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Planck [1502.01589]

Rubin, Ford & Thonnard (1980)

Hradecky et al. [astro-ph/0006397]

Galaxy Clusters

CMB

Galaxies
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NOT TO SCALE

Global and local estimates 
of DM at Solar radius give: 

�� � 0.2�0.8 GeV cm�3

8.5 kpc

(`a few per litre’)

See e.g. Iocco et al. [1502.03821]; 
Sivertsson et al. [1708.07836]; 

and review by Read [1404.1938] 

v� � 230 km/s
<latexit sha1_base64="49EdWulbbAR+YxVr2BU2pCF5hWE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXEhNqqC4KrhxWcFeoAlhMp20Q2cyYWZSKKFbN76KGxeKuPUN3Pk2TtostPWHgY//nMOc84cJo0o7zrdVWlldW98ob1a2tnd29+z9g7YSqcSkhQUTshsiRRiNSUtTzUg3kQTxkJFOOLrN650xkYqK+EFPEuJzNIhpRDHSxgpsOA480RcaeopyWL9woHfmcaSHkmcjfq6mgV11as5McBncAqqgUDOwv7y+wCknscYMKdVznUT7GZKaYkamFS9VJEF4hAakZzBGnCg/m10yhSfG6cNISPNiDWfu74kMcaUmPDSd+ZJqsZab/9V6qY6u/YzGSapJjOcfRSmDWsA8FtinkmDNJgYQltTsCvEQSYS1Ca9iQnAXT16Gdr3mGr6/rDZuijjK4Agcg1PggivQAHegCVoAg0fwDF7Bm/VkvVjv1se8tWQVM4fgj6zPHw6WmUM=</latexit><latexit sha1_base64="49EdWulbbAR+YxVr2BU2pCF5hWE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXEhNqqC4KrhxWcFeoAlhMp20Q2cyYWZSKKFbN76KGxeKuPUN3Pk2TtostPWHgY//nMOc84cJo0o7zrdVWlldW98ob1a2tnd29+z9g7YSqcSkhQUTshsiRRiNSUtTzUg3kQTxkJFOOLrN650xkYqK+EFPEuJzNIhpRDHSxgpsOA480RcaeopyWL9woHfmcaSHkmcjfq6mgV11as5McBncAqqgUDOwv7y+wCknscYMKdVznUT7GZKaYkamFS9VJEF4hAakZzBGnCg/m10yhSfG6cNISPNiDWfu74kMcaUmPDSd+ZJqsZab/9V6qY6u/YzGSapJjOcfRSmDWsA8FtinkmDNJgYQltTsCvEQSYS1Ca9iQnAXT16Gdr3mGr6/rDZuijjK4Agcg1PggivQAHegCVoAg0fwDF7Bm/VkvVjv1se8tWQVM4fgj6zPHw6WmUM=</latexit><latexit sha1_base64="49EdWulbbAR+YxVr2BU2pCF5hWE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXEhNqqC4KrhxWcFeoAlhMp20Q2cyYWZSKKFbN76KGxeKuPUN3Pk2TtostPWHgY//nMOc84cJo0o7zrdVWlldW98ob1a2tnd29+z9g7YSqcSkhQUTshsiRRiNSUtTzUg3kQTxkJFOOLrN650xkYqK+EFPEuJzNIhpRDHSxgpsOA480RcaeopyWL9woHfmcaSHkmcjfq6mgV11as5McBncAqqgUDOwv7y+wCknscYMKdVznUT7GZKaYkamFS9VJEF4hAakZzBGnCg/m10yhSfG6cNISPNiDWfu74kMcaUmPDSd+ZJqsZab/9V6qY6u/YzGSapJjOcfRSmDWsA8FtinkmDNJgYQltTsCvEQSYS1Ca9iQnAXT16Gdr3mGr6/rDZuijjK4Agcg1PggivQAHegCVoAg0fwDF7Bm/VkvVjv1se8tWQVM4fgj6zPHw6WmUM=</latexit><latexit sha1_base64="49EdWulbbAR+YxVr2BU2pCF5hWE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXEhNqqC4KrhxWcFeoAlhMp20Q2cyYWZSKKFbN76KGxeKuPUN3Pk2TtostPWHgY//nMOc84cJo0o7zrdVWlldW98ob1a2tnd29+z9g7YSqcSkhQUTshsiRRiNSUtTzUg3kQTxkJFOOLrN650xkYqK+EFPEuJzNIhpRDHSxgpsOA480RcaeopyWL9woHfmcaSHkmcjfq6mgV11as5McBncAqqgUDOwv7y+wCknscYMKdVznUT7GZKaYkamFS9VJEF4hAakZzBGnCg/m10yhSfG6cNISPNiDWfu74kMcaUmPDSd+ZJqsZab/9V6qY6u/YzGSapJjOcfRSmDWsA8FtinkmDNJgYQltTsCvEQSYS1Ca9iQnAXT16Gdr3mGr6/rDZuijjK4Agcg1PggivQAHegCVoAg0fwDF7Bm/VkvVjv1se8tWQVM4fgj6zPHw6WmUM=</latexit>

Try to detect the ‘wind’ of DM particles 
passing through the Solar System, 

using Direct Detection and Solar Capture.
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Solar system searches for DM:
Direct detection and Solar Capture

Astrophysical uncertainties

Halo-independent approaches to setting limits 

Measuring the DM properties and distribution 
with a future detection

[Bonus: Can we also measure the local DM density?]
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Charge  
(ionisation)

Heat (phonons)

Light (scintillation)

m� � 1GeV
<latexit sha1_base64="XvQjgyYjS2JnxvQUXgSZIrpGERc=">AAACCHicbVDLSsNAFL2pr1pfUZcuHCyCCymJCIqrggtdVrAPaEKYTKft0JkkzEyEErp046+4caGIWz/BnX/jpM1CWw8MHM45l7n3hAlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lopTSWiTxDyWnRAryllEm5ppTjuJpFiEnLbD0XXutx+oVCyO7vU4ob7Ag4j1GcHaSIF9KAKPDBnyBtqEBHKRd+oJrIdSZDe0NQnsqlNzpkCLxC1IFQo0AvvL68UkFTTShGOluq6TaD/DUjPC6aTipYommIzwgHYNjbCgys+mh0zQsVF6qB9L8yKNpurviQwLpcYiNMl8RzXv5eJ/XjfV/Us/Y1GSahqR2Uf9lCMdo7wV1GOSEs3HhmAimdkVkSGWmGjTXcWU4M6fvEhaZzXX8Lvzav2qqKMMB3AEJ+DCBdThFhrQBAKP8Ayv8GY9WS/Wu/Uxi5asYmYf/sD6/AG7xZkf</latexit><latexit sha1_base64="XvQjgyYjS2JnxvQUXgSZIrpGERc=">AAACCHicbVDLSsNAFL2pr1pfUZcuHCyCCymJCIqrggtdVrAPaEKYTKft0JkkzEyEErp046+4caGIWz/BnX/jpM1CWw8MHM45l7n3hAlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lopTSWiTxDyWnRAryllEm5ppTjuJpFiEnLbD0XXutx+oVCyO7vU4ob7Ag4j1GcHaSIF9KAKPDBnyBtqEBHKRd+oJrIdSZDe0NQnsqlNzpkCLxC1IFQo0AvvL68UkFTTShGOluq6TaD/DUjPC6aTipYommIzwgHYNjbCgys+mh0zQsVF6qB9L8yKNpurviQwLpcYiNMl8RzXv5eJ/XjfV/Us/Y1GSahqR2Uf9lCMdo7wV1GOSEs3HhmAimdkVkSGWmGjTXcWU4M6fvEhaZzXX8Lvzav2qqKMMB3AEJ+DCBdThFhrQBAKP8Ayv8GY9WS/Wu/Uxi5asYmYf/sD6/AG7xZkf</latexit><latexit sha1_base64="XvQjgyYjS2JnxvQUXgSZIrpGERc=">AAACCHicbVDLSsNAFL2pr1pfUZcuHCyCCymJCIqrggtdVrAPaEKYTKft0JkkzEyEErp046+4caGIWz/BnX/jpM1CWw8MHM45l7n3hAlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lopTSWiTxDyWnRAryllEm5ppTjuJpFiEnLbD0XXutx+oVCyO7vU4ob7Ag4j1GcHaSIF9KAKPDBnyBtqEBHKRd+oJrIdSZDe0NQnsqlNzpkCLxC1IFQo0AvvL68UkFTTShGOluq6TaD/DUjPC6aTipYommIzwgHYNjbCgys+mh0zQsVF6qB9L8yKNpurviQwLpcYiNMl8RzXv5eJ/XjfV/Us/Y1GSahqR2Uf9lCMdo7wV1GOSEs3HhmAimdkVkSGWmGjTXcWU4M6fvEhaZzXX8Lvzav2qqKMMB3AEJ+DCBdThFhrQBAKP8Ayv8GY9WS/Wu/Uxi5asYmYf/sD6/AG7xZkf</latexit><latexit sha1_base64="XvQjgyYjS2JnxvQUXgSZIrpGERc=">AAACCHicbVDLSsNAFL2pr1pfUZcuHCyCCymJCIqrggtdVrAPaEKYTKft0JkkzEyEErp046+4caGIWz/BnX/jpM1CWw8MHM45l7n3hAlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lopTSWiTxDyWnRAryllEm5ppTjuJpFiEnLbD0XXutx+oVCyO7vU4ob7Ag4j1GcHaSIF9KAKPDBnyBtqEBHKRd+oJrIdSZDe0NQnsqlNzpkCLxC1IFQo0AvvL68UkFTTShGOluq6TaD/DUjPC6aTipYommIzwgHYNjbCgys+mh0zQsVF6qB9L8yKNpurviQwLpcYiNMl8RzXv5eJ/XjfV/Us/Y1GSahqR2Uf9lCMdo7wV1GOSEs3HhmAimdkVkSGWmGjTXcWU4M6fvEhaZzXX8Lvzav2qqKMMB3AEJ+DCBdThFhrQBAKP8Ayv8GY9WS/Wu/Uxi5asYmYf/sD6/AG7xZkf</latexit>

v � 10�3 c
<latexit sha1_base64="eFCbvLz4gNwEZxo0N6iuKD9vp7w=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEF1oSFRRXBTcuK9gLNLFMppN26MwkzEwKJWThxldx40IRtz6EO9/GSZuFtv4w8PGfc5hz/iBmVGnH+baWlldW19ZLG+XNre2dXXtvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLrJ6+0xkYpG4l5PYuJzNBA0pBhpY/Xsyhh6inLoOg/p6XkGvROPIz2UPMVZz646NWcquAhuAV VQqNGzv7x+hBNOhMYMKdV1nVj7KZKaYkayspcoEiM8QgPSNSgQJ8pPp0dk8Mg4fRhG0jyh4dT9PZEirtSEB6Yz31DN13Lzv1o30eGVn1IRJ5oIPPsoTBjUEcwTgX0qCdZsYgBhSc2uEA+RRFib3MomBHf+5EVondVcw3cX1fp1EUcJVMAhOAYuuAR1cAsaoAkweATP4BW8WU/Wi/Vufcxal6xi5gD8kfX5Awcxlws=</latexit><latexit sha1_base64="eFCbvLz4gNwEZxo0N6iuKD9vp7w=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEF1oSFRRXBTcuK9gLNLFMppN26MwkzEwKJWThxldx40IRtz6EO9/GSZuFtv4w8PGfc5hz/iBmVGnH+baWlldW19ZLG+XNre2dXXtvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLrJ6+0xkYpG4l5PYuJzNBA0pBhpY/Xsyhh6inLoOg/p6XkGvROPIz2UPMVZz646NWcquAhuAV VQqNGzv7x+hBNOhMYMKdV1nVj7KZKaYkayspcoEiM8QgPSNSgQJ8pPp0dk8Mg4fRhG0jyh4dT9PZEirtSEB6Yz31DN13Lzv1o30eGVn1IRJ5oIPPsoTBjUEcwTgX0qCdZsYgBhSc2uEA+RRFib3MomBHf+5EVondVcw3cX1fp1EUcJVMAhOAYuuAR1cAsaoAkweATP4BW8WU/Wi/Vufcxal6xi5gD8kfX5Awcxlws=</latexit><latexit sha1_base64="eFCbvLz4gNwEZxo0N6iuKD9vp7w=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEF1oSFRRXBTcuK9gLNLFMppN26MwkzEwKJWThxldx40IRtz6EO9/GSZuFtv4w8PGfc5hz/iBmVGnH+baWlldW19ZLG+XNre2dXXtvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLrJ6+0xkYpG4l5PYuJzNBA0pBhpY/Xsyhh6inLoOg/p6XkGvROPIz2UPMVZz646NWcquAhuAV VQqNGzv7x+hBNOhMYMKdV1nVj7KZKaYkayspcoEiM8QgPSNSgQJ8pPp0dk8Mg4fRhG0jyh4dT9PZEirtSEB6Yz31DN13Lzv1o30eGVn1IRJ5oIPPsoTBjUEcwTgX0qCdZsYgBhSc2uEA+RRFib3MomBHf+5EVondVcw3cX1fp1EUcJVMAhOAYuuAR1cAsaoAkweATP4BW8WU/Wi/Vufcxal6xi5gD8kfX5Awcxlws=</latexit><latexit sha1_base64="eFCbvLz4gNwEZxo0N6iuKD9vp7w=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEF1oSFRRXBTcuK9gLNLFMppN26MwkzEwKJWThxldx40IRtz6EO9/GSZuFtv4w8PGfc5hz/iBmVGnH+baWlldW19ZLG+XNre2dXXtvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLrJ6+0xkYpG4l5PYuJzNBA0pBhpY/Xsyhh6inLoOg/p6XkGvROPIz2UPMVZz646NWcquAhuAV VQqNGzv7x+hBNOhMYMKdV1nVj7KZKaYkayspcoEiM8QgPSNSgQJ8pPp0dk8Mg4fRhG0jyh4dT9PZEirtSEB6Yz31DN13Lzv1o30eGVn1IRJ5oIPPsoTBjUEcwTgX0qCdZsYgBhSc2uEA+RRFib3MomBHf+5EVondVcw3cX1fp1EUcJVMAhOAYuuAR1cAsaoAkweATP4BW8WU/Wi/Vufcxal6xi5gD8kfX5Awcxlws=</latexit>

�

Detector

Target nucleus, N
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Charge  
(ionisation)

Heat (phonons)

Light (scintillation)

m� � 1GeV
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�

Detector

Target nucleus, N

Xenon1T 

Credit: Roberto Corrieri and Patrick De Perio

SuperCDMS and many others

Credit: SuperCDMS Collaboration
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2.1. DIRECT DETECTION FORMALISM 29

Figure 2.1: Spin-independent di↵erential event rates predicted for the
nuclear targets Xenon (solid blue), Germanium (dashed green) and
Argon (dot-dashed red) and for several WIMP masses m�, assuming
fp = fn. We assume a Standard Halo Model speed distribution, ⇢0 =
0.3 GeV cm�3 and a spin-independent cross section �p

SI = 10�45 cm2.
The Helm form factor [196] is assumed (see Sec. 2.3.1).

SI interactions

Spin-independent (SI)  
interactions:

Spin-dependent (SD)  
interactions:

More complicated interactions are possible: 
see e.g. Fitzpatrick et al. [1203.3542]; 
Edwards, BJK, Weniger [1805.04117]

dR

dER
� ��

m�
�pCA

� �

vmin

f(v)

v
dv

<latexit sha1_base64="Z3hTzZive6ohIK0H311FdGf9fBo="></latexit><latexit sha1_base64="Z3hTzZive6ohIK0H311FdGf9fBo="></latexit><latexit sha1_base64="Z3hTzZive6ohIK0H311FdGf9fBo="></latexit><latexit sha1_base64="Z3hTzZive6ohIK0H311FdGf9fBo="></latexit>

vmin =

�
mNER

2µ2
�N

<latexit sha1_base64="zVm4cZ3DdbRdWT68FYpQMgfmRZ4="></latexit><latexit sha1_base64="zVm4cZ3DdbRdWT68FYpQMgfmRZ4="></latexit><latexit sha1_base64="zVm4cZ3DdbRdWT68FYpQMgfmRZ4="></latexit><latexit sha1_base64="zVm4cZ3DdbRdWT68FYpQMgfmRZ4="></latexit>

Include only DM particles with 
enough energy:

CSI
A � A2

<latexit sha1_base64="wDh+zXX13FsTkOV946LgOfRKfRM=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVZIiKF1VutFdRfuAJobJdNoOnUnCzEQoIf/ixl9x40Ipblz4L07SLLT1wHAP59zL3Hv8iFGpLOvLKK2tb2xulbcrO7t7+wfm4VFXhrHApINDFoq+jyRhNCAdRRUj/UgQxH1Gev60lfm9JyIkDYMHNYuIy9E4oCOKkdKSZzYcjtQEIwYT2IIp9HS91vVR19wSXLP7Wy2l0JGUazfz6jD1zKpVs3LAVWIXpAoKtD1z7gxDHHMSKMyQlAPbipSbIKEoZiStOLEkEcJTNCYDTQPEiXST/MYUnmllCEeh0C9QMFd/TySISznjvu7M1pbLXib+5w1iNbpyExpEsSIBXnw0ihlUIcwCg0MqCFZspgnCgupdIZ4ggbDSsVZ0CPbyyaukW6/Zmt9dVJuNIo4yOAGn4BzY4BI0wQ1ogw7A4Bm8gnfwYbwYb8bc+Fy0loxi5hj8gfH9A+yFoK0=</latexit><latexit sha1_base64="wDh+zXX13FsTkOV946LgOfRKfRM=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVZIiKF1VutFdRfuAJobJdNoOnUnCzEQoIf/ixl9x40Ipblz4L07SLLT1wHAP59zL3Hv8iFGpLOvLKK2tb2xulbcrO7t7+wfm4VFXhrHApINDFoq+jyRhNCAdRRUj/UgQxH1Gev60lfm9JyIkDYMHNYuIy9E4oCOKkdKSZzYcjtQEIwYT2IIp9HS91vVR19wSXLP7Wy2l0JGUazfz6jD1zKpVs3LAVWIXpAoKtD1z7gxDHHMSKMyQlAPbipSbIKEoZiStOLEkEcJTNCYDTQPEiXST/MYUnmllCEeh0C9QMFd/TySISznjvu7M1pbLXib+5w1iNbpyExpEsSIBXnw0ihlUIcwCg0MqCFZspgnCgupdIZ4ggbDSsVZ0CPbyyaukW6/Zmt9dVJuNIo4yOAGn4BzY4BI0wQ1ogw7A4Bm8gnfwYbwYb8bc+Fy0loxi5hj8gfH9A+yFoK0=</latexit><latexit sha1_base64="wDh+zXX13FsTkOV946LgOfRKfRM=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVZIiKF1VutFdRfuAJobJdNoOnUnCzEQoIf/ixl9x40Ipblz4L07SLLT1wHAP59zL3Hv8iFGpLOvLKK2tb2xulbcrO7t7+wfm4VFXhrHApINDFoq+jyRhNCAdRRUj/UgQxH1Gev60lfm9JyIkDYMHNYuIy9E4oCOKkdKSZzYcjtQEIwYT2IIp9HS91vVR19wSXLP7Wy2l0JGUazfz6jD1zKpVs3LAVWIXpAoKtD1z7gxDHHMSKMyQlAPbipSbIKEoZiStOLEkEcJTNCYDTQPEiXST/MYUnmllCEeh0C9QMFd/TySISznjvu7M1pbLXib+5w1iNbpyExpEsSIBXnw0ihlUIcwCg0MqCFZspgnCgupdIZ4ggbDSsVZ0CPbyyaukW6/Zmt9dVJuNIo4yOAGn4BzY4BI0wQ1ogw7A4Bm8gnfwYbwYb8bc+Fy0loxi5hj8gfH9A+yFoK0=</latexit><latexit sha1_base64="wDh+zXX13FsTkOV946LgOfRKfRM=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVZIiKF1VutFdRfuAJobJdNoOnUnCzEQoIf/ixl9x40Ipblz4L07SLLT1wHAP59zL3Hv8iFGpLOvLKK2tb2xulbcrO7t7+wfm4VFXhrHApINDFoq+jyRhNCAdRRUj/UgQxH1Gev60lfm9JyIkDYMHNYuIy9E4oCOKkdKSZzYcjtQEIwYT2IIp9HS91vVR19wSXLP7Wy2l0JGUazfz6jD1zKpVs3LAVWIXpAoKtD1z7gxDHHMSKMyQlAPbipSbIKEoZiStOLEkEcJTNCYDTQPEiXST/MYUnmllCEeh0C9QMFd/TySISznjvu7M1pbLXib+5w1iNbpyExpEsSIBXnw0ihlUIcwCg0MqCFZspgnCgupdIZ4ggbDSsVZ0CPbyyaukW6/Zmt9dVJuNIo4yOAGn4BzY4BI0wQ1ogw7A4Bm8gnfwYbwYb8bc+Fy0loxi5hj8gfH9A+yFoK0=</latexit>

CSD
A � (J + 1)/J

<latexit sha1_base64="vkiCOQipwlzGy1YVKKw/eDYEojI="></latexit><latexit sha1_base64="vkiCOQipwlzGy1YVKKw/eDYEojI="></latexit><latexit sha1_base64="vkiCOQipwlzGy1YVKKw/eDYEojI="></latexit><latexit sha1_base64="vkiCOQipwlzGy1YVKKw/eDYEojI="></latexit>
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Credit: icecube.wisc.edu

IceCube 
and many others

http://icecube.wisc.edu
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Gould (1991) [1312.6408]

SI

SD

Only include DM particles moving slowly  
enough to be captured:

vmax =

�
4m�mNi

m� � mNi

vesc
<latexit sha1_base64="4MDGY919RZHzk3EUv4M6ljcRWK8="></latexit><latexit sha1_base64="4MDGY919RZHzk3EUv4M6ljcRWK8="></latexit><latexit sha1_base64="4MDGY919RZHzk3EUv4M6ljcRWK8="></latexit><latexit sha1_base64="4MDGY919RZHzk3EUv4M6ljcRWK8="></latexit>

If capture and annihilation are in 
equilibrium, annihilation rate only 

depends on DM-nucleon scattering 
cross section.

Observed neutrino flux depends on 
DM annihilation channel… 

Sum over species in the Sun, i.

Ci � ��

m�

� vmax

0
dv

f(v)

v
�iniP

i
cap(v) dv

<latexit sha1_base64="r7RhMTt/8BzJTHos94LwiqOlKqw="></latexit><latexit sha1_base64="r7RhMTt/8BzJTHos94LwiqOlKqw="></latexit><latexit sha1_base64="r7RhMTt/8BzJTHos94LwiqOlKqw="></latexit><latexit sha1_base64="r7RhMTt/8BzJTHos94LwiqOlKqw="></latexit>
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IceCube [1612.05949]XENON1T [1805.12562]

IceCube �+��
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Spin-independent Spin-dependent

But these rely on a particular assumption on the speed distribution,        …   f(v)
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Solar system searches for DM: 
Direct detection and Solar Capture

Astrophysical uncertainties

Halo-independent approaches to setting limits 

Measuring the DM properties and distribution 
with a future detection

[Bonus: Can we also measure the local DM density?]
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Standard Halo Model (SHM) is typically assumed: isotropic, 
spherically symmetric distribution of particles with                 . 

Leads to a Maxwell-Boltzmann (MB) distribution,

ve - Earth’s Velocity

Feast et al. [astro-ph/9706293],  
Bovy et al. [1209.0759]

Piffl et al. (RAVE) [1309.4293]

�(r) � r�2

fLab(v) = (2πσ2
v)

−3/2 exp

[
− (v − ve)2

2σ2
v

]
Θ(|v − ve|− vesc)

�v � 155 � 175 km s�1

vesc = 533+54
�41 km s�1

ve � 220 � 250 km s�1

SHM
+ uncertainties

which is well matched in some hydro simulations.
[1601.04707, 1601.04725, 1601.05402]
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Kuhlen et al. [1202.0007]

Pillepich et al. [1308.1703], Schaller et al. [1605.02770]

The Standard Halo Model (SHM) has some inherent uncertainties.  
But there could also be deviations from MB form:

Simulations suggest there could be also substructure:
Debris flows

Dark disk
Tidal stream Freese et al. [astro-ph/0309279, astro-ph/0310334]

NIHAO [1503.04814]
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O’Hare et al. [1807.09004]

S1 stream counter-rotating at vS1 � 300 km/s
<latexit sha1_base64="Yib3UjSgMYrX3V+qf4kfvxQSPVc=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFKQmKiiuCm5cVrQXaEKYTCft0JkkzEyKJeQZ3Pgqblwo4taVO9/GSRtBqwcGPv7/HOac348ZlcqyPo3S3PzC4lJ5ubKyura+YW5utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtDy9zvz0iQtIovFXjmLgc9UMaUIyUljzzYOQ5HKmB4OmNnUEHxbGI7uCJZUHn8NsZ8iOZeWbVqlmTgn/BLqAKimp45ofTi3DCSagwQ1J2bStWboqEopiRrOIkksQID1GfdDWGiBPpppOTMrinlR4MIqFfqOBE/TmRIi7lmPu6M19Sznq5+J/XTVRw7qY0jBNFQjz9KEgYVBHM84E9KghWbKwBYUH1rhAPkEBY6RQrOgR79uS/0Dqu2ZqvT6v1iyKOMtgBu2Af2OAM1MEVaIAmwOAePIJn8GI8GE/Gq/E2bS0Zxcw2+FXG+xdbUp07</latexit><latexit sha1_base64="Yib3UjSgMYrX3V+qf4kfvxQSPVc=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFKQmKiiuCm5cVrQXaEKYTCft0JkkzEyKJeQZ3Pgqblwo4taVO9/GSRtBqwcGPv7/HOac348ZlcqyPo3S3PzC4lJ5ubKyura+YW5utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtDy9zvz0iQtIovFXjmLgc9UMaUIyUljzzYOQ5HKmB4OmNnUEHxbGI7uCJZUHn8NsZ8iOZeWbVqlmTgn/BLqAKimp45ofTi3DCSagwQ1J2bStWboqEopiRrOIkksQID1GfdDWGiBPpppOTMrinlR4MIqFfqOBE/TmRIi7lmPu6M19Sznq5+J/XTVRw7qY0jBNFQjz9KEgYVBHM84E9KghWbKwBYUH1rhAPkEBY6RQrOgR79uS/0Dqu2ZqvT6v1iyKOMtgBu2Af2OAM1MEVaIAmwOAePIJn8GI8GE/Gq/E2bS0Zxcw2+FXG+xdbUp07</latexit><latexit sha1_base64="Yib3UjSgMYrX3V+qf4kfvxQSPVc=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFKQmKiiuCm5cVrQXaEKYTCft0JkkzEyKJeQZ3Pgqblwo4taVO9/GSRtBqwcGPv7/HOac348ZlcqyPo3S3PzC4lJ5ubKyura+YW5utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtDy9zvz0iQtIovFXjmLgc9UMaUIyUljzzYOQ5HKmB4OmNnUEHxbGI7uCJZUHn8NsZ8iOZeWbVqlmTgn/BLqAKimp45ofTi3DCSagwQ1J2bStWboqEopiRrOIkksQID1GfdDWGiBPpppOTMrinlR4MIqFfqOBE/TmRIi7lmPu6M19Sznq5+J/XTVRw7qY0jBNFQjz9KEgYVBHM84E9KghWbKwBYUH1rhAPkEBY6RQrOgR79uS/0Dqu2ZqvT6v1iyKOMtgBu2Af2OAM1MEVaIAmwOAePIJn8GI8GE/Gq/E2bS0Zxcw2+FXG+xdbUp07</latexit><latexit sha1_base64="Yib3UjSgMYrX3V+qf4kfvxQSPVc=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFKQmKiiuCm5cVrQXaEKYTCft0JkkzEyKJeQZ3Pgqblwo4taVO9/GSRtBqwcGPv7/HOac348ZlcqyPo3S3PzC4lJ5ubKyura+YW5utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtDy9zvz0iQtIovFXjmLgc9UMaUIyUljzzYOQ5HKmB4OmNnUEHxbGI7uCJZUHn8NsZ8iOZeWbVqlmTgn/BLqAKimp45ofTi3DCSagwQ1J2bStWboqEopiRrOIkksQID1GfdDWGiBPpppOTMrinlR4MIqFfqOBE/TmRIi7lmPu6M19Sznq5+J/XTVRw7qY0jBNFQjz9KEgYVBHM84E9KghWbKwBYUH1rhAPkEBY6RQrOgR79uS/0Dqu2ZqvT6v1iyKOMtgBu2Af2OAM1MEVaIAmwOAePIJn8GI8GE/Gq/E2bS0Zxcw2+FXG+xdbUp07</latexit>

Could be carrying with it a hurricane of Dark Matter…

Recent GAIA data revealing new stellar streams:
[1712.04071]
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Herzog-Arbeitman et al. [1708.03635]; Necib et. al. [1807.02519]

Old, metal-poor stars may trace the DM velocity distribution:
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SHM
+ uncertainties
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Solar system searches for DM: 
Direct detection and Solar Capture

Astrophysical uncertainties

Halo-independent approaches to setting limits 

Measuring the DM properties and distribution 
with a future detection

[Bonus: Can we also measure the local DM density?]
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See also e.g. Green [astro-ph/0207366];  
Fairbairn et al. [1206.2693]; Bozorgnia & Bertone [1705.05853]

Benito et al. [1612.02010] 

Direct Detection

Choi et al. [1312.0273]

Solar Capture

���
<latexit sha1_base64="k7XWSlePdceSel69ZMvAH6uDoNg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0nE71PBi8cK1haaEDabTbt0kw27m0IJ/SdePCji1X/izX/jtg2i1QcDj/dmmJkXZpwp7TifVmVpeWV1rbpe29jc2t6xd/celMgloW0iuJDdECvKWUrbmmlOu5mkOAk57YTDm6nfGVGpmEjv9TijfoL7KYsZwdpIgW17EeUaI08OROCRAQvsutNwZkBO48xxr85d9K24JalDiVZgf3iRIHlCU004VqrnOpn2Cyw1I5xOal6uaIbJEPdpz9AUJ1T5xezyCToySoRiIU2lGs3UnxMFTpQaJ6HpTLAeqEVvKv7n9XIdX/oFS7Nc05TMF8U5R1qgaQwoYpISzceGYCKZuRWRAZaYaBNWzYTgLr78lzycNFzD707rzesyjiocwCEcgwsX0IRbaEEbCIzgEZ7hxSqsJ+vVepu3VqxyZh9+wXr/Al0vk3M=</latexit><latexit sha1_base64="k7XWSlePdceSel69ZMvAH6uDoNg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0nE71PBi8cK1haaEDabTbt0kw27m0IJ/SdePCji1X/izX/jtg2i1QcDj/dmmJkXZpwp7TifVmVpeWV1rbpe29jc2t6xd/celMgloW0iuJDdECvKWUrbmmlOu5mkOAk57YTDm6nfGVGpmEjv9TijfoL7KYsZwdpIgW17EeUaI08OROCRAQvsutNwZkBO48xxr85d9K24JalDiVZgf3iRIHlCU004VqrnOpn2Cyw1I5xOal6uaIbJEPdpz9AUJ1T5xezyCToySoRiIU2lGs3UnxMFTpQaJ6HpTLAeqEVvKv7n9XIdX/oFS7Nc05TMF8U5R1qgaQwoYpISzceGYCKZuRWRAZaYaBNWzYTgLr78lzycNFzD707rzesyjiocwCEcgwsX0IRbaEEbCIzgEZ7hxSqsJ+vVepu3VqxyZh9+wXr/Al0vk3M=</latexit><latexit sha1_base64="k7XWSlePdceSel69ZMvAH6uDoNg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0nE71PBi8cK1haaEDabTbt0kw27m0IJ/SdePCji1X/izX/jtg2i1QcDj/dmmJkXZpwp7TifVmVpeWV1rbpe29jc2t6xd/celMgloW0iuJDdECvKWUrbmmlOu5mkOAk57YTDm6nfGVGpmEjv9TijfoL7KYsZwdpIgW17EeUaI08OROCRAQvsutNwZkBO48xxr85d9K24JalDiVZgf3iRIHlCU004VqrnOpn2Cyw1I5xOal6uaIbJEPdpz9AUJ1T5xezyCToySoRiIU2lGs3UnxMFTpQaJ6HpTLAeqEVvKv7n9XIdX/oFS7Nc05TMF8U5R1qgaQwoYpISzceGYCKZuRWRAZaYaBNWzYTgLr78lzycNFzD707rzesyjiocwCEcgwsX0IRbaEEbCIzgEZ7hxSqsJ+vVepu3VqxyZh9+wXr/Al0vk3M=</latexit><latexit sha1_base64="k7XWSlePdceSel69ZMvAH6uDoNg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0nE71PBi8cK1haaEDabTbt0kw27m0IJ/SdePCji1X/izX/jtg2i1QcDj/dmmJkXZpwp7TifVmVpeWV1rbpe29jc2t6xd/celMgloW0iuJDdECvKWUrbmmlOu5mkOAk57YTDm6nfGVGpmEjv9TijfoL7KYsZwdpIgW17EeUaI08OROCRAQvsutNwZkBO48xxr85d9K24JalDiVZgf3iRIHlCU004VqrnOpn2Cyw1I5xOal6uaIbJEPdpz9AUJ1T5xezyCToySoRiIU2lGs3UnxMFTpQaJ6HpTLAeqEVvKv7n9XIdX/oFS7Nc05TMF8U5R1qgaQwoYpISzceGYCKZuRWRAZaYaBNWzYTgLr78lzycNFzD707rzesyjiocwCEcgwsX0IRbaEEbCIzgEZ7hxSqsJ+vVepu3VqxyZh9+wXr/Al0vk3M=</latexit>

�f(v)
<latexit sha1_base64="A4Rtv9vtJGW5Z4znHE45JJKjvLY=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyK71PAi8cI5gGbJczOziZDZmeWmd5ACPkMLx4U8erXePNvnCSLaLSgoajqprsrTAU34LqfztLyyuraemGjuLm1vbNb2ttvGpVpyhpUCaXbITFMcMkawEGwdqoZSULBWuHgduq3hkwbruQDjFIWJKQnecwpASv5nYgJIDiuDE+6pbJbdWfAbvXc9a4vPPyteDkpoxz1bumjEymaJUwCFcQY33NTCMZEA6eCTYqdzLCU0AHpMd9SSRJmgvHs5Ak+tkqEY6VtScAz9efEmCTGjJLQdiYE+mbRm4r/eX4G8VUw5jLNgEk6XxRnAoPC0/9xxDWjIEaWEKq5vRXTPtGEgk2paEPwFl/+S5qnVc/y+7Ny7SaPo4AO0RGqIA9dohq6Q3XUQBQp9Iie0YsDzpPz6rzNW5ecfOYA/YLz/gVvC5Cp</latexit><latexit sha1_base64="A4Rtv9vtJGW5Z4znHE45JJKjvLY=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyK71PAi8cI5gGbJczOziZDZmeWmd5ACPkMLx4U8erXePNvnCSLaLSgoajqprsrTAU34LqfztLyyuraemGjuLm1vbNb2ttvGpVpyhpUCaXbITFMcMkawEGwdqoZSULBWuHgduq3hkwbruQDjFIWJKQnecwpASv5nYgJIDiuDE+6pbJbdWfAbvXc9a4vPPyteDkpoxz1bumjEymaJUwCFcQY33NTCMZEA6eCTYqdzLCU0AHpMd9SSRJmgvHs5Ak+tkqEY6VtScAz9efEmCTGjJLQdiYE+mbRm4r/eX4G8VUw5jLNgEk6XxRnAoPC0/9xxDWjIEaWEKq5vRXTPtGEgk2paEPwFl/+S5qnVc/y+7Ny7SaPo4AO0RGqIA9dohq6Q3XUQBQp9Iie0YsDzpPz6rzNW5ecfOYA/YLz/gVvC5Cp</latexit><latexit sha1_base64="A4Rtv9vtJGW5Z4znHE45JJKjvLY=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyK71PAi8cI5gGbJczOziZDZmeWmd5ACPkMLx4U8erXePNvnCSLaLSgoajqprsrTAU34LqfztLyyuraemGjuLm1vbNb2ttvGpVpyhpUCaXbITFMcMkawEGwdqoZSULBWuHgduq3hkwbruQDjFIWJKQnecwpASv5nYgJIDiuDE+6pbJbdWfAbvXc9a4vPPyteDkpoxz1bumjEymaJUwCFcQY33NTCMZEA6eCTYqdzLCU0AHpMd9SSRJmgvHs5Ak+tkqEY6VtScAz9efEmCTGjJLQdiYE+mbRm4r/eX4G8VUw5jLNgEk6XxRnAoPC0/9xxDWjIEaWEKq5vRXTPtGEgk2paEPwFl/+S5qnVc/y+7Ny7SaPo4AO0RGqIA9dohq6Q3XUQBQp9Iie0YsDzpPz6rzNW5ecfOYA/YLz/gVvC5Cp</latexit><latexit sha1_base64="A4Rtv9vtJGW5Z4znHE45JJKjvLY=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyK71PAi8cI5gGbJczOziZDZmeWmd5ACPkMLx4U8erXePNvnCSLaLSgoajqprsrTAU34LqfztLyyuraemGjuLm1vbNb2ttvGpVpyhpUCaXbITFMcMkawEGwdqoZSULBWuHgduq3hkwbruQDjFIWJKQnecwpASv5nYgJIDiuDE+6pbJbdWfAbvXc9a4vPPyteDkpoxz1bumjEymaJUwCFcQY33NTCMZEA6eCTYqdzLCU0AHpMd9SSRJmgvHs5Ak+tkqEY6VtScAz9efEmCTGjJLQdiYE+mbRm4r/eX4G8VUw5jLNgEk6XxRnAoPC0/9xxDWjIEaWEKq5vRXTPtGEgk2paEPwFl/+S5qnVc/y+7Ny7SaPo4AO0RGqIA9dohq6Q3XUQBQp9Iie0YsDzpPz6rzNW5ecfOYA/YLz/gVvC5Cp</latexit>
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Allow arbitrary deviations from the SHM, of size �
<latexit sha1_base64="OIbe9shjrT8fafEcrfhGIRBA/8E=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCIqngh48VrAf0C4lm2bb2GyyJLNCKf0PXjwo4tX/481/Y9ruQVtfCDy8M0Nm3iiVwqLvf3srq2vrG5uFreL2zu7efungsGF1ZhivMy21aUXUcikUr6NAyVup4TSJJG9Gw5tpvfnEjRVaPeAo5WFC+0rEglF0VqNzyyXSbqnsV/yZyDIEOZQhV61b+ur0NMsSrpBJam078FMMx9SgYJJPip3M8pSyIe3ztkNFE27D8WzbCTl1To/E2rinkMzc3xNjmlg7SiLXmVAc2MXa1Pyv1s4wvgrHQqUZcsXmH8WZJKjJ9HTSE4YzlCMHlBnhdiVsQA1l6AIquhCCxZOXoXFeCRzfX5Sr13kcBTiGEziDAC6hCndQgzoweIRneIU3T3sv3rv3MW9d8fKZI/gj7/MHXiaO9A==</latexit><latexit sha1_base64="OIbe9shjrT8fafEcrfhGIRBA/8E=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCIqngh48VrAf0C4lm2bb2GyyJLNCKf0PXjwo4tX/481/Y9ruQVtfCDy8M0Nm3iiVwqLvf3srq2vrG5uFreL2zu7efungsGF1ZhivMy21aUXUcikUr6NAyVup4TSJJG9Gw5tpvfnEjRVaPeAo5WFC+0rEglF0VqNzyyXSbqnsV/yZyDIEOZQhV61b+ur0NMsSrpBJam078FMMx9SgYJJPip3M8pSyIe3ztkNFE27D8WzbCTl1To/E2rinkMzc3xNjmlg7SiLXmVAc2MXa1Pyv1s4wvgrHQqUZcsXmH8WZJKjJ9HTSE4YzlCMHlBnhdiVsQA1l6AIquhCCxZOXoXFeCRzfX5Sr13kcBTiGEziDAC6hCndQgzoweIRneIU3T3sv3rv3MW9d8fKZI/gj7/MHXiaO9A==</latexit><latexit sha1_base64="OIbe9shjrT8fafEcrfhGIRBA/8E=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCIqngh48VrAf0C4lm2bb2GyyJLNCKf0PXjwo4tX/481/Y9ruQVtfCDy8M0Nm3iiVwqLvf3srq2vrG5uFreL2zu7efungsGF1ZhivMy21aUXUcikUr6NAyVup4TSJJG9Gw5tpvfnEjRVaPeAo5WFC+0rEglF0VqNzyyXSbqnsV/yZyDIEOZQhV61b+ur0NMsSrpBJam078FMMx9SgYJJPip3M8pSyIe3ztkNFE27D8WzbCTl1To/E2rinkMzc3xNjmlg7SiLXmVAc2MXa1Pyv1s4wvgrHQqUZcsXmH8WZJKjJ9HTSE4YzlCMHlBnhdiVsQA1l6AIquhCCxZOXoXFeCRzfX5Sr13kcBTiGEziDAC6hCndQgzoweIRneIU3T3sv3rv3MW9d8fKZI/gj7/MHXiaO9A==</latexit><latexit sha1_base64="OIbe9shjrT8fafEcrfhGIRBA/8E=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCIqngh48VrAf0C4lm2bb2GyyJLNCKf0PXjwo4tX/481/Y9ruQVtfCDy8M0Nm3iiVwqLvf3srq2vrG5uFreL2zu7efungsGF1ZhivMy21aUXUcikUr6NAyVup4TSJJG9Gw5tpvfnEjRVaPeAo5WFC+0rEglF0VqNzyyXSbqnsV/yZyDIEOZQhV61b+ur0NMsSrpBJam078FMMx9SgYJJPip3M8pSyIe3ztkNFE27D8WzbCTl1To/E2rinkMzc3xNjmlg7SiLXmVAc2MXa1Pyv1s4wvgrHQqUZcsXmH8WZJKjJ9HTSE4YzlCMHlBnhdiVsQA1l6AIquhCCxZOXoXFeCRzfX5Sr13kcBTiGEziDAC6hCndQgzoweIRneIU3T3sv3rv3MW9d8fKZI/gj7/MHXiaO9A==</latexit>

SHM velocity distribution� � 0
<latexit sha1_base64="C190efpX5Az7ajI2GwfLK7YIXow=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMiKC4KujCZQV7gc5QMmmmDc0kQ3JGqUPxVdy4UMSt7+HOtzG9LLT1h8DHf87hnPxRKrgBz/t2CkvLK6trxfXSxubW9o67u9cwKtOU1akSSrciYpjgktWBg2CtVDOSRII1o8HVuN68Z9pwJe9gmLIwIT3JY04JWKvjHgTXTADBgea9PhCt1QP2Om7Zq3gT4UXwZ1BGM9U67lfQVTRLmAQqiDFt30shzIkGTgUblYLMsJTQAemxtkVJEmbCfHL9CB9bp4tjpe2TgCfu74mcJMYMk8h2JgT6Zr42Nv+rtTOIL8KcyzQDJul0UZwJDAqPo8BdrhkFMbRAqOb2Vkz7RBMKNrCSDcGf//IiNE4rvuXbs3L1chZHER2iI3SCfHSOqugG1VAdUfSIntErenOenBfn3fmYthac2cw++iPn8wfSDJTG</latexit><latexit sha1_base64="C190efpX5Az7ajI2GwfLK7YIXow=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMiKC4KujCZQV7gc5QMmmmDc0kQ3JGqUPxVdy4UMSt7+HOtzG9LLT1h8DHf87hnPxRKrgBz/t2CkvLK6trxfXSxubW9o67u9cwKtOU1akSSrciYpjgktWBg2CtVDOSRII1o8HVuN68Z9pwJe9gmLIwIT3JY04JWKvjHgTXTADBgea9PhCt1QP2Om7Zq3gT4UXwZ1BGM9U67lfQVTRLmAQqiDFt30shzIkGTgUblYLMsJTQAemxtkVJEmbCfHL9CB9bp4tjpe2TgCfu74mcJMYMk8h2JgT6Zr42Nv+rtTOIL8KcyzQDJul0UZwJDAqPo8BdrhkFMbRAqOb2Vkz7RBMKNrCSDcGf//IiNE4rvuXbs3L1chZHER2iI3SCfHSOqugG1VAdUfSIntErenOenBfn3fmYthac2cw++iPn8wfSDJTG</latexit><latexit sha1_base64="C190efpX5Az7ajI2GwfLK7YIXow=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMiKC4KujCZQV7gc5QMmmmDc0kQ3JGqUPxVdy4UMSt7+HOtzG9LLT1h8DHf87hnPxRKrgBz/t2CkvLK6trxfXSxubW9o67u9cwKtOU1akSSrciYpjgktWBg2CtVDOSRII1o8HVuN68Z9pwJe9gmLIwIT3JY04JWKvjHgTXTADBgea9PhCt1QP2Om7Zq3gT4UXwZ1BGM9U67lfQVTRLmAQqiDFt30shzIkGTgUblYLMsJTQAemxtkVJEmbCfHL9CB9bp4tjpe2TgCfu74mcJMYMk8h2JgT6Zr42Nv+rtTOIL8KcyzQDJul0UZwJDAqPo8BdrhkFMbRAqOb2Vkz7RBMKNrCSDcGf//IiNE4rvuXbs3L1chZHER2iI3SCfHSOqugG1VAdUfSIntErenOenBfn3fmYthac2cw++iPn8wfSDJTG</latexit><latexit sha1_base64="C190efpX5Az7ajI2GwfLK7YIXow=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMiKC4KujCZQV7gc5QMmmmDc0kQ3JGqUPxVdy4UMSt7+HOtzG9LLT1h8DHf87hnPxRKrgBz/t2CkvLK6trxfXSxubW9o67u9cwKtOU1akSSrciYpjgktWBg2CtVDOSRII1o8HVuN68Z9pwJe9gmLIwIT3JY04JWKvjHgTXTADBgea9PhCt1QP2Om7Zq3gT4UXwZ1BGM9U67lfQVTRLmAQqiDFt30shzIkGTgUblYLMsJTQAemxtkVJEmbCfHL9CB9bp4tjpe2TgCfu74mcJMYMk8h2JgT6Zr42Nv+rtTOIL8KcyzQDJul0UZwJDAqPo8BdrhkFMbRAqOb2Vkz7RBMKNrCSDcGf//IiNE4rvuXbs3L1chZHER2iI3SCfHSOqugG1VAdUfSIntErenOenBfn3fmYthac2cw++iPn8wfSDJTG</latexit>

� � �
<latexit sha1_base64="IszVkLSCvsdfDXI/uvy2XXzbVls=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJRFBcFXThsoK9QBPKZDpph04mYeZECaG48VXcuFDErU/hzrdx2mahrT8MfPznHM6cP0gE1+A431ZpaXllda28XtnY3NresXf3WjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0dWk3r5nSvNY3kGWMD8iA8lDTgkYq2cfeNdMAMGe4oMhEKXiB+xxGULWs6tOzZkKL4JbQBUVavTsL68f0zRiEqggWnddJwE/Jwo4FWxc8VLNEkJHZMC6BiWJmPbz6QljfGycPg5jZZ4EPHV/T+Qk0jqLAtMZERjq+drE/K/WTSG88HMukxSYpLNFYSowxHiSB+5zxSiIzAChipu/YjokilAwqVVMCO78yYvQOq25hm/PqvXLIo4yOkRH6AS56BzV0Q1qoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76I+vzB0Bhl04=</latexit><latexit sha1_base64="IszVkLSCvsdfDXI/uvy2XXzbVls=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJRFBcFXThsoK9QBPKZDpph04mYeZECaG48VXcuFDErU/hzrdx2mahrT8MfPznHM6cP0gE1+A431ZpaXllda28XtnY3NresXf3WjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0dWk3r5nSvNY3kGWMD8iA8lDTgkYq2cfeNdMAMGe4oMhEKXiB+xxGULWs6tOzZkKL4JbQBUVavTsL68f0zRiEqggWnddJwE/Jwo4FWxc8VLNEkJHZMC6BiWJmPbz6QljfGycPg5jZZ4EPHV/T+Qk0jqLAtMZERjq+drE/K/WTSG88HMukxSYpLNFYSowxHiSB+5zxSiIzAChipu/YjokilAwqVVMCO78yYvQOq25hm/PqvXLIo4yOkRH6AS56BzV0Q1qoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76I+vzB0Bhl04=</latexit><latexit sha1_base64="IszVkLSCvsdfDXI/uvy2XXzbVls=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJRFBcFXThsoK9QBPKZDpph04mYeZECaG48VXcuFDErU/hzrdx2mahrT8MfPznHM6cP0gE1+A431ZpaXllda28XtnY3NresXf3WjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0dWk3r5nSvNY3kGWMD8iA8lDTgkYq2cfeNdMAMGe4oMhEKXiB+xxGULWs6tOzZkKL4JbQBUVavTsL68f0zRiEqggWnddJwE/Jwo4FWxc8VLNEkJHZMC6BiWJmPbz6QljfGycPg5jZZ4EPHV/T+Qk0jqLAtMZERjq+drE/K/WTSG88HMukxSYpLNFYSowxHiSB+5zxSiIzAChipu/YjokilAwqVVMCO78yYvQOq25hm/PqvXLIo4yOkRH6AS56BzV0Q1qoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76I+vzB0Bhl04=</latexit><latexit sha1_base64="IszVkLSCvsdfDXI/uvy2XXzbVls=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJRFBcFXThsoK9QBPKZDpph04mYeZECaG48VXcuFDErU/hzrdx2mahrT8MfPznHM6cP0gE1+A431ZpaXllda28XtnY3NresXf3WjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0dWk3r5nSvNY3kGWMD8iA8lDTgkYq2cfeNdMAMGe4oMhEKXiB+xxGULWs6tOzZkKL4JbQBUVavTsL68f0zRiEqggWnddJwE/Jwo4FWxc8VLNEkJHZMC6BiWJmPbz6QljfGycPg5jZZ4EPHV/T+Qk0jqLAtMZERjq+drE/K/WTSG88HMukxSYpLNFYSowxHiSB+5zxSiIzAChipu/YjokilAwqVVMCO78yYvQOq25hm/PqvXLIo4yOkRH6AS56BzV0Q1qoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76I+vzB0Bhl04=</latexit> Arbitrary velocity distribution

See also Fowlie [1809.02323]
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Stream Decomposition

 27

Ferrer et al. [1506.03386]; Ibarra & Rappelt [1703.09168]; Ibarra, BJK, Rappelt [1806.08714]

Attempt to be as general as possible:

Optimize: log p (m�, �p, f(v))

Subject to:

����
f(�v) � fSHM(�v)

fSHM(�v)

���� � �

and

�
d3vf(�v) = 1 .
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Optimise p-value or  
chi-squared or likelihood 

 or whatever

For small event numbers, this can recast this as a 
 fast optimisation problem for the coefficients     .ci
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f(v) =

�
f(v0)� (v � v0) d3v �

�

i

ci� (v � vi)
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Xenon1T Limits

 28

Most aggressive

Most conservative
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Velocity Ranges
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Direct detection:

Solar Capture:
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Xenon1T + IceCube
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Xenon1T + IceCube
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Excluded for none

Excluded for all

Excluded for some
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Overview

 32

Solar system searches for DM: 
Direct detection and Solar Capture

Astrophysical uncertainties

Halo-independent approaches to setting limits 

Measuring the DM properties and distribution
with a future detection

[Bonus: Can we also measure the local DM density?]
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Impact on DM Signals

 33

(correct) stream distribution (incorrect) SHM distribution

Benchmark

Best fit

Generate mock data for several experiments, assuming a stream 
distribution, then try to reconstruct the mass and cross section 

assuming:

NB: Some of these parameters 
are now excluded :(
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Alternatively, compare experiments 
only over velocities where they 

overlap and effectively ‘divide out’ 
the astrophysical uncertainties: 

Halo-independent methods

 34

Fox et al. [1011.1915,1011.1910], but see also [1111.0292, 1107.0741, 1202.6359, 
1304.6183, 1403.4606, 1403.6830, 1504.03333, 1607.02445, 1607.04418 and more…]

Could include SHM uncertainties, but are these broad enough?
Strigari & Trotta [0906.5361]

Need to fix DM mass, and not 
straightforward to apply to Solar 

Capture…
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Now fit                 at the  
same time as         …

Fitting the DM distribution

 35

Write a general parametrisation for the speed distribution: Peter [1103.5145]

f(v) = v2 exp

�
�

N�1�

k=0

akvk

�
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BJK & Green [1303.6868]

Guarantees a positive distribution 
function and spans a wide range 

of functional forms with only a 
small number N of parameters:

{ak}
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(m�, �p)
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Testing the parametrisation
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Benchmark

Best fit

Assuming incorrect 
distribution

Direct detection 
Xe + Ge + Ar
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Testing the parametrisation
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Benchmark

Best fit

Assuming incorrect 
distribution

Using our 
parametrisation

Direct detection 
Xe + Ge + Ar targets 

O(100s) events
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Reconstructing DM mass
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Best fit

1�2�
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BJK [1312.1852]

Also works for a range of input velocity distributions.  
Recently demonstrated for arbitrary interactions too…

Krauss & Newstead [1801.08523]
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Reconstructing f(v)

 39

Best fit 
distribution

Direct detection only

BJK, Fornasa, Green [1410.8051]

f(v)

v2
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‘True’ speed distribution

m� = 30 GeV

SHM+DD distribution
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Reconstructing f(v)
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Best fit 
distribution

‘True’ speed distribution

Direct detection only

BJK, Fornasa, Green [1410.8051]

f(v)

v2
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m� = 30 GeV

SHM+DD distribution
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vmin =

�
mNER

2µ2
�N

vmax =

�
4m�mNi

m� � mNi

vesc
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Direct detection:

Solar Capture:

…a problem for any astrophysics-independent method.

Cannot constrain distribution below threshold…
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vmin =
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mNER

2µ2
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m� � mNi

vesc
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Direct detection:

Solar Capture:



Bradley J. Kavanagh (GRAPPA, Amsterdam) Measuring the local Dark Matter distribution from Earth

Combining with IceCube
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Benchmark

Best fit

BJK, Fornasa, Green [1410.8051]
Reconstruction without IceCube

Reconstruction  
with IceCube

Combining direct detection and solar capture,  
we could pin down DM mass and cross section
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Reconstructing f(v) with IceCube
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Best fit 
distribution

‘True’ speed distribution

m� = 30 GeV

SHM+DD distribution

Including IceCube

Annihilation to �µ�̄µ

BJK, Fornasa, Green [1410.8051]

Constraints improved, but still difficult to distinguish  
underlying distributions (perhaps only at the 1σ level)…

f(v)

v2
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Directional Detection

 45

Try to measure both the energy and the direction of the recoil

Most mature technology is the gaseous Time Projection Chamber (TPC) 
[e.g. DRIFT, MIMAC, DMTPC, NEWAGE, D3]

Mayet et al. [1602.03781] 

- +E-field

CF4 gas

e

- +E-field

Possible suggestion of (partial) directionality in Xenon detectors
Mohlabeng et al. [1503.03937]; Namakura et al. [1803.00752]
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3-D Velocity Distribution
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Apply the same parametrisation in 3-D  
(note: some technical details, which make things annoying)

BJK [1502.04224]

Directional detectors are in principle sensitive to full 3-D velocity distribution:

DM wind

Gondolo [hep-ph/0209110]
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Input distribution: SHM

Directional reconstructions
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BJK, CAJ O’Hare [1609.08630]
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Directional reconstructions
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Input distribution: SHM + Stream

Pa
ra

lle
l t

o 
Ea

rth
’s 

m
ot

io
n

Perpendicular to Earth’s motion

BJK, CAJ O’Hare [1609.08630]
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Overview

 49

Solar system searches for DM: 
Direct detection and Solar Capture

Astrophysical uncertainties

Halo-independent approaches to setting limits 

Measuring the DM properties and distribution 
with a future detection

[Bonus: Can we also measure the local DM density?]
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Map of the parameter space
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Earth scattering

 51

BJK, Catena, Kouvaris [1611.05453]; 
Emken, Kouvaris, Shoemaker [1702.07750]; 

Emken & Kouvaris [1706.02249]; 
BJK [1712.04901] and others

Detector

Collar & Avignone  
[PLB 275, 1992]  

and others

Earth-scattering can distort local density 
 and velocity distribution:

http://arxiv.org/abs/1702.07750
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Daily Modulation
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� � RE
Assuming DM 
mean free path

N

Nfree
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In the ‘single-scatter’ regime, can calculate Earth-scattering 
 effects semi-analytically:

BJK, Catena, Kouvaris [1611.05453]; 
github.com/bradkav/EarthShadow

http://github.com/bradkav/EarthShadow


Bradley J. Kavanagh (GRAPPA, Amsterdam) Measuring the local Dark Matter distribution from Earth

Modulation signals

 53

DM comes from above

DM comes from below

Large O(1) daily modulation if  
DM scatters ~50 times during  

Earth-crossing

Emken & Kouvaris [1706.02249]

Extended with Monte Carlo Simulations
github.com/temken/DaMaSCUS

http://github.com/temken/DaMaSCUS
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Summary (II)
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We can simultaneous extract the mass and 
shape of the speed distribution of DM with a 
future direct detection

Probing low speed DM with Solar Capture 
allows us to pin down the DM cross section

It could be possible to measure the full 3-D 
DM velocity distribution with directional 
experiments

BJK, Green [1207.2039, 
1303.6868,1312.1852] 

BJK, Fornasa, Green [1410.8051] 

BJK [1502.04224];  
BJK, O’Hare [1609.08630]

We can set limits from local DM searches 
in a fully astrophysics-independent way Ibarra, BJK, Rappelt [1806.08714]

If we’re lucky, we may even one day  
measure the local DM density BJK & Catena [XXXX.XXXX]



Bradley J. Kavanagh (GRAPPA, Amsterdam) Measuring the local Dark Matter distribution from Earth

Summary (II)
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We can simultaneous extract the mass and 
shape of the speed distribution of DM with a 
future direct detection

Probing low speed DM with Solar Capture 
allows us to pin down the DM cross section

It could be possible to measure the full 3-D 
DM velocity distribution with directional 
experiments

BJK, Green [1207.2039, 
1303.6868,1312.1852] 

BJK, Fornasa, Green [1410.8051] 

BJK [1502.04224];  
BJK, O’Hare [1609.08630]

We can set limits from local DM searches 
in a fully astrophysics-independent way Ibarra, BJK, Rappelt [1806.08714]

If we’re lucky, we may even one day  
measure the local DM density BJK & Catena [XXXX.XXXX]

Thank you!
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Particle Physics of DM

 62

Typically assume contact interactions (heavy mediators).  
In the non-relativistic limit, leading order cross section scales like:

d�A

dER
� �p

µ2
�pv

2
CAF 2(ER)

Enhancement factor different for:

CSI
A � A2spin-independent (SI) interactions  -

spin-dependent (SD) interactions - CSD
A � (J + 1)/J

Form factor accounts for 
loss of coherence at high 

energy

Interactions which are higher order in v are possible.  
See the non-relativistic EFT of Fitzpatrick et al. [1203.3542]. 

See also Edwards, BJK, Weniger [1805.04117].

Write in terms of DM-proton cross section:

� � v0 � d�

dER
� 1

v2
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Polynomial Parametrisation

 63

f(v) = v2 exp

�
�

N�1�

k=0

akvk

�
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Different Speed Distributions

 64

• Generate 250 mock data 
sets 

• Reconstruct mass and 
obtain confidence intervals 
for each data set 

• True mass reconstructed 
well (independent of speed 
distribution) 

• Can also check that 68% 
intervals are really 68% 
intervals

True mass



Bradley J. Kavanagh (GRAPPA, Amsterdam) Measuring the local Dark Matter distribution from Earth

Full reconstructions (without IceCube)
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Benchmark

Best fit

Fixed (correct) speed distribution
Our parametrisation

Consider a single benchmark:

annihilation to         , SHM+DD distribution⌫µ⌫̄µ
m� = 30GeV; �p

SI = 10�45 cm2; �p
SD = 2⇥ 10�40 cm2
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Full reconstructions (with IceCube)
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Benchmark

Best fit

Direct detection only (our param.)

Direct detection + IceCube (our param.)Best fit

Consider a single benchmark:

annihilation to         , SHM+DD distribution⌫µ⌫̄µ
m� = 30GeV; �p

SI = 10�45 cm2; �p
SD = 2⇥ 10�40 cm2
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‘Real’ Experiments
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Best fit
1�2�

Ideal experiments ‘Real’ experiments

mrec
= m�
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SI vs SD Solar Capture

 68

5

FIG. 1. The ranges of WIMP velocity that Solar capture
and direct detection experiments are sensitive to, as a func-
tion of the WIMP mass. The blue band shows the range of
speeds to which a Xenon-based detector with an energy win-
dow of [5, 45] keV is sensitive. The green band shows the
corresponding range of speeds for an Argon-based detector
with an energy window of [30, 100] keV. The solid (dashed)
red lines shows the maximum speed to which Solar WIMP
capture is sensitive for SI (SD) interactions. See the text for
further details.

WIMPs which are captured can annihilate in the Sun
to Standard Model particles. Over long timescales, equi-
librium is reached between the capture and annihilation
rates. In such a regime, the annihilation rate �A is equal
to half the capture rate, independent of the unknown an-
nihilation cross section [39]. We assume here that anni-
hilation is e�cient enough for equilibrium to be reached
(c.f. Ref. [62]).

The majority of Standard Model particles produced by
WIMP annihilations cannot escape the Sun. However,
some of these particles may decay to neutrinos or neutri-
nos may be produced directly in the annihilation. Neu-
trinos can reach the Earth and be detected by neutrino
telescope experiments. In this work, we focus on the Ice-
Cube experiment [63], which measures the Čerenkov radi-
ation produced by high energy particles traveling through
ice. IceCube aims at isolating the contribution of muons
produced by muon neutrinos interacting in the Earth or
its atmosphere. The amount of Čerenkov light detected,
combined with the shape of the Čereknow cascade, al-
lows the energy and direction of the initial neutrino to
be reconstructed.

The spectrum of neutrinos arriving at IceCube is given
by

dN⌫

dE⌫
=

�A

4⇡D2

X

f

Bf
dNf

⌫

dE⌫
, (27)

where D is the distance from the Sun to the detector and
the sum is over all annihilation final states f , weighted

by the branching ratios Bf . The factor dNf
⌫ /dE⌫ is the

neutrino spectrum produced by final state f , taking into
account the propagation of neutrinos as they travel from
the Sun to the detector [64, 65]. The branching ratios
depend on the specific WIMP under consideration. For
simplicity, it is typically assumed (as we do here) that
the WIMPs annihilate into a single channel. For the
computation of Eq. (27) we use a modified version of
the publicly available DarkSUSY code [66, 67], that also
accounts for the telescope e�ciency (see also Sec. III).

III. BENCHMARKS AND PARAMETER
RECONSTRUCTION

In order to determine how well the WIMP parameters
can be recovered, we generate mock data sets for IceCube
and three hypothetical direct detection experiments.
Table I displays the parameters we use for the three di-

rect detection experiments. They are chosen to broadly
mimic next-generation detectors that are currently in de-
velopment. Each experiment is described by the energy
window it is sensitive to and the total exposure, which
is the product of the fiducial detector mass, the expo-
sure time and the experimental and operating e�ciencies
(which we implicitly assume to be constant). We also in-
clude a gaussian energy resolution of �E = 1 keV and a
flat background rate of 10�7 events/kg/day/keV.
We choose three experiments using di↵erent target nu-

clei as it has been shown that the employment of mul-
tiple targets significantly enhances the accuracy of the
reconstruction of the WIMP mass and cross sections [68–
70]. Furthermore, if the WIMP velocity distribution is
not known, multiple targets are a necessity [30, 31]. We
note that our modelling of the detectors is rather unso-
phisticated. More realistic modelling would include, for
instance, energy-dependent e�ciency. However, the de-
tector modelling we employ here is su�cient to estimate
the precision with which the WIMP parameters can be
recovered.
We divide the energy range of each experiment into

bins and generate Asimov data [71] by setting the ob-
served number of events in each bin equal to the expected
number of events. While this cannot correspond to a
physical realisation of data as the observed number of
events will be non-integer, it allows us to disentangle the
e↵ects of Poissonian fluctuations from the properties of
the parametrisations under study. Including the e↵ect of
Poissonian fluctuations would require the generation of
a large number of realisations for each benchmark. The
precision in the reconstruction of the WIMP parameters
will, in general, be di↵erent for each realisation. This
leads to the concept of coverage, i.e. how many times
the benchmark value is contained in the credible inter-
val estimating the uncertainty in the reconstruction (c.f.
Ref. [72]). We leave this for future work, noting here that
Ref. [33] showed that the polynomial parameterisation
we use (Sec. III B) provides almost exact coverage for the
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Self-consistent distributions

 69

Attempt to reconstruct a 
self-consistent distribution 
function from the Milky Way 

mass distribution, by 
Eddington’s formula:

Fornasa & Green [1311.5477]

See also Bhattacharjee et al. [1210.2328];  
Bozorgnia et al. [1310.0468]; Mandal et al. [1806.06872]

F(E) =
1�
8�2

� E

0

d��
E � �

d2�

d�2
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Mass reconstruction with directionality
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Discretising f(v)

 71

If we want to fit the velocity distribution, we 
now have an infinite number of functions to 

parametrise (one for each incoming 
direction          )! Detector

�

(�,�)

Make the problem more tractable: divide          into N = 3 angular bins…f(v)

f(v) = f(v, cos �, �) =

�
��

��

f1(v) for � � [0�, 60�]

f2(v) for � � [60�, 120�]

f3(v) for � � [120�, 180�]

…and then parametrise           within each angular bin. fk(v)

BJK [1502.04224]
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Discretising f(v)

 72

k = 1
k = 2

k = 3
WIMP wind


