
Dark Matter 
Phenomenology

SOUP 20|21: INFN School on Underground Physics

Nicolao Fornengo
Department of Physics, University of Torino 

and Istituto Nazionale di Fisica Nucleare (INFN) – Torino - Italy



� DM evidence is purely gravitational
– Galaxy clusters dynamics
– Rotational curves of spiral galaxies
– Gravitational lensing
– Hydrodynamical equilibrium of hot gas in galaxy clusters
– Energy budget of the Universe
– The same theory of structure formation

� This evidence can be ascribed either to:
– Modification of the theory of Gravity (difficult to explain all observations)
– Elementary particle, relic from the early Universe

Ø No viable candidate in the SM: New Physics BSM
Ø However, to demonstrate that DM is a new particle, a                                 

non-gravitational signal (due to it’s particle physics nature) is needed

Dark Matter



Non – gravitational signals 
of

particle DM



A multiple  approach

� Astrophysical signals
– Tests DM as particle in its environment
– Signals are not produced under our own direct control
– Complex backgrounds
– Multimessenger, multiwavelength, multitechnique strategy

� Accelerator / Lab signals
– Produce New Physics states and help in shaping the underlying model
– Allows (hopefully) to identify the physical properties of the DM sector
– Controlled environment

One does not fit all … profit of all opportunities
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Production at accelerators

Mechanisms of DM signal production

Annihilation (or decay)
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Mechanisms of DM signal production

Signals occur in astrophysical context

Directly test DM the particle-physics 
nature of DM 

Signal produced in accelerators

Directly tests New Physics: compatibility 
with DM needs to be cross-checked 
with cosmology adn astrophysics



DM as a particle might ...

Interact with ordinary matter

Self annihilate or decay

Inside our detector
Direct detection

Produce effects in astrophysical
environments, like in stars

Send us messengers
Indirect detection

Exotic injections that can alter 
properties of messengers (e.g. 
CMB: SZ, reionization; gamma-
rays absorption)



Relevant particle physics properties:

1. Scattering cross section
2. Mass of the DM particle

1 + 2 :  Size of the signal
2      :  Spectral features of nuclear recoil

Direct detection signal

Scattering with ordinary matter 
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Indirect astrophysical signals

Annihilation
or decay
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Indirect astrophysical signals

Annihilation
or decay
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<latexit sha1_base64="wKYdtJOGpRKhcRg9hBa7tBaZYrE=">AAAB/nicbVA9SwNBEN2LXzF+RS1tFoNgIeFORS2DNpYRzAfkQpjbTOKSvQ92Z4UQAv4KW63sxNa/YuF/8S5eodFXDI/3ZpiZFyRKGnLdD6ewsLi0vFJcLa2tb2xulbd3mia2WmBDxCrW7QAMKhlhgyQpbCcaIQwUtoLRVea37lEbGUe3NE6wG8IwkgMpgFLJxyPuhzYtBLZXrrhVdwb+l3g5qbAc9V750+/HwoYYkVBgTMdzE+pOQJMUCqcl3xpMQIxgiJ2URhCi6U5mN0/5gTVAMU9Qc6n4TMSfExMIjRmHQdoZAt2ZeS8T//M6lgYX3YmMEksYiWwRSYWzRUZomYaBvC81EkF2OXIZcQEaiFBLDkKkok3TKaV5ePPf/yXN46p3Vj25Oa3ULvNkimyP7bND5rFzVmPXrM4aTLCEPbIn9uw8OC/Oq/P23Vpw8pld9gvO+xeEaZVg</latexit>e, µ, ⌧

<latexit sha1_base64="qhptalZBtKvPyFApehiKQrbE5VE=">AAACGHicbVC7TsMwFHV4U14FRhaLgsSAqgQQMFawMIJEaaW2qm7cC1g4TmRfI1VRf4BP4CtYYWJDrGwM/AtJyMDrLD4693GuT5goacn3372x8YnJqemZ2crc/MLiUnV55cLGzghsiljFph2CRSU1NkmSwnZiEKJQYSu8Oc7rrVs0Vsb6nIYJ9iK40vJSCqBM6lc3usWO1OBgVOlq18dtnj/dyJWEwPWrNb/uF+B/SVCSGitx2q9+dAexcBFqEgqs7QR+Qr0UDEmhMDNyFhMQN3CFnYxqiND20uKSEd90FijmCRouFS9E/D6RQmTtMAqzzgjo2v6u5eJ/tY6jy8NeKnXiCLXIjUgqLIysMDKLCflAGiSC/HLkUnMBBojQSA5CZKLLcqtkeQS/f/+XXOzUg/367tlerXFUJjPD1tg622IBO2ANdsJOWZMJdsce2CN78u69Z+/Fe/1qHfPKmVX2A97bJ0G+oBM=</latexit>⌫e, ⌫µ, ⌫⌧

<latexit sha1_base64="RD83Lg6I68BKr8IQvZnX7OxzJ18=">AAACB3icbVC7TsNAEDyHVzAvQ0qaExESVWQDAsoIGsogkYcUm+h82YRTzg/drZEiyx/AV9BCRYdo+QwK/gXbpICEqUYzuzd748dSaLTtT6OytLyyulZdNzc2t7Z3rN29jo4SxaHNIxmpns80SBFCGwVK6MUKWOBL6PqTq8LvPoDSIgpvcRqDF7BxKEaCM8ylgVVzyzdSBcPMhLvUjYNsYNXthl2CLhJnRupkhtbA+nKHEU8CCJFLpnXfsWP0UqZQcAmZ6SYaYsYnbAz9nIYsAO2lZXBGDxPNMKIxKCokLUX4vZGyQOtp4OeTAcN7Pe8V4n9eP8HRhZeKME4QQl4EoZBQBmmuRN4K0KFQgMiKy4GKkHKmGCIoQRnnuZjkNZl5H8787xdJ57jhnDVObk7rzctZM1WyTw7IEXHIOWmSa9IibcLJlDyRZ/JiPBqvxpvx/jNaMWY7NfIHxsc3HJKZog==</latexit>

e±

<latexit sha1_base64="y8OoOfnRMZee4Mj5DxXjyhajyjw=">AAACEHicbVC7TsNAEDzzDOEVoITiRIREFdmAgBKBhCjDIyFSYlnryxJOubOtuzUSstLwCXwFLVR0iJY/oOBfcEwKXlONZnZv9iZMlLTkuu/O2PjE5NR0aaY8Oze/sFhZWm7aODUCGyJWsWmFYFHJCBskSWErMQg6VHgZ9o+G/uUNGivj6IJuE/Q19CJ5JQVQLgWVtU7xRmawOyh3eqA1BFnHaH58fjYIKlW35hbgf4k3IlU2Qj2ofHS6sUg1RiQUWNv23IT8DAxJoTAPSC0mIPrQw3ZOI9Bo/ay4YMA3UgsU8wQNl4oXIn7fyEBbe6vDfFIDXdvf3lD8z2undLXvZzJKUsJIDINIKiyCrDAyrwd5VxokguHlyGXEBRggQiM5CJGLad5XOe/D+/37v6S5VfN2a9unO9WDw1EzJbbK1tkm89geO2AnrM4aTLA79sAe2ZNz7zw7L87r1+iYM9pZYT/gvH0CdbedBA==</latexit>�FSR

Which channel is open depends on 
the mass of the non-relativistic DM 
particle

The maximal energy of the final
product also depends on the mass 
of the DM particle

<latexit sha1_base64="HbjJ60aSuUxKuwzDFYn5XeqN3/w=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQDAgqKCChokIJEHlJiWefLJpxyZ1t3a6TI8gfwFbRQ0SFaPoOCf8EOKSBhmh3N7Gp3x4+kMGjbn1ZhYXFpeaW4Wlpb39jcKm/vtEwYaw5NHspQd3xmQIoAmihQQifSwJQvoe2PLnO//QDaiDC4w3EErmLDQAwEZ5hJXrmivESk9JxmtacVvbpJS165atfsCeg8caakSqZoeOWvXj/ksYIAuWTGdB07QjdhGgWXkJZ6sYGI8REbQjejAVNg3GRyfEr3Y8MwpBFoKiSdiPB7ImHKmLHys07F8N7Mern4n9eNcXDmJiKIYoSA54tQSJgsMlyLLBWgfaEBkeWXAxUB5UwzRNCCMs4zMc5iyvNwZr+fJ63DmnNSO7o9rtYvpskUyS7ZIwfEIaekTq5JgzQJJ2PyRJ7Ji/VovVpv1vtPa8GazlTIH1gf3xROmFk=</latexit>

mi < mDM

<latexit sha1_base64="5WwjtrJCSdDCGMRzvvc/ILiamUo=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIBAQVFxEOiQQoSeUiJFZ0vm3DKnW3drZEiKyVfQQsVHaLlQyj4F2yTAhKmGs3samfHj6Qw6Dif1tz8wuLScmGluLq2vlGyN7caJow1hzoPZahbPjMgRQB1FCihFWlgypfQ9IcXmd98AG1EGNzhKAJPsUEg+oIzTKWuXbqiZ1R1k45W9PJmXOzaZafi5KCzxJ2QMpmg1rW/Or2QxwoC5JIZ03adCL2EaRRcwrjYiQ1EjA/ZANopDZgC4yV58DHdiw3DkEagqZA0F+H3RsKUMSPlp5OK4b2Z9jLxP68dY//US0QQxQgBzw6hkJAfMlyLtBGgPaEBkWXJgYqAcqYZImhBGeepGKcVZX2409/PksZBxT2uHN4elavnk2YKZIfskn3ikhNSJdekRuqEk5g8kWfyYj1ar9ab9f4zOmdNdrbJH1gf32fmlkk=</latexit>

E < mDM
<latexit sha1_base64="4MRm2Ml0k4pHGvi8NLhdHy1CMn8=">AAACBXicdVDLSgNBEJz1GeMr0aOXwSB4irtRo4KH4AO8CBHMA5IQZiedOGRmd5npVcKSs1/hVU/exKvf4cF/cTdG8Fmnoqqbri43kMKgbb9aE5NT0zOzqbn0/MLi0nImu1I1fqg5VLgvfV13mQEpPKigQAn1QANTroSa2z9O/No1aCN87xIHAbQU63miKzjDWGpnsqf0kKp21NSKnpwPtwrpdiZn53dt56Do0N/Eydsj5MgY5XbmrdnxeajAQy6ZMQ3HDrAVMY2CSximm6GBgPE+60Ejph5TYFrRKPqQboSGoU8D0FRIOhLh60bElDED5caTiuGV+ekl4l9eI8TufisSXhAieDw5hELC6JDhWsSdAO0IDYgsSQ5UeJQzzRBBC8o4j8UwLinp4/Np+j+pFvJOMb99sZMrHY2bSZE1sk42iUP2SImckTKpEE5uyB25Jw/WrfVoPVnPH6MT1nhnlXyD9fIOtT6XAA==</latexit>

E < mDM/2

ann
decay

<latexit sha1_base64="b8ZhdqXPRueogPKFCj7bqesuncI=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4irtRo4KHoB68CBHMA5KwzE46ccjM7jLTK4QlH+BXeNWTN/HqZ3jwX9yNEXzWqajqpqvLC6UwaNuv1tT0zOzcfGYhu7i0vLKaW1uvmyDSHGo8kIFuesyAFD7UUKCEZqiBKU9Cwxucpn7jBrQRgX+FwxA6ivV90ROcYSK5ubxyBT2myo3bWtGzi9FOKevmCnZx33aOyg79TZyiPUaBTFB1c2/tbsAjBT5yyYxpOXaInZhpFFzCKNuODISMD1gfWgn1mQLTicfhR3QrMgwDGoKmQtKxCF83YqaMGSovmVQMr81PLxX/8loR9g47sfDDCMHn6SEUEsaHDNciaQVoV2hAZGlyoMKnnGmGCFpQxnkiRklNaR+fT9P/Sb1UdMrF3cu9QuVk0kyGbJBNsk0cckAq5JxUSY1wMiR35J48WLfWo/VkPX+MTlmTnTz5BuvlHYYDmAQ=</latexit>

mi < mDM/2

ann
decay
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<latexit sha1_base64="8nGu8iTnuryIK53wr6MMUpXYbgA=">AAACHHicbVC7SgRBEJz17fk6NTQZPASD49hVUcFENDERFDwVbs+jd2x1cGZ2mOkVZLlf8BP8ClONzMRUMPBf3D0v8FVJF1XddHclVklPYfgeDAwODY+Mjo1XJianpmeqs3PHPs2cwKZIVepOE/CopMEmSVJ4ah2CThSeJNe7pX9yg87L1BzRrcW2hksjL6QAKqROdTm28iys87LEVtd5HjvN460rhBuJLq7vo0+N71Y61VrYCHvgf0nUJzXWx0Gn+hGfpyLTaEgo8L4VhZbaOTiSQmG3EmceLYhruMRWQQ1o9O2891GXL2UeKOUWHZeK90T8PpGD9v5WJ0WnBrryv71S/M9rZXSx2c6lsRmhEeUikgp7i7xwsogK+bl0SATl5cil4QIcEKGTHIQoxKzIrswj+v39X3K80ojWG6uHa7XtnX4yY2yBLbJlFrENts322AFrMsHu2AN7ZE/BffAcvASvX60DQX9mnv1A8PYJyF2gxA==</latexit>

⇡0,⇡±, heavierMesons

<latexit sha1_base64="eD2rmPup9RhFlk0La/jE9EB3yaM=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwISVRqS6Luuiygn1AU8pkeluHTh7M3Agl9E/8BL/Cra7cFXHnh5jEgLZ6V+eec++5DzeUQqNlzYzC0vLK6lpxvbSxubW9Y+7utXQQKQ5NHshAdVymQQofmihQQidUwDxXQtsdX6d6+wGUFoF/h5MQeh4b+WIoOMOE6ptVJ/OIFQymJSdISlOnOJye0J/sZi6rw7TUN8tWxcqC/gV2Dsokj0bf/HAGAY888JFLpnXXtkLsxUyh4DIxdCINIeNjNoJuAn3mge7F2W5TehRphgENQVEhaUbC746YeVpPPDep9Bje60UtJf/TuhEOL3ux8MMIwefpIBQSskGaK5FcDHQgFCCydHOgwqecKYYISlDGeUJGySfTf9iL1/8FrdOKXa2c3Z6Xa1f5Z4rkgBySY2KTC1IjddIgTcLJI3kmL+TVeDLejJnx/l1aMPKefTIXxucXwgSoNw==</latexit>

p,D,He

<latexit sha1_base64="qhptalZBtKvPyFApehiKQrbE5VE=">AAACGHicbVC7TsMwFHV4U14FRhaLgsSAqgQQMFawMIJEaaW2qm7cC1g4TmRfI1VRf4BP4CtYYWJDrGwM/AtJyMDrLD4693GuT5goacn3372x8YnJqemZ2crc/MLiUnV55cLGzghsiljFph2CRSU1NkmSwnZiEKJQYSu8Oc7rrVs0Vsb6nIYJ9iK40vJSCqBM6lc3usWO1OBgVOlq18dtnj/dyJWEwPWrNb/uF+B/SVCSGitx2q9+dAexcBFqEgqs7QR+Qr0UDEmhMDNyFhMQN3CFnYxqiND20uKSEd90FijmCRouFS9E/D6RQmTtMAqzzgjo2v6u5eJ/tY6jy8NeKnXiCLXIjUgqLIysMDKLCflAGiSC/HLkUnMBBojQSA5CZKLLcqtkeQS/f/+XXOzUg/367tlerXFUJjPD1tg622IBO2ANdsJOWZMJdsce2CN78u69Z+/Fe/1qHfPKmVX2A97bJ0G+oBM=</latexit>⌫e, ⌫µ, ⌫⌧

<latexit sha1_base64="RD83Lg6I68BKr8IQvZnX7OxzJ18=">AAACB3icbVC7TsNAEDyHVzAvQ0qaExESVWQDAsoIGsogkYcUm+h82YRTzg/drZEiyx/AV9BCRYdo+QwK/gXbpICEqUYzuzd748dSaLTtT6OytLyyulZdNzc2t7Z3rN29jo4SxaHNIxmpns80SBFCGwVK6MUKWOBL6PqTq8LvPoDSIgpvcRqDF7BxKEaCM8ylgVVzyzdSBcPMhLvUjYNsYNXthl2CLhJnRupkhtbA+nKHEU8CCJFLpnXfsWP0UqZQcAmZ6SYaYsYnbAz9nIYsAO2lZXBGDxPNMKIxKCokLUX4vZGyQOtp4OeTAcN7Pe8V4n9eP8HRhZeKME4QQl4EoZBQBmmuRN4K0KFQgMiKy4GKkHKmGCIoQRnnuZjkNZl5H8787xdJ57jhnDVObk7rzctZM1WyTw7IEXHIOWmSa9IibcLJlDyRZ/JiPBqvxpvx/jNaMWY7NfIHxsc3HJKZog==</latexit>

e±

<latexit sha1_base64="y8OoOfnRMZee4Mj5DxXjyhajyjw=">AAACEHicbVC7TsNAEDzzDOEVoITiRIREFdmAgBKBhCjDIyFSYlnryxJOubOtuzUSstLwCXwFLVR0iJY/oOBfcEwKXlONZnZv9iZMlLTkuu/O2PjE5NR0aaY8Oze/sFhZWm7aODUCGyJWsWmFYFHJCBskSWErMQg6VHgZ9o+G/uUNGivj6IJuE/Q19CJ5JQVQLgWVtU7xRmawOyh3eqA1BFnHaH58fjYIKlW35hbgf4k3IlU2Qj2ofHS6sUg1RiQUWNv23IT8DAxJoTAPSC0mIPrQw3ZOI9Bo/ay4YMA3UgsU8wQNl4oXIn7fyEBbe6vDfFIDXdvf3lD8z2undLXvZzJKUsJIDINIKiyCrDAyrwd5VxokguHlyGXEBRggQiM5CJGLad5XOe/D+/37v6S5VfN2a9unO9WDw1EzJbbK1tkm89geO2AnrM4aTLA79sAe2ZNz7zw7L87r1+iYM9pZYT/gvH0CdbedBA==</latexit>�FSR

<latexit sha1_base64="E7tLyOSGUP+Xjq/KyJhNuKUnGqQ=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKiimxAQBlBQxkk8pCSKFpfNuGUO9u6WyNFVj6Ar6CFig7R8hkU/Au2SQEJU41mdnfuxo+UtOS6n87S8srq2npho7i5tb2zW9rbb9owNgIbIlShaftgUckAGyRJYTsyCNpX2PLH15nfekBjZRjc0STCnoZRIIdSAKVSv1Tu5jcSg4NpsTsCraHYL1XcqpuDLxJvRipshnq/9NUdhCLWGJBQYG3HcyPqJWBICoXp3dhiBGIMI+ykNACNtpfkwVN+FFugkEdouFQ8F/H3RgLa2on200kNdG/nvUz8z+vENLzsJTKIYsJAZEEkFeZBVhiZtoJ8IA0SQfZy5DLgAgwQoZEchEjFOK0p68Ob//0iaZ5UvfPq6e1ZpXY1a6bADtghO2Yeu2A1dsPqrMEEm7An9sxenEfn1Xlz3n9Gl5zZTpn9gfPxDUOOmRc=</latexit>�

hadronizazion
<latexit sha1_base64="JK4lCTX3k28BbBL6x3e2DzGVV28=">AAACFXicbVA9SwNBEN3zM8avqKXNahAsQrhTUcFGtLFUMEbIhTC3mcTFvb1jdy4QjtT+BH+FrVZ2Ymtt4X/xLqbQxFc93nvDzLwgVtKS6346U9Mzs3PzhYXi4tLyymppbf3GRokRWBORisxtABaV1FgjSQpvY4MQBgrrwf157td7aKyM9DX1Y2yG0NWyIwVQJrVKW3GF6wpPfRNy/+QOoSfRcL/Cz8BkATsotkplt+oOwSeJNyJlNsJlq/TltyORhKhJKLC24bkxNVMwJIXCQdFPLMYg7qGLjYxqCNE20+ErA76TWKCIx9kRUvGhiL8nUgit7YdBlgyB7uy4l4v/eY2EOsfNVOo4IdQiX0RS4XCRFUZmHSFvS4NEkF+OXGouwAARGslBiExMstLyPrzx7yfJzV7VO6zuXx2UT89GzRTYJttmu8xjR+yUXbBLVmOCPbAn9sxenEfn1Xlz3n+iU85oZoP9gfPxDY6RnWY=</latexit>

p, n, heavier Barions Which channel is open depends on 
the mass of the non-relativistic DM 
particle

The maximal energy of the final
product also depends on the mass 
of the DM particle

<latexit sha1_base64="HbjJ60aSuUxKuwzDFYn5XeqN3/w=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQDAgqKCChokIJEHlJiWefLJpxyZ1t3a6TI8gfwFbRQ0SFaPoOCf8EOKSBhmh3N7Gp3x4+kMGjbn1ZhYXFpeaW4Wlpb39jcKm/vtEwYaw5NHspQd3xmQIoAmihQQifSwJQvoe2PLnO//QDaiDC4w3EErmLDQAwEZ5hJXrmivESk9JxmtacVvbpJS165atfsCeg8caakSqZoeOWvXj/ksYIAuWTGdB07QjdhGgWXkJZ6sYGI8REbQjejAVNg3GRyfEr3Y8MwpBFoKiSdiPB7ImHKmLHys07F8N7Mern4n9eNcXDmJiKIYoSA54tQSJgsMlyLLBWgfaEBkeWXAxUB5UwzRNCCMs4zMc5iyvNwZr+fJ63DmnNSO7o9rtYvpskUyS7ZIwfEIaekTq5JgzQJJ2PyRJ7Ji/VovVpv1vtPa8GazlTIH1gf3xROmFk=</latexit>

mi < mDM

<latexit sha1_base64="5WwjtrJCSdDCGMRzvvc/ILiamUo=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIBAQVFxEOiQQoSeUiJFZ0vm3DKnW3drZEiKyVfQQsVHaLlQyj4F2yTAhKmGs3samfHj6Qw6Dif1tz8wuLScmGluLq2vlGyN7caJow1hzoPZahbPjMgRQB1FCihFWlgypfQ9IcXmd98AG1EGNzhKAJPsUEg+oIzTKWuXbqiZ1R1k45W9PJmXOzaZafi5KCzxJ2QMpmg1rW/Or2QxwoC5JIZ03adCL2EaRRcwrjYiQ1EjA/ZANopDZgC4yV58DHdiw3DkEagqZA0F+H3RsKUMSPlp5OK4b2Z9jLxP68dY//US0QQxQgBzw6hkJAfMlyLtBGgPaEBkWXJgYqAcqYZImhBGeepGKcVZX2409/PksZBxT2uHN4elavnk2YKZIfskn3ikhNSJdekRuqEk5g8kWfyYj1ar9ab9f4zOmdNdrbJH1gf32fmlkk=</latexit>

E < mDM
<latexit sha1_base64="4MRm2Ml0k4pHGvi8NLhdHy1CMn8=">AAACBXicdVDLSgNBEJz1GeMr0aOXwSB4irtRo4KH4AO8CBHMA5IQZiedOGRmd5npVcKSs1/hVU/exKvf4cF/cTdG8Fmnoqqbri43kMKgbb9aE5NT0zOzqbn0/MLi0nImu1I1fqg5VLgvfV13mQEpPKigQAn1QANTroSa2z9O/No1aCN87xIHAbQU63miKzjDWGpnsqf0kKp21NSKnpwPtwrpdiZn53dt56Do0N/Eydsj5MgY5XbmrdnxeajAQy6ZMQ3HDrAVMY2CSximm6GBgPE+60Ejph5TYFrRKPqQboSGoU8D0FRIOhLh60bElDED5caTiuGV+ekl4l9eI8TufisSXhAieDw5hELC6JDhWsSdAO0IDYgsSQ5UeJQzzRBBC8o4j8UwLinp4/Np+j+pFvJOMb99sZMrHY2bSZE1sk42iUP2SImckTKpEE5uyB25Jw/WrfVoPVnPH6MT1nhnlXyD9fIOtT6XAA==</latexit>

E < mDM/2

ann
decay
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Which channel is open depends on 
the mass of the non-relativistic DM 
particle

The maximal energy of the final
product also depends on the mass 
of the DM particle

<latexit sha1_base64="HbjJ60aSuUxKuwzDFYn5XeqN3/w=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQDAgqKCChokIJEHlJiWefLJpxyZ1t3a6TI8gfwFbRQ0SFaPoOCf8EOKSBhmh3N7Gp3x4+kMGjbn1ZhYXFpeaW4Wlpb39jcKm/vtEwYaw5NHspQd3xmQIoAmihQQifSwJQvoe2PLnO//QDaiDC4w3EErmLDQAwEZ5hJXrmivESk9JxmtacVvbpJS165atfsCeg8caakSqZoeOWvXj/ksYIAuWTGdB07QjdhGgWXkJZ6sYGI8REbQjejAVNg3GRyfEr3Y8MwpBFoKiSdiPB7ImHKmLHys07F8N7Mern4n9eNcXDmJiKIYoSA54tQSJgsMlyLLBWgfaEBkeWXAxUB5UwzRNCCMs4zMc5iyvNwZr+fJ63DmnNSO7o9rtYvpskUyS7ZIwfEIaekTq5JgzQJJ2PyRJ7Ji/VovVpv1vtPa8GazlTIH1gf3xROmFk=</latexit>

mi < mDM

<latexit sha1_base64="5WwjtrJCSdDCGMRzvvc/ILiamUo=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIBAQVFxEOiQQoSeUiJFZ0vm3DKnW3drZEiKyVfQQsVHaLlQyj4F2yTAhKmGs3samfHj6Qw6Dif1tz8wuLScmGluLq2vlGyN7caJow1hzoPZahbPjMgRQB1FCihFWlgypfQ9IcXmd98AG1EGNzhKAJPsUEg+oIzTKWuXbqiZ1R1k45W9PJmXOzaZafi5KCzxJ2QMpmg1rW/Or2QxwoC5JIZ03adCL2EaRRcwrjYiQ1EjA/ZANopDZgC4yV58DHdiw3DkEagqZA0F+H3RsKUMSPlp5OK4b2Z9jLxP68dY//US0QQxQgBzw6hkJAfMlyLtBGgPaEBkWXJgYqAcqYZImhBGeepGKcVZX2409/PksZBxT2uHN4elavnk2YKZIfskn3ikhNSJdekRuqEk5g8kWfyYj1ar9ab9f4zOmdNdrbJH1gf32fmlkk=</latexit>

E < mDM
<latexit sha1_base64="4MRm2Ml0k4pHGvi8NLhdHy1CMn8=">AAACBXicdVDLSgNBEJz1GeMr0aOXwSB4irtRo4KH4AO8CBHMA5IQZiedOGRmd5npVcKSs1/hVU/exKvf4cF/cTdG8Fmnoqqbri43kMKgbb9aE5NT0zOzqbn0/MLi0nImu1I1fqg5VLgvfV13mQEpPKigQAn1QANTroSa2z9O/No1aCN87xIHAbQU63miKzjDWGpnsqf0kKp21NSKnpwPtwrpdiZn53dt56Do0N/Eydsj5MgY5XbmrdnxeajAQy6ZMQ3HDrAVMY2CSximm6GBgPE+60Ejph5TYFrRKPqQboSGoU8D0FRIOhLh60bElDED5caTiuGV+ekl4l9eI8TufisSXhAieDw5hELC6JDhWsSdAO0IDYgsSQ5UeJQzzRBBC8o4j8UwLinp4/Np+j+pFvJOMb99sZMrHY2bSZE1sk42iUP2SImckTKpEE5uyB25Jw/WrfVoPVnPH6MT1nhnlXyD9fIOtT6XAA==</latexit>

E < mDM/2

ann
decay

<latexit sha1_base64="b8ZhdqXPRueogPKFCj7bqesuncI=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4irtRo4KHoB68CBHMA5KwzE46ccjM7jLTK4QlH+BXeNWTN/HqZ3jwX9yNEXzWqajqpqvLC6UwaNuv1tT0zOzcfGYhu7i0vLKaW1uvmyDSHGo8kIFuesyAFD7UUKCEZqiBKU9Cwxucpn7jBrQRgX+FwxA6ivV90ROcYSK5ubxyBT2myo3bWtGzi9FOKevmCnZx33aOyg79TZyiPUaBTFB1c2/tbsAjBT5yyYxpOXaInZhpFFzCKNuODISMD1gfWgn1mQLTicfhR3QrMgwDGoKmQtKxCF83YqaMGSovmVQMr81PLxX/8loR9g47sfDDCMHn6SEUEsaHDNciaQVoV2hAZGlyoMKnnGmGCFpQxnkiRklNaR+fT9P/Sb1UdMrF3cu9QuVk0kyGbJBNsk0cckAq5JxUSY1wMiR35J48WLfWo/VkPX+MTlmTnTz5BuvlHYYDmAQ=</latexit>

mi < mDM/2

ann
decay



Relevant particle physics properties:

1. Annihilation cross section (*) (or decay rate)
2. Mass of the DM particle
3. BR in the different final states

1 + 2 :  Size of the signal
2 + 3 : Spectral features

(*) Determines also the cosmological relic abundance (for a thermal DM)
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Indirect astrophysical signals

⌦h2 = 0.11  ! h�annvi = 2.3⇥ 10�26 cm3 s�1

Annihilation
or decay
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h�vi
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Relevant particle physics properties:

1. Scattering cross section
2. (Annihilation cross section) 
3. Mass of the DM particle
4. BR in the different final states

1 + 2 : Size of the signal
3+4 : Spectral features
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Neutrino signals from Earth and Sun

Annihilation (or decay)
Generation of the neutrino signal

Scattering with ordinary matter
Capture 

� �

q q

Earth

Detector

Sun
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“Strong (-ish)”
Self-interacting
Technicolor DM
…

“EM (-ish)”
Millicharged DM
Electric/magnetic dipole
…

Weak
WIMP

Gravitational

SH-DM

GeV TeVkeVμeV

Majoron

WIMP     SuperheavyNon-WIMP

Particle physics scales



eV                keV            MeV            GeV             TeV         mDM

e+,e-
antiproton
antideuterium
gamma rays
neutrinos

X/gamma rays: IC on radiation fields
radio: synchro on ambient mag fields

e+,e-
X/gamma rays
neutrinos

X rays
neutrinos

infrared
neutrinos

radio

WIMP

The Multimessenger Landscape



Photons

Cosmic rays

Neutrinos

electrons/positrons
antiprotons, antideuterium, antinuclei

Direct detection

Accelerator searches for New Physics

WIMP
non WIMP

WIMP
non WIMP WIMP 

WIMP, non WIMP

WIMP, non WIMP
WIMP

WIMP, non WIMP

WIMP, non WIMP

X gammaμwave IR   vis   UV

Multi:   messenger/wavelength/technique

radio

Gravitational waves non WIMP (DM = primordial BH)



Where to search for a signal

DM is present in:

– Our Galaxy
Ø smooth component
Ø subhalos

– Satellite galaxies (dwarfs)

– Galaxy clusters
Ø smooth component
Ø individual galaxies
Ø galaxies subhalos

– “Cosmic web”



Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Galactic signals

Direct detection
Electrons/positrons
Antiprotons
Antideuterons
Photons (from radio to gamma rays)
neutrinos

View from the side

Galactic environment



Galactic signals

Direct detection

Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Local DM halo

� �

q q

Feels ony the local DM density
Feels how DM is locally distributed in velocity space



Galactic signals)
Neutrinos from earth and sun

Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Local DM halo

� �

q q
(s; heavy; u, d) (s; heavy; u, d)

W�
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l q Z H

Feels ony the local DM density
Feels (somehow) how DM is locally distributed in velocity space

For gravitational 
capture in the 
Sun and Earth

For the generation
of the neutrino 
signal



Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Galactic signals

Direct detection
Electrons/positrons
Antiprotons
Antideuterons
Photons (from radio to gamma rays)
Neutrinos from the Galaxy

DM halo profile
Substructures
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Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Galactic signals

Direct detection
Electrons/positrons
Antiprotons
Antideuterons
Photons (from radio to gamma rays)
Neutrinos from the Galaxy

Gamma rays
prompt (π0 decay)
IC from e+/e- on ISRF

Radio
synchrotron emission from
e+/e- on galactic B
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�

�
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l q Z H



Sun

Earth

Heliosphere

Galactic signals

Direct detection
Electrons/positrons
Antiprotons
Antideuterons
Photons (from radio to gamma rays)
Neutrinos from the Galaxy

Galactic Diffusion
Energy losses

Transport in the Heliosphere

p̄, D̄

e+, e�



Extra-galactic environment

Extragalactic signals
Photons: gamma, X, radio
Neutrinos

Sunyaev-Zeldovich effect on CMB

Optical depth of the Universe 
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DM distribution in Galaxies



dark matter halo

diffusive halo

disk

Sun

Earth
Heliosphere

8 Kpc View from the side

Galactic environment

1 pc = 3.26 ly

How DM is distributed in the Galaxy?
How much DM is there?



The vanilla model: isothermal sphere

v20 ⌘ v2rot(R�) =
G

R�
[Mvis +MDM]

v0
4⇡G

r2 + 3R2
c

(r2 +R2
c)

2

f(v) = N exp (�v2/v20)

⇢DM(r) =
v0
4⇡G

1

r2
unphysical at small r

❊

❊



Numerical simulations

Cold Dark Matter N-body

Gas coolings, photo-ionization
Star formation, ISM model
Stellar evolution Hydrodinamical
Stellar feedback (winds)
Black holes and SMBH feedback

Volume: (100 Mpc)3
DM particles/cells: 109 - 1010



Log-slope of density profile

From numerical simulations
Navarro et al., arXiv:0810.1522

Density profile: smooth component

cored



CDM: Subhalos
Subhalo fraction

Most subhalos are in the outer halo

Subhalo num
ber density

Springel et al., MNRAS 391 (2008) 1685

The Aquarius Project



Velocity distribution (at Sun’s position)

From numerical simulations
Vogelsberger et al., arXiv:0812.0362 Vogelsberger et al., arXiv:0812.0362

2 Kpc box around Sun

Velocity streams



“Canonical” halo

�(r) �! �0 = 0.3 GeV cm�3 Some  determinations [1-3]

f(�v) = N exp (�v2/v20)|vesc

vesc = (450÷ 650) km s�1

v0 = (220± 50)km s�1

�0 = 0.43(11)(10) GeV cm�3

�0 = 0.385± 0.027 GeV cm�3

�0 = 0.389± 0.025 GeV cm�3
(Einasto)
(NFW)

[1] Catena, Ullio, arXiv:0907.0018
[2] Salucci et al. arXiv:1003.3101
[3] Pato et al., arXiv:1006.1322

[1]

[2]

�(r) �! r�1 [r ! 0]



“Canonical” halo

�(r) �! �0 = 0.3 GeV cm�3

f(�v) = N exp (�v2/v20)|vesc

vesc = (450÷ 650) km s�1

v0 = (220± 50)km s�1

Anisotropies may be present
The high-v tail may not be fully “thermal”

Streams may have impact

�(r) �! r�1 [r ! 0]

Debated whether cuspy or cored
Effect of baryons unclear

Substructures likely are present
(although sparsely distributed, mostly in 
the outer parts (anti-biased)



Direct detection of DM



Galactic signals

Direct detection

Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Local DM halo

� �

q q
(s; heavy; u, d) (s; heavy; u, d)

Feels ony the local DM density
Feels how DM is locally distributed in velocity space



Direct detection signal

Typical process for WIMP DM

Recoil rate

For non-WIMP (kev, MeV) DM: interaction on electrons

�+N (AN , ZN )at rest ! �+N (AN , ZN )recoil

dR

dER
=

⇠N
mN

⇢�
m�

Z vesc

vmin(ER)
d3v v fE(~v)

d�N
dER

(v,ER)



Underground Labs

The)Family)Is)Expanding)

LNGS

Modane
CanfrancSURF

Andes

Phyasalmi

Boulby
SnolabSoudan

Kamioka

YangYang

CJPL

Stawell

INO



LNGS – Gran Sasso Lab (INFN)



Interaction mechanisms

� Elastic scattering with nuclei

– Coherent coupling to nucleons
– Coupling the nucleus spin
– Long-range mediators
– Electric/magnetic dipole-moment interactions
– ...

� Inelastic scattering with nuclei

– Scatter requires a mass difference between X and X’ of the order 
of 1-100 keV

� Scattering on electrons

� N �⇥ � N

� N �⇥ �� N



Interaction mechanisms

� Elastic scattering with nuclei             WIMP DM (GeV-TeV+)

– Coherent coupling to nucleons
– Coupling the the nucleus spin
– Long-range mediators
– “Magnetic”-type interactions
– ...

� Inelastic scattering with nuclei           WIMP DM (GeV-TeV+)

– Scatter requires a mass difference between X and X’ of the order 
of 1-100 keV

� Scattering on electrons           Light (keV) [pseudo]scalars

ER > few KeV 

ER = µ2
N v2(1� cos �)/mN

<latexit sha1_base64="HTPRyCmNAIulmyp98Vt208A0Phk="></latexit>

hERi ⇠ KeV
⇣ mN
GeV

⌘✓
m�

m� +mN

◆2



Example: Neutralino-quark scattering

coherent spin coherent coherent
spin spin



Cross section
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Scattering amplitude on nucleon n

Basis of 16 non–relativistic operators
𝜆: parameters of the underlying non-relativistic theory

(mediator masses, couplings, ...)

Cross section

Mn =
16X

i=1

cni (�,m�)O
NR
i

Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818
Anand et al, PRC 89 (2014) 065501
Dent et al, PRD 92 (2015) 063515



Set of operators

Catena, JCAP 1407 (2014) 055 
Arina, Del Nobile, Panci, PRL 114 (2015) 011301
Scopel, Yoon, JCAP 1507 (2015) 041
Catena, Gondolo, JCAP 08 (2015) 022
Gluscevic et al, JCAP 12 (2015) 057
Catena, Ibarra, Wild JCAP 05 (2016) 039
Kalhofer, Wild, arXiv:1607.04418
(...)
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Ŝ� ·

q̂
mN

⌘⇣
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Scattering amplitude on nucleon n

Basis of 16 non–relativistic operators
𝜆: parameters of the underlying non-relat. theory

(mediator masses, couplings, ...)

Transition probability on nucleus 𝒩
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(1,1): ”Vanilla” coherent scattering
A2 enhanced

(6,6): e.g., pseudo-scalar mediator
scattering on p dominant (no unpaired n on F and I)

Nuclear response functions
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Cross section on nucleus 𝒩

Non-relativistic scattering on nucleons -> nucleus
Relevant quantities:

DM velocity DM mass
Exchanged momentum nucleon mass
Nucleon spin nucleus mass
DM spin

Cross section
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Summarizing
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Structure of the interaction
Nuclear response
Galactic modeling
Local motions

Sun/Earth revolution in the Galaxy stationary boost
Earth revolution around the Sun annual periodicity
Earth rotation around its axis diurnal periodicity



Interaction rate (WIMP ; scalar interaction)
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Ô10 = iŜN ·
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Ô18 = i
⇣

~q
mN

· S · ~SN

⌘

<latexit sha1_base64="g5zFpuKuQiLJef7GHUvTlUtrjcA="></latexit>

dR

dER
= NT

⇢0
m�

mN

2µ2
1

A2
h
�(nucleon )
scalar

i
F 2 (ER) I (vmin)



Interaction rates
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q̂
mN
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Ô18 = i
⇣

~q
mN

· S · ~SN

⌘

Spin-dependent



Local motions

Galactic center Sun

Earth

220 Km/s

30 Km/s

Stationary over the lifetime of an experiment
Directional boost
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Response function
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Differential Rate – Energy Dependence
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Local motions

Galactic center Sun

Earth

220 Km/s

30 Km/s

View from the top

Orbital motion - Period: 1 year

Diurnal rotation - Period: 1 day
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Galactic center Sun

Earth

220 Km/s

30 Km/s

View from the top

Typical signatures of direct detection

Orbital motion - Period: 1 year

Diurnal rotation - Period: 1 day

Stationary over the lifetime of an experiment
Directional boost

Annual modulation

Diurnal modulation

Directionality
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Annual Modulation of the rate
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Annual modulation

f(v): isotropic maxwellian
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Modulation amplitude - energy dependence
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DM velocity distribution: streams?
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DM velocity distribution
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Annual modulation: effect of anisotropies

f(v): anisotropic maxwellian

100

200

300

0

400

[vmin in Km/s]



Local motions

Galactic center Sun

Earth
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View from the top

Stationary over the lifetime of an experiment
Directional boost
Directionality
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Directionality of the recoil

mX = 100 GeV



DM particle features extraction
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Current status (Spin-independent = O1 operator)
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DAMA/Libra
34 R. Bernabei, P. Belli, A. Bussolotti et al. / Progress in Particle and Nuclear Physics 114 (2020) 103810

Fig. 24. Experimental residual rate of the single-hit scintillation events measured by DAMA/NaI in the (2–6) keV energy interval as a function of
the time (exposure of 0.29 ton ⇥ yr). The superimposed curve is the cosinusoidal functional forms A cos!(t � t0) with a period T = 2⇡

!
= 1 yr, a

phase t0 = 152.5 day (June 2nd).

Fig. 25. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase1 and DAMA/LIBRA-phase2 in the (2–6) keV
energy intervals as a function of the time. The superimposed curve is the cosinusoidal functional forms A cos!(t� t0) with a period T = 2⇡

!
= 1 yr, a

phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal to the central value obtained by best fit on the data points of DAMA/LIBRA-phase1
and DAMA/LIBRA-phase2. For details see caption of Fig. 23.

The DAMA/LIBRA-phase1 (1.04 ton ⇥ yr, see Ref. [60,77–79]) and DAMA/LIBRA-phase2 (1.13 ton ⇥ yr, see Ref. [88–91])
residual rates of the single-hit scintillation events are reported in Fig. 25. The energy interval is from 2 keV, the software
energy threshold of DAMA/LIBRA-phase1, up to 6 keV. The null modulation hypothesis is rejected at very high C.L. by �2

test: �2/d.o.f . = 199.3/102, corresponding to P-value = 2.9 ⇥ 10�8.
The single-hit residual rates of the DAMA/LIBRA-phase2 (Fig. 23) have been fitted with the function: A cos!(t � t0),

considering a period T = 2⇡
!

= 1 yr and a phase t0 = 152.5 day (June 2nd) as expected by the DM annual modulation
signature; this can be repeated for the only case of (2–6) keV energy interval also including the former DAMA/NaI
and DAMA/LIBRA-phase1 data. The goodness of the fits is well supported by the �2 test; for example, �2/d.o.f . =
61.3/51, 50.0/51, 113.8/138 are obtained for the (1–3) keV and (1–6) keV cases of DAMA/LIBRA-phase2, and for the
(2–6) keV case of DAMA/NaI, DAMA/LIBRA-phase1 and DAMA/LIBRA-phase2, respectively. The results of the best fits are
summarized in Table 5. Table 5 also shows the results of the fit obtained when the period and the phase are kept free in
the fitting procedure. As reported in the table, the period and the phase are well compatible with expectations for a DM
annual modulation signal. In particular, the phase is consistent with about June 2nd and is fully consistent with the value
independently determined by Maximum Likelihood analysis (see later). For completeness, we recall that a slight energy
dependence of the phase could be expected (see e.g. Refs. [29–34]), providing intriguing information on the nature of
Dark Matter candidate and related aspects.

5.2. Absence of background modulation

Careful investigations on absence of any systematics or side reaction able to account for the measured modulation
amplitude and to simultaneously satisfy all the requirements of the signature have been quantitatively carried out (see
e.g. Refs. [60], and references therein); some of them will be mentioned in this review. In particular, the cases of muons,
neutrons and neutrinos have also been carefully investigated, as reported in Refs. [80,81]. Anyhow, it should be noted that
over some decades no other process has been found that can mimic the observed result of the DAMA annual modulation
signal.

The background in the lowest energy region is essentially due to ‘‘Compton’’ electrons, X-rays and/or Auger electrons,
muon induced events, etc., which are strictly correlated with the events in the higher energy region of the spectrum.
Thus, if a modulation detected in the lowest energy region were due to a modulation of the background (rather than to a

R. Bernabei, P. Belli, A. Bussolotti et al. / Progress in Particle and Nuclear Physics 114 (2020) 103810 33

Fig. 22. Low-energy distributions of the single-hit scintillation events (that is each detector has all the others as veto), as cumulatively measured
by the entire DAMA/LIBRA-phase1 (top) and DAMA/LIBRA-phase2 (bottom). For details see Ref. [60,76–79,88–90].

Fig. 23. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase2 in the (1–3), (1–6) keV energy intervals
as a function of the time. The time scale is maintained the same of the previous DAMA papers for consistency. The data points present the
experimental errors as vertical bars and the associated time bin width as horizontal bars. The superimposed curves are the cosinusoidal functional
forms A cos!(t � t0) with a period T = 2⇡

!
= 1 yr, a phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central values

obtained by best fit on the data points of the entire DAMA/LIBRA-phase2. The dashed vertical lines correspond to the maximum expected for the
DM signal (June 2nd), while the dotted vertical lines correspond to the minimum.

The residual rates are calculated from the measured rate of the single-hit events after subtracting the constant part for
each annual cycle, as described in Refs. [23,60,63,77–79]. The null modulation hypothesis is rejected at very high C.L. by �2

test: �2/d.o.f . = 127.3/52 and 150.3/52, respectively. The P-values are P = 3.0 ⇥ 10�8 and P = 1.7 ⇥ 10�11, respectively.
The residuals of the DAMA/NaI data (0.29 ton ⇥ yr) are given in Ref. [23,60,63,77]; those of the (2–6) keV energy

interval are also reported in Fig. 24.

The data of DAMA/LIBRA phase1+phase2 favor the presence of a modulation with 
proper features at 12.9s CL (2.46 ton × yr)

Sm =(0.0103±0.0008) cpd/kg/keV

R. Bernabei, P. Belli, A. Bussolotti et al. / Progress in Particle and Nuclear Physics 114 (2020) 103810 33

Fig. 22. Low-energy distributions of the single-hit scintillation events (that is each detector has all the others as veto), as cumulatively measured
by the entire DAMA/LIBRA-phase1 (top) and DAMA/LIBRA-phase2 (bottom). For details see Ref. [60,76–79,88–90].

Fig. 23. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase2 in the (1–3), (1–6) keV energy intervals
as a function of the time. The time scale is maintained the same of the previous DAMA papers for consistency. The data points present the
experimental errors as vertical bars and the associated time bin width as horizontal bars. The superimposed curves are the cosinusoidal functional
forms A cos!(t � t0) with a period T = 2⇡

!
= 1 yr, a phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central values

obtained by best fit on the data points of the entire DAMA/LIBRA-phase2. The dashed vertical lines correspond to the maximum expected for the
DM signal (June 2nd), while the dotted vertical lines correspond to the minimum.

The residual rates are calculated from the measured rate of the single-hit events after subtracting the constant part for
each annual cycle, as described in Refs. [23,60,63,77–79]. The null modulation hypothesis is rejected at very high C.L. by �2

test: �2/d.o.f . = 127.3/52 and 150.3/52, respectively. The P-values are P = 3.0 ⇥ 10�8 and P = 1.7 ⇥ 10�11, respectively.
The residuals of the DAMA/NaI data (0.29 ton ⇥ yr) are given in Ref. [23,60,63,77]; those of the (2–6) keV energy

interval are also reported in Fig. 24.
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Light WIMPs - Migdal effect

When the nucleus recoils, electrons do not ‘rigidly’ follow, but can have transition 
to a different energy level or to the continuum, resulting in:

excitation
ionization 

with e.m. released in addition to the recoil signal

Transition to the continuum: emission of radiation
Rearrangement of atomic shells

Emission of radiation
Meitner-Auger electrons(*)

Relevant especially for light WIMPs

4 GeV 3 GeV

2 GeV 1 GeV

(*) Filling the inner shell vacancy, energy is transfered to another 
electron which is then emitted



Very light DM
� Very light DM (down to the warm regime):

– Available kinetic energy can be as low as meV (for KeV DM)
– Too low deposited energy on nuclear target

� Possibilites:
– Nuclear interactions on light targets, e.g. liquid He
– Electron recoils

Guo, McKinsey, PRD 87 (2013) 115001

Essig et al, PRD 85 (2012) 076007
Essig et al, 1509.01598
Agnese et al (SuperCDMS) PRL 112 (2014) 041302
Essig et al, PRL 109 (2012) 021301
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Super light DM

To go below 10 MeV DM: conversion of the full tiny energy needed
» Superconductors electron interactions

» Superfluid He nuclear interactions
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Other type of interactions: e.g. long range
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contact long-range

very light mediator
e.g. dark photon or mirror photon
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Prospects

� Annual modulation: ANAIS                                                                        
...............................KIMS + DM Ice = COSINE 100               
...............................SABRE            ...............................

� Diurnal modulation: DAMA with larger mass might access it

� Directionality:
– Nuclear emulsion (NEWS)
– Gas TPC (CYGNO)
– Negative Ion Time Expansion Chamber 
– Carbon nanotubes, grafene
– Anysotropic crystals (ADAMO)
– DRIFT
– MIMAC, DMTPC, NEWAGE, D3, …



Neutrino signal



Neutrino signals from DM

� Neutrino flux produced by DM annihilation (or decay) inside 
the Sun/Earth, where DM may be gravitationally captured

– Because of capture, the flux may have a detectable size
– Directionality (point source)

� Diffuse emission from DM annihilation (or decay) in the 
galactic halo

– Size of signal is low (target for next-generation nu-
telescopes)

– Possible correlation with diffuse galactic gamma rays



Neutrinos from Earth and Sun 

� Capture:
– Galactic DM particles that cross the Earth and the Sun, can 

interact with the nuclei in these bodies and loose enough energy 
to remain gravitationally captured 

� Accumulation: 
– After subsequent interactions they tend to drop into the 

innermost parts of the Earth and the Sun, where they accumulate

� Annihilation: 
– When the energy density in the inner parts of the Earth and the 

Sun increases enough, they may start to annihilate

neutrino flux
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Galactic signals
Neutrinos from earth and sun

Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Local DM halo
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Feels ony the local DM density
Feels (somehow) how DM is locally distributed in velocity space

For gravitational 
capture in the 
Sun and Earth

For the generation
of the neutrino 
signal



Capture Rate

• Elastic scattering of the DM particle with a nucleus i in a 
spherical shell at a distance r from the center of the Earth 
(or Sun)

• In order to be captured, the velocity of the DM particle 
after the interaction must be smaller than the escape 
velocity at the shell

at the surface

mean DM particle velocity



interaction rate of a flux of DM 
particle with a nucleus in free space 

number of nuclei of type i in the body

“focusing factor” which determines the 
maximum capture rate of the body

suppression factor due to the 
motion of the body (~0.75)

suppression factor due to 
kinematics (mainly mass 
mismatch) 

Gravitational potential averaged over the mass distribution of element i

Total mass in terms of element i

Capture Rate



interaction rate of a flux of DM 
particle with a nucleus in free space 

number of nuclei of type i in the body

“focusing factor” which determines the 
maximum capture rate of the body

suppression factor due to the 
motion of the body (~0.75)

suppression factor due to 
kinematics (mainly mass 
mismatch) 

Gravitational potential averaged over the mass distribution of element i

Total mass in terms of element i

DM density

DM velocity dispersion
DM-nucleus cross section



nuclei of type i in the body

Capture Rate

Nuc H He O C Ne Fe N Si Mg

f 0.77 0.21 8.10-3 4.10-3 1.10-3 1.10-3 9.10-4 8.10-4 7.10-4

A 1 4 16 12 20 56 14 28 24

Nuc Fe Si Ni O Si Mg Fe Ca Al

f 0.24 0.05 0.03 0.30 0.15 0.14 0.06 0.02 0.01

A 56 32 59 16 28 24 56 40 27

Sun

Earth

core mantle



Capture rate on the Earth

Lundberg, Edsjo, PRD 69 (2004) 123505

C(R⇥/R⇤)2 = C � 1.8 · 10�9 [s�1]



Solar bound orbits

� Numerical simulation of Near Earth Asteroids show that
many of these have life times in the solar system less than
2 Myr

� After that, they are either:
– Driven into the Sun
– Escape the solar system

� If this would occur also to the DM particles, this would
significantly reduce the number of these particles bound
to the solar system, and therefore reduce the capture
rate on Earth

and consequently the neutrino signal



Accumulation and concentration

� DM particles which have been captured inside Earth or 
Sun can suffer subsequent scatterings

� This may lead to:
– Concentration in the innermost parts of the Earth or Sun
– Development of an equilibrium distribution of these particles 

distribution n(r) = n0e��Bm�r2

central densityn0

�B = 2⇥G⇤0/(3T0)

Rprod ⇠ 500 km
p

100 GeV/mDM

Rprod ⇠ 0.01R�
p

100 GeV/mDMSun

Earth



Annihilation rate

Earth

Effective volumes of DM concentrations
More concentrated for larger masses

C

�A = [CCA]�1/2

CA = ��annv⇥0V2/V 2
1

Capture rate                                                   

Age of the body

Relaxation  time

Vj = cB(jm�/10 GeV)�3/2 cm3

cB = 1.8 · 1025 / 6.6 · 1028

Sun

t0 = 4.6 Gyr

Evolution equation

Total number of captures DM particles

Annihilation rate

N = C ⌧A tanh(t0/⌧A)

dN

dt
= C � 2�A

�A =
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Neutrino flux
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Neutrino Production

� Productions in Earth
– Muons: stopped before decay ® neutrinos below typical thresholds
– Taus: decay almost as in vacuum
– Light hadrons: typically stopped before decay
– Heavy hadrons: typically decay before loosing significant energy

� Production in Sun
– Leptons: stopping power of medium is stronger ® softer neutrino spectra
– Light hadrons: typically stopped before decay
– Heavy hadrons: energy losses important, need modeling

� Neutrinos are produced by DM annihilation
– Available channels depend on mass threshold

– Quark hadronize ® neutrinos from hadron decay



Spectra at production

M. Cirelli, N.Fornengo, T. Montaruli, I. Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99



Density matrix evolution

Neutrino Propagation

⇢ =
X

j

pj | iih j | i = e , µ , ⌧

diag(𝜌):   population of flavour i
non-diag(𝜌): superposition of flavour i and j

mixing, oscillations, decoherence



Density matrix evolution

Neutrino Propagation

source

CC interactions
(absorption and nt regeneration)

NC scatterings
(absorption and re-injection)

Vacuum oscillation
MSW matter effect



Density matrix evolution

Vacuum oscillations and MSW matter effect

source

Neutrino Propagation



NC scatterings

absorption re-injection

E⌫ �! E⌫0



CC absorptions and nt regeneration



Oscillations probabilities and absorption
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M. Cirelli, N.Fornengo, T. Montaruli, I. Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99

Tau-neutrino regeneration



Effect of propagation

Earth:
– Affected only by “atmospheric” oscillation nµ « nt at E < 100 GeV

Sun:
– Affected by average “solar” and “atmospheric” oscillations
– Absorption suppresses neutrinos for E > 100 GeV (partially converted to

lower energy neutrinos (by NC and regeneration)

M. Cirelli, N.Fornengo, T. Montaruli, I. Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99
See also: M. Blennow, J. Edsjo, T. Ohlsson, JCAP 0801 (2008) 021 for an event-based MC approach



Signal at Neutrino Telescopes: upgoing muons

muon pathlenght in rock

CC cross section neutrino-nucleus

Probability that a muon with 
energy E’µemerges with 
energy Eµ after traveling a 
path X in rockneutrino flux



Neutrino telescope signal from the Sun

M. Cirelli, N.Fornengo, T. Montaruli, I. Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99

Thru-going muons

Fully-contained 
muons

“Showers”
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Annihilation in the galactic halo

DM signal
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Flux from galactic DM
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IceCube



IceCube PeV neutrinos
The spectral feature of the IceCube PeV events could refer 
to decaying very heavy DM: PeV scale

Esmaili, Serpico, JCAP 1412 (2014) 054 
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