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THE QUEST FOR THE INVISIBLE
• Made various indirect (gravitational) observations of very abundant dark matter  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Plausible hypothesis: DM is some new type of particle
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WHERE TO LOOK BEYOND SM?

[Gninenko et al., 1301.5516]

[Planck Collaboration; 1807.06209]
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Oscillations 
require  
massive 

neutrinos

Two obvious targets:

?
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https://arxiv.org/search/hep-ph?searchtype=author&query=Gninenko%2C+S+N
https://arxiv.org/abs/1301.5516


WHAT IS DARK MATTER?
1. Stable, cold, (almost) collisionless,  

dissipationless substance 

2. Interacts (only?) gravitationally 

3. Makes up ~25 % of  the 
energy density of the universe 

4. Mass ?
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<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>
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<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>



WHAT IS DARK MATTER?
1. Stable, cold, (almost) collisionless,  

dissipationless substance 

2. Interacts (only?) gravitationally 

3. Makes up ~25 % of  the 
energy density of the universe 

4. Mass ?
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<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>
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<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

microlensing 
searches of 

PBHs

[Niikura et al., Nat. Astr. 3 (2019) 6]

m . 1046 GeV
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• Complementary strategies testing different aspects of DM

HOW TO SEARCH FOR DM?
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Direct Detection Accelerators
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(Production) (Annihilation and decay)



• Complementary strategies testing different aspects of DM

HOW TO SEARCH FOR DM?

5

Direct Detection Accelerators
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(Production) (Annihilation and decay)



DM DIRECT DETECTION SIGNALS

• Elastic (or inelastic) DM nucleus 
scattering:  
typically sensitive to  m > 1 GeV 
WIMPs 

• Electron scattering:  
sensitive to light WIMPs 
 

• Electron absorption: 
(ultra) light bosonic non-WIMP DM

6
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• State-of-the-art DM experiments: multi ton liquid noble gas detectors (Xe, Ar) 

• Expect events: 

7 [Albers et al.;  J.Phys.G 50 (2023) 1, 013001]

PROTOTYPICAL DD EXPERIMENT

χ
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• Directly testing DM-SM interactions: 
 
- primary scintillation light (S1) 
 
- electroluminescence/ionisation (S2)  

• Scattering cross section: 
 
- particle physics (DM model) 
 
- nuclear physics (form factors) 
 
- material science (structure of target )



DIRECT DETECTION LANDSCAPE

8 [Snowmass2021; 2203.08084]
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DIRECT DETECTION LANDSCAPE

8 [Snowmass2021; 2203.08084]
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DIRECT DETECTION LANDSCAPE

9

excluded

Future improved 
experiments will become 

sensitive to new 
irreducible neutrino 

background

[Snowmass2021; 2203.08084]

Solar 
neutrinos 

( B)8



WHAT ARE SOLAR NEUTRINOS?

• Neutrinos are produced in 
fusion processes in solar core 

• Neutrinos leave sun almost 
instantaneously (2s); 
photons get scattered and 
reabsorbed 

• Photons require 50 000 years to 
leave sun! 

 Neutrinos allow us to study 
interior of Sun!
⇒

10



• Sun powered by fusion 

• Intermediate proton-rich nuclei 
decay either through  or 
electron capture,  
producing pure  

• Solar production cycles 
ultimately fuse  

 into 

β+

νe

H He

HOW ARE SOLAR  PRODUCED?ν

11

[Amaral ’22]

 chainpp

Most 
important 

for DD!



• Sun powered by fusion 

• Intermediate proton-rich nuclei 
decay either through  or 
electron capture,  
producing pure  

• Solar production cycles 
ultimately fuse  

 into  

• Fusion cycles produce very rich 
solar neutrino spectrum with 
MeV energies and high fluxes 

• This is an excellent source for 
neutrino physics!

β+

νe

H He

HOW ARE SOLAR  PRODUCED?ν

12

CNO cycle

[Amaral ’22]



NEUTRINO BACKGROUND
• Incident energetic neutrinos can fake the DM 

signal e.g. by undergoing coherent elastic 
neutrino-nucleus scattering (CEvNS) 

• Most importantly, irreducible CEvNS  
background looks like WIMP signal! 

• Energy thresholds of ~ O(few) keV 
 typical solar neutrino scattering energies!⇒

13

[DARWIN; JCAP 1611 (2016) 11, 017]
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• At spallation sources stopped pions 
 decay into muons and neutrinos 
 

• MeV neutrinos have ~fm wavelength 
 scatter coherently off the nucleus 

• First observation of CEvNS at the 
COHERENT experiment with a CsI 
target (also LAr and Ge)

→

FIRST CE NS OBSERVARTIONν

14
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• Solar neutrinos 
dominate at low energies 

  leading contribution at ~10 
MeV 

• Diffuse supernova neutrinos 
leading background at ~20-50 
MeV undected, future target 

• Atmospheric 
dominate at high energies, but 
much smaller fluxes

8B

→

CEVNS WITH SOLAR NEUTRINOS
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• Solar neutrinos produced 
as pure electron neutrinos 

• Oscillate into all flavours 
on propagation to Earth

16
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• Matter oscillation in solar medium dominates flavour composition reaching earth.  
 at ~10 MeV significant  (and ) admixture (  flux)!⇒ ντ νμ

8B

[Amaral, Cerdeno, PF, Reid; 2006.11225]

CEVNS WITH SOLAR NEUTRINOS



• Current and upcoming DD 
experiments will be sensitive to 
mostly  solar neutrino flux! 

• First hints for observation: 
XENONnT @ 2.73   
 
PandaX-4T @ 2.64  
 
LZ @ 4.5  

• Lowering threshold is key to 
pick up more solar neutrino 
signal!

8B
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17 [Ruppin+, Phys.Rev.D 90 (2014) 8, 083510]
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CEVNS WITH SOLAR NEUTRINOS

[LZ, arXiv:2512.08065]



LABORATORY FOR  
(NEW) NEUTRINO PHYSICS

18

• Complementary measurement of solar neutrino fluxes 

• Sensitive to  flavour 

• Tests of new neutrino interactions 

• Both sensitive to nuclear and electron scattering 

• …

ντ



• SM “precision” physics: CEvNS cross section directly depends on the value of :sin θW

 AT LOW ENERGY sin θW

•  not well measured 
at low energies! 

• can be extracted from 
neutrino scattering at DD 
experiments 

• Combined results from 
direct detection:

sin θW

19

[De Romeri+, JCAP 05 (2025) 012]
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NEW INTERACTIONS: LIGHT MEDIATORS
• New light leptophilic mediators generically lead to modification of CEvNS and EvES 

• Infinite family of anomaly-free U(1)X

20

Lµ � L⌧Le � L⌧Lµ � Le
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• DD experiments sensitive to neutrinos 
both in electron and nuclear 
scattering!
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• Vector mediator models ( , ) can accommodate (low reheating) freeze-in! 

• Direct detection sensitive to DM and neutrino signal   NEED DISCRIMINATION!

B − L Li − Lj

⇒
22

LIGHT MEDIATORS: TESTING FREEZE-IN
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Discovery limit 
BSM neutrinos! 
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• Adding DM:
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GOING MODEL-INDEPENDENT: 
  

NON-STANDARD INTERACTIONS
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• Neutral current low-energy effective theory called non-standard interactions (NSI) 
 
 

• Ordinary matter is composed of  . Only these are relevant for matter 
effects and scattering. Propagation only sensitive to vector component.  
 
 

• Three dimensional parameterisation including 
neutron, proton and electron couplings 

f = {e, u, d}

NEW INTERACTIONS: NSI
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RATE — FIRST PRINCIPLES
• Solar neutrinos propagate to the surface of the Sun and undergo matter oscillations; 

free stream in vacuum to earth 

• Scatter with detector into any neutrino final state. Have to sum over asymptotic final 
states
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RATE — FIRST PRINCIPLES
• Solar neutrinos propagate to the surface of the Sun and undergo matter oscillations; 

free stream in vacuum to earth 

• Scatter with detector into any neutrino final state. Have to sum over asymptotic final 
states
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phase correlation 

• Captures all 
interferences
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NSI NEUTRINO PROPAGATION
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1. NEUTRINO PROPAGATION
• Need to find the density matrix  of solar neutrinos reaching earth! 

• In presence of a non-zero electron density neutrino oscillations are described by the 
Schroedinger equation 
 
 
 
 
 
where  
 

• We define the PMNS matrix as 

ρ(e) = Sπ(e)S†
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• In solar neutrino physics it is convenient to switch basis to  with   

• The evolution of  is then governed by the Hamiltonian 
 

• If  the third eigenvalue  will dominate the matrix and the third 
neutrino state decouples from the lighter ones  reduces to two-state problem 

ν̂ = O† ν O = R23 R13

ν̂

Δm2
31 ≫ Δm2

21 ∼ Acc Δm2
31
⇒

29
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• In solar neutrino physics it is convenient to switch basis to  with   

• The evolution of  is then governed by the Hamiltonian 
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Ĥ =
1

2E⌫

0

BBB@

c
2
13 Acc + s

2
12 �m

2
21 s12 c12 e

i� �m
2
21 s13 c13 Acc

s12 c12 e
�i� �m

2
21 c

2
12 �m

2
21 0

s13c13 Acc 0 s
2
13 Acc +�m

2
31

1

CCCA

<latexit sha1_base64="4jUCZVkBd/1GlgCcJ+vgmOPwMDM="></latexit>

�m2
21 =

�
7.42+0.21

�0.20

�
⇥ 10�5eV2

<latexit sha1_base64="Z8QKeyx7DEKjuenkyjrlvrFUZ6E=">AAACKXicbVBNSwMxEM36WetX1aOXYBE8aNmVoh6rIngRKtgqdOuSTacazGaXZFYsS/+OF/+KFwVFvfpHTOsKfj0YeHnzhsm8MJHCoOu+OiOjY+MTk4Wp4vTM7Nx8aWGxaeJUc2jwWMb6LGQGpFDQQIESzhINLAolnIZX+4P+6TVoI2J1gr0E2hG7UKIrOEMrBaXabpBx3qe+ERH13PNso2ofCDeYQbN/vkl9WrN1EPgq/TL567njyFqCUtmtuEPQv8TLSZnkqAelR78T8zQChVwyY1qem2A7YxoFl9Av+qmBhPErdgEtSxWLwLSz4aV9umqVDu3G2pZCOlS/T2QsMqYXhdYZMbw0v3sD8b9eK8XuTjsTKkkRFP9c1E0lxZgOYqMdoYGj7FnCuBb2r5RfMs042nCLNgTv98l/SXOz4m1VqsfVcm0vj6NAlskKWSMe2SY1ckjqpEE4uSX35Ik8O3fOg/PivH1aR5x8Zon8gPP+AbZ/pH0=</latexit>

Acc ⇠ 10�4eV2 @ E⌫ ⇠ 10MeV

[Esteban et al., JHEP 09 (2020) 178  
& NuFIT 5.1 [http://www.nu-fit.org] ]

[Bahcall et al.,  
Astrophys. J. Suppl. 165 (2006) 400]

<latexit sha1_base64="C0Fvj/KDZWOa8cSPnRbs4dIRYc0="></latexit>

�m2
31 =

�
2.515+0.028

�0.028

�
⇥ 10�3eV2

• Solar best fit values:

1. NEUTRINO PROPAGATION



• The two-state system can be described by effective Hamiltonian  

• Diagonalise this Hamiltonian via matter mixing matrix 
 
 
 
 
defining  we find the matter eigenvalues and mixing angle:

Heff ≡ Heff
vac + Heff

mat

Δ ≡ Δm2
21/(4Eν)
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• Presence of additional NSI matter potentials modifies propagation 
 
 
 
 
 
with  and the matter NSIs  

• Modifies matter mixing angle and energy eigenvalues through the quantities  
 
 

Yn(x) ≡ Nn(x)/Ne(x)

MATTER EFFECTS WITH NSI
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• From the NSI matter Hamiltonian can 
compute the full S-matrix 
 
 
 
 
 
 
 

• Can extract the neutrino transition 
probabilities from the density matrix 
 

 

• The abundant solar neutrino flux makes 
this an excellent laboratory for testing 
novel neutrino physics in all flavours!

Peα = ρ(e)
αα
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NSI NEUTRINO DETECTION
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2. SOLAR NEUTRINO SCATTERING
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1. The generalised coherent elastic neutrino nucleus scattering (CE NS) cross section is 
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2. The generalised elastic neutrino-electron scattering (E ES) cross section: 
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NSI @ DD EXPERIMENTS
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• Sensitive to both 
nuclear and electron 
scattering! 

• Exploit signal 
complementarity!
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• Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from  

• Future DD can improve over existing 
constraints! 

• Target material-dependent blind spot 
where neutron and proton NSI cancel 
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[Coloma et al., JHEP 02 (2020) 023 ]
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• Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from  

• Future DD can improve over existing 
constraints! 

• Target material-dependent blind spot 
where neutron and proton NSI cancel 
 

• Blind spot due to SM-NSI interference 
terms in CE NS cross section 
 
Diagonal: 
 

ν
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• Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from  

• Future DD can improve over existing 
constraints! 

• Target material-dependent blind spot 
where neutron and proton NSI cancel 
 

• Blind spot due to SM-NSI interference 
terms in CE NS cross section 
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NSI @ DD — NUCLEAR SCATTERING
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NSI @ DD —  ELECTRON SCATTERING
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• We show the sensitivities in the  plane  

• The current limits on the NSI for pure electron 
couplings is illustrated by the green bar at 

 

• ER sensitivities drop off towards  (pure 
proton), whereas NR sensitivities become 
maximal 

• Direct detection experiments have excellent 
sensitivity to ER! 

• Future DARWIN can potentially improve by  
an order of magnitude over current electron 
NSI bounds 
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[Amaral, Cheek, Cerdeño, PF; 2302.12846]

DD experiments have complementary 
sensitivity 

 include in future global fi→

https://arxiv.org/abs/2302.12846


• Implemented the full chain of propagation, scattering plus detector effects for NSI 
in solar  in open-source Python package: https://github.com/SNuDD/SNuDD.gitν

SNuDD 
``Solar Neutrinos for Direct Detection”

40

https://github.com/SNuDD/SNuDD.git


• Neutrino density matrix has explicit  
CP dependence!

41
  flavour admixture is CP-dependent!⇒ νμ, ντ

[Amaral, Cerdeno, Cheek, Costa, PF; in progress]
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• Neutrino density matrix has explicit  
CP dependence!

41
  flavour admixture is CP-dependent!⇒ νμ, ντ

[Amaral, Cerdeno, Cheek, Costa, PF; in progress]
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 FCNC could test this!⇒

SNuDD: Next steps
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[Amaral, Cerdeno, Cheek, Costa, PF; in progress]

SNuDD: Next steps
νe
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• There are additional NSI matter effects in Earth

Earth Matter Effects

νe
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NEW DETECTORS: RES-NOVA
• Upcoming underground cryogenic 

scintillator neutrino observatory based in 
Gran Sasso 

• Array of 8 tons of  scintillating 
crystals optimised for detecting CEvNS 

• Powerfull background suppression:   
- simultaneous readout of phonons and 
light 
- coincidence analysis with different 
detector modules 

• Problem: commercial lead has  Bq/ton 
of radioactive  
 

 Use  grown with 2000 yr old 
archeological lead from sunken Roman 
ships 
(expected  below 1 mBq/ton!)

PbWO4

104

210Pb

→ PbWO4

210Pb
44

[RES-NOVA; Phys.Rev.D 111 (2025) 10, 103050]

Credit: N. Ferreiro Iachellini

Light 
Detector

PbWO4

Copper 
structure



• Projections for RES-NOVA 
demonstrator with 1-ton fiducial 
volume and threshold of 0.5 keV show 
promising sensitivity to NSI 

• Sensitivity depends crucially on 
background rejection 

• Especially sensitive to , compared 
to global fits 

εeτ
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SNuDD

SNuDD SNuDD

SNuDD

SNuDD SNuDD

[Coloma et al., JHEP 02 (2020) 023]
[Coloma et al., JHEP 08 (2023) 032]

[RES-NOVA, PF; 2602.23419]

NEW DETECTORS: RES-NOVA



• Easily scalable to multi-ton 
experiment 

• Optimise for volume: 
10-ton volume and threshold of 1 keV 

• RES-NOVA also targeting future core-
collapse supernova neutrinos; 
see e.g. 
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[RES-NOVA; JCAP 10 (2021) 064]

SNuDD

SNuDD SNuDD

SNuDD

SNuDD SNuDD

[RES-NOVA, PF; 2602.23419]

NEW DETECTORS: RES-NOVA



CONCLUSIONS
• In the next years, direct detection experiments  

will see large numbers of (astrophysical) neutrinos 
 

 Novel type of neutrino experiments for free! 

• Low energy thresholds and large exposures  
gives them great sensitivity to solar neutrinos 

• Sensitive to both CEvNS and EvES provides 
complementary information to reactor and  
spallation source neutrino experiments 

• DD experiments already allow to test neutrino 
properties within and beyond the SM: 
 - light mediators  
 - NSI  
 - sterile neutrinos  
 - … 

• Novel cryogenic scintillators (RES-NOVA)  
promising for detecting solar  in CE NS 

• Direct detection experiments will become an important player for neutrinos! 

⇒

8B ν
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CNO DETECTION AT DD
• Future DD experiments could provide independent measurement of CNO flux 

• Extremely low energies required (typically below 100 eV) 

• Promising sensitivities at solid state (Ge or Si) detectors; have achievable low 
thresholds  

• Alternative large (1 kton yr) dual phase liquid argon TPCs, 
or cryogenic scintillators (  or )CaWO4 Al2O3

49 [Cerdeño+, Phys.Rev.D 90 (2014) 8, 083510]

[Franco+, JCAP08(2016)017]
[Bento+, Eur.Phys.J.C 84 (2024) 10, 1118]

[Cerdeño+, PRD 90 (2014) 8, 083510]



RATE — FIRST PRINCIPLES
• Neutrinos are produced in the core of the Sun as pure  . Propagate through the 

solar matter to the surface of the Sun and undergo matter oscillations; free stream in 
vacuum to earth 

• Scatter with detector into any neutrino final state. Have to sum over asymptotic final 
states

νe
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• The full three-flavour propagation in matter is then given by the evolution equation  

• Assuming adiabaticity  within the Sun (i.e. a slowly varying matter 
profile), we can describe the full propagation in matter from the point of neutrino 
creation to the surface of the sun by the S-matrix 
 
 
 
 
 
 
 
with 

|ΔEm
12 | ≫ 2 | ·θm

12 |
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• Two-state evolution in solar matter across finite distance  given by Hamiltonian: 
 
 
 
 
 
with matter phase 

Δx
ADIABATIC PROPAGATION

• Evolution adiabatic if 
 
 

• Adiabaticity depends on the CP 
phase! 

• Complex NSI can modify the 
adiabaticty of neutrino evolution!
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• RES-NOVA can achieve realistic thresholds of 0.5 keV    significant  signal! 

• Background suppression will be crucial for high sensitivity: 
Pessimistic: phonon-only readout w/o particle ID 
Optimistic:  e−/γ rejection through combined phonon and scintillation light readout.  

→ 8B
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Eth ∼ 0.5 keV

Pessimistic Optimistic

[RES-NOVA, PF; 2602.23419]

NEW DETECTORS: RES-NOVA



NSI @ NEUTRINO OBSERVATORIES

54

• Borexino is very low 
threshold and radio 
pure liquid scintillator 
detector @ Gran Sasso 

• Main goals: 
neutrino spectroscopy 
and measuring the  
solar neutrino flux via 
electron recoils 
 
 
 
 
 
 
 

• produced some of the 
most accurate 
measurements of solar 
neutrino interactions

7Be

χ χ

A
ZX

e−
ER ∼ eV



• Repeat simplistic Borexino-only analysis, 
only allowing for theoretical uncertainties:  
 
                     [−0.12, 0.08] 

• At  (pure proton) NSI only impact 
the neutrino propagation; cross section 
unaltered    NSI least constrained 

• At  (pure electron) maximal effect 
both in propagation and cross section  
   most stringent bounds 

• Off-diagonal more tightly constrained 
due to appearance of NSI elements twice in 
trace

εV
ee ∈

φ = 0

⇒

φ = π/2

⇒

BOREXINO
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[Khan et al., Phys. Rev. D 101, 055047 (2020)]
[Coloma et al., JHEP 07 (2022) 138]
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• For all off-diagonal NSI elements ( ), trace contains term proportional to  

 
 
 
 
Without trace, this interference term  
would be entirely missed! 

• Cross section symmetric under  
 

 
BUT: 
oscillation effects break symmetry  
via presence of full density matrix!

εη,φ
αβ , α ≠ β ραβ

{εη,φ
αβ , φ} → {−εη,φ

αβ , − φ}
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