental demonstra-
tion of the central concept proposed in [1] i.e. the de-
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FIG. 3. Example of an ↵ induced avalanche observed in a
reverse field ramp. The change in magnetization is substan-
tially faster than 1 s, characteristic of the expected magnetic
avalanche. Note that there is no signal in the control sample
at the time of the avalanche. The di↵erence in the calibrated
magnetic fields in the Source and the Control Hall sensors is
due to the slightly di↵erent locations of these 2 samples in the
cryostat.

of less than one per minute to leave substantial time to
assess noise in the cryostat that is correlated in the two
channels.

The energy threshold required to trigger avalanches in
the Mn12-acetate depends on the external magnetic field
and is di�cult to estimate because some of the param-
eters of the system are poorly known. Most notably,
the thermal conductivity of the crystals in the epoxy is
unknown. The threshold is empirically investigated by
scanning the external magnetic field both in a continu-
ous mode as well as in discrete steps.

The crystals are initialized by heating them up with a
resistor and then ramping up the external field to 10 kG.
The field is then either reversed to the desired discrete
value or continuously ramped from 0 G to progressively
higher reverse values, while monitoring the Hall probes
for avalanches. The initialization cycle is repeated at the
beginning of each measurement.

In four continuous scans, avalanche events are observed
in the crystals exposed to the 241Am source whereas no
avalanche is observed in the control ones. The scan rate
is of the order of 2.1 G/s and an example of the observed
avalanche is shown in Figure 3. The magnetic field jump
is of ⇠ 130 G, consistent with the expectation for Mn12-
acetate crystals of the dimensions used here. Avalanches
are observed at magnetic fields in the range from 5100 G
to 6000 G. In the four scans, the magnetic field jump
ranges from 120 G to 140 G.

Similar results are obtained when ramping the mag-
netic field in discrete steps. In this case, the reverse field
is set to constant values and held for 6 to 10 min. If no

FIG. 4. A particle induced avalanche is observed at constant
reverse field, during the scan in small discrete magnetic field
steps. Also, in this case, no signal was observed in the control
sample at the time of the avalanche. The slow increase in the
Hall probe measurements is due to the external field ramp
up, whereas the sharp change is due to magnetic avalanche
lasting less than a second.

avalanche signal is observed, the field is then increased by
100 G and held again for each step. This scanning process
was repeated seven times, with avalanches observed in 6
of the scans, 5 times while ramping up between the con-
stant field values and once during the constant field. A
typical avalanche at constant field, as observed, is shown
in Figure 4. Also in this case, the signal amplitude is
slightly larger than 100 G and clearly above the noise
level. In each scan, the avalanche was observed only once,
implying the entire sample had experienced avalanche.
The magnetic field threshold is around 6000 G, consis-
tent with the value observed for the continuous scans.

During all of the continuous and discrete scans, no
magnetic field is observed in the control channel and the
noise level on either channel is, as shown in the figures,
well below the extent of the transitions observed.

In all cases, the magnetic field jumps are abrupt, last-
ing less than a second and comparable to the ones ob-
served in the literature [7] for SMM triggered by other
means and in contrast to the slow ramps of the external
field, as shown in Figure 3 and Figure 4. The stability
of the SMM system, as observed in the control sample,
provides assurance that other sources, such as resonant
quantum tunnelling or other magentic relaxation mech-
anisms do not play a role at these temperatures.

We take this data as clear indication for the observa-
tion of magnetic avalanches induced by the absorption of
↵ particles.

This conclusion is corroborated by a few more cross
checks. When demagnetizing the samples by increasing
their temperatures, the magnetic field change recorded
by the Hall sensors on the two samples are opposite in



Condensed matter, quantum devices, 
chemistry 

Chemical crystals as 
Magnetic bubble chambers
Bunting, Gratta, TM, and Rajendran, 
Phys.Rev. D95 (2017) no.9, 095001 

… 

Collaboration of physicists and chemists

3

FIG. 3. Example of an ↵ induced avalanche observed in a
reverse field ramp. The change in magnetization is substan-
tially faster than 1 s, characteristic of the expected magnetic
avalanche. Note that there is no signal in the control sample
at the time of the avalanche. The di↵erence in the calibrated
magnetic fields in the Source and the Control Hall sensors is
due to the slightly di↵erent locations of these 2 samples in the
cryostat.

of less than one per minute to leave substantial time to
assess noise in the cryostat that is correlated in the two
channels.

The energy threshold required to trigger avalanches in
the Mn12-acetate depends on the external magnetic field
and is di�cult to estimate because some of the param-
eters of the system are poorly known. Most notably,
the thermal conductivity of the crystals in the epoxy is
unknown. The threshold is empirically investigated by
scanning the external magnetic field both in a continu-
ous mode as well as in discrete steps.

The crystals are initialized by heating them up with a
resistor and then ramping up the external field to 10 kG.
The field is then either reversed to the desired discrete
value or continuously ramped from 0 G to progressively
higher reverse values, while monitoring the Hall probes
for avalanches. The initialization cycle is repeated at the
beginning of each measurement.

In four continuous scans, avalanche events are observed
in the crystals exposed to the 241Am source whereas no
avalanche is observed in the control ones. The scan rate
is of the order of 2.1 G/s and an example of the observed
avalanche is shown in Figure 3. The magnetic field jump
is of ⇠ 130 G, consistent with the expectation for Mn12-
acetate crystals of the dimensions used here. Avalanches
are observed at magnetic fields in the range from 5100 G
to 6000 G. In the four scans, the magnetic field jump
ranges from 120 G to 140 G.

Similar results are obtained when ramping the mag-
netic field in discrete steps. In this case, the reverse field
is set to constant values and held for 6 to 10 min. If no

FIG. 4. A particle induced avalanche is observed at constant
reverse field, during the scan in small discrete magnetic field
steps. Also, in this case, no signal was observed in the control
sample at the time of the avalanche. The slow increase in the
Hall probe measurements is due to the external field ramp
up, whereas the sharp change is due to magnetic avalanche
lasting less than a second.

avalanche signal is observed, the field is then increased by
100 G and held again for each step. This scanning process
was repeated seven times, with avalanches observed in 6
of the scans, 5 times while ramping up between the con-
stant field values and once during the constant field. A
typical avalanche at constant field, as observed, is shown
in Figure 4. Also in this case, the signal amplitude is
slightly larger than 100 G and clearly above the noise
level. In each scan, the avalanche was observed only once,
implying the entire sample had experienced avalanche.
The magnetic field threshold is around 6000 G, consis-
tent with the value observed for the continuous scans.

During all of the continuous and discrete scans, no
magnetic field is observed in the control channel and the
noise level on either channel is, as shown in the figures,
well below the extent of the transitions observed.

In all cases, the magnetic field jumps are abrupt, last-
ing less than a second and comparable to the ones ob-
served in the literature [7] for SMM triggered by other
means and in contrast to the slow ramps of the external
field, as shown in Figure 3 and Figure 4. The stability
of the SMM system, as observed in the control sample,
provides assurance that other sources, such as resonant
quantum tunnelling or other magentic relaxation mech-
anisms do not play a role at these temperatures.

We take this data as clear indication for the observa-
tion of magnetic avalanches induced by the absorption of
↵ particles.

This conclusion is corroborated by a few more cross
checks. When demagnetizing the samples by increasing
their temperatures, the magnetic field change recorded
by the Hall sensors on the two samples are opposite in
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FIG. 3. Example of an ↵ induced avalanche observed in a
reverse field ramp. The change in magnetization is substan-
tially faster than 1 s, characteristic of the expected magnetic
avalanche. Note that there is no signal in the control sample
at the time of the avalanche. The di↵erence in the calibrated
magnetic fields in the Source and the Control Hall sensors is
due to the slightly di↵erent locations of these 2 samples in the
cryostat.

of less than one per minute to leave substantial time to
assess noise in the cryostat that is correlated in the two
channels.

The energy threshold required to trigger avalanches in
the Mn12-acetate depends on the external magnetic field
and is di�cult to estimate because some of the param-
eters of the system are poorly known. Most notably,
the thermal conductivity of the crystals in the epoxy is
unknown. The threshold is empirically investigated by
scanning the external magnetic field both in a continu-
ous mode as well as in discrete steps.

The crystals are initialized by heating them up with a
resistor and then ramping up the external field to 10 kG.
The field is then either reversed to the desired discrete
value or continuously ramped from 0 G to progressively
higher reverse values, while monitoring the Hall probes
for avalanches. The initialization cycle is repeated at the
beginning of each measurement.

In four continuous scans, avalanche events are observed
in the crystals exposed to the 241Am source whereas no
avalanche is observed in the control ones. The scan rate
is of the order of 2.1 G/s and an example of the observed
avalanche is shown in Figure 3. The magnetic field jump
is of ⇠ 130 G, consistent with the expectation for Mn12-
acetate crystals of the dimensions used here. Avalanches
are observed at magnetic fields in the range from 5100 G
to 6000 G. In the four scans, the magnetic field jump
ranges from 120 G to 140 G.

Similar results are obtained when ramping the mag-
netic field in discrete steps. In this case, the reverse field
is set to constant values and held for 6 to 10 min. If no

FIG. 4. A particle induced avalanche is observed at constant
reverse field, during the scan in small discrete magnetic field
steps. Also, in this case, no signal was observed in the control
sample at the time of the avalanche. The slow increase in the
Hall probe measurements is due to the external field ramp
up, whereas the sharp change is due to magnetic avalanche
lasting less than a second.

avalanche signal is observed, the field is then increased by
100 G and held again for each step. This scanning process
was repeated seven times, with avalanches observed in 6
of the scans, 5 times while ramping up between the con-
stant field values and once during the constant field. A
typical avalanche at constant field, as observed, is shown
in Figure 4. Also in this case, the signal amplitude is
slightly larger than 100 G and clearly above the noise
level. In each scan, the avalanche was observed only once,
implying the entire sample had experienced avalanche.
The magnetic field threshold is around 6000 G, consis-
tent with the value observed for the continuous scans.

During all of the continuous and discrete scans, no
magnetic field is observed in the control channel and the
noise level on either channel is, as shown in the figures,
well below the extent of the transitions observed.

In all cases, the magnetic field jumps are abrupt, last-
ing less than a second and comparable to the ones ob-
served in the literature [7] for SMM triggered by other
means and in contrast to the slow ramps of the external
field, as shown in Figure 3 and Figure 4. The stability
of the SMM system, as observed in the control sample,
provides assurance that other sources, such as resonant
quantum tunnelling or other magentic relaxation mech-
anisms do not play a role at these temperatures.

We take this data as clear indication for the observa-
tion of magnetic avalanches induced by the absorption of
↵ particles.

This conclusion is corroborated by a few more cross
checks. When demagnetizing the samples by increasing
their temperatures, the magnetic field change recorded
by the Hall sensors on the two samples are opposite in

We hope to get 地下 soon
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