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Gravitational detection of dark matter

Begeman, Broeils & Sanders MNRAS 249 (1991) 523

Dwarf galaxies

Real observation from Hubble eXtreme Deep 
Field Observations: left side 

Mock observation from Illustris: right side 
Illustris website

http://www.dailygalaxy.com/my_weblog/2015/08/dark-energy-observatory-
discovers-eight-celestial-objects-hovering-near-the-milky-way.html

ESA website 
http://sci.esa.int/
planck/51557-planck-
new-cosmic-recipe/

Bullet cluster 
https://en.wikipedia.org/wiki/
File:1e0657_scale.jpg
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Dark matter candidates
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https://www.quantamagazine.org/dogged-dark-matter-hunters-find-new-hiding-places-to-check-20240507/
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Dark matter candidates

Wide range in dark matter (DM) candidate masses

We need to thoroughly test all well-motivated candidates

It is important to test all regions of the dark matter mass parameter space and 
all different couplings of dark matter - Standard Model particles
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https://www.quantamagazine.org/dogged-dark-matter-hunters-find-new-hiding-places-to-check-20240507/
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Dark matter - electron scattering



Dark matter - electron scattering
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Target materials: xenon                     argon 

(Largest target mass and    
heaviest DM mass threshold)

(Smallest target mass, however    
lowest DM mass threshold)

most sensitive to  
DM masses ~ 10 MeV

most sensitive to  
DM masses ~ 200 MeV

(Mid-range target mass    
mid-range DM mass threshold)

most sensitive to DM  
masses ~ 50 MeV

Target materials: silicon

See Maity and Laha 2208.14471 for effects of dark matter 
substructures for xenon-based detectors; Maity et al 2011.12896 
for effects due to modifications in halo velocity distributions; and 
many others

Sensei 2312.13342

These upper limits assume the Standard Halo Model 
of dark matter velocity distribution 1 10 102 103
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Dark matter - electron scattering
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How to probe heavier DM  
masses?

These laboratory limits 
continue at heavier masses 
with           scaling 

<latexit sha1_base64="i0hUq0Hwg3/85xSbRaab1VCARGs=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4qtkqtb0VvXisYD+gXUo2zbahye6aZIWy9E948aCIV/+ON/+N2baCij4YeLw3w8w8PxZcG4w/nKXlldW19dxGfnNre2e3sLff0lGiKGvSSESq4xPNBA9Z03AjWCdWjEhfsLY/vsr89j1TmkfhrZnEzJNkGPKAU2Ks1HFPZb9HR7xfKOIStqhUUEbcKnYtqdWq5XINuTML4yIs0OgX3nuDiCaShYYKonXXxbHxUqIMp4JN871Es5jQMRmyrqUhkUx76ezeKTq2ygAFkbIVGjRTv0+kRGo9kb7tlMSM9G8vE//yuokJql7KwzgxLKTzRUEikIlQ9jwacMWoERNLCFXc3oroiChCjY0ob0P4+hT9T1rlklspnd2cF+uXizhycAhHcAIuXEAdrqEBTaAg4AGe4Nm5cx6dF+d13rrkLGYO4Aect0+6K4/L</latexit>

1/m�

Is there a way to improve our 
sensitivity at higher masses?

Yes!  Increase the exposure,  
i.e., build a bigger detector  
and run it for a longer time

Exposures:- DarkSide-50: (12306    184) kg-days; SENSEI: ~ 534.9 g-days; 
DAMIC-M: ~ 85 g-days; XENON1T: (22    3) tonne-day 

<latexit sha1_base64="gNu9KAzTl5MmDxkEaBQz2WCGQvo=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtUttb0YvHCvZDuqVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLYVVPTBwOO9GWbmBTFn2rjuh5NbWV1b38hvFra2d3b3ivsHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyVXmd+6p0iySt2Ya077AI8lCRrCx0l3qByHyYzEbFEtu2bWoVlFGvJrrWVKv1yqVOvLmluuWYInmoPjuDyOSCCoN4VjrnufGpp9iZRjhdFbwE01jTCZ4RHuWSiyo7qfzg2foxCpDFEbKljRorn6fSLHQeioC2ymwGevfXib+5fUSE9b6KZNxYqgki0VhwpGJUPY9GjJFieFTSzBRzN6KyBgrTIzNqGBD+PoU/U/albJXLZ/dnJcal8s48nAEx3AKHlxAA66hCS0gIOABnuDZUc6j8+K8LlpzznLmEH7AefsE/MeQjg==</latexit>±
<latexit sha1_base64="gNu9KAzTl5MmDxkEaBQz2WCGQvo=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtUttb0YvHCvZDuqVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLYVVPTBwOO9GWbmBTFn2rjuh5NbWV1b38hvFra2d3b3ivsHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyVXmd+6p0iySt2Ya077AI8lCRrCx0l3qByHyYzEbFEtu2bWoVlFGvJrrWVKv1yqVOvLmluuWYInmoPjuDyOSCCoN4VjrnufGpp9iZRjhdFbwE01jTCZ4RHuWSiyo7qfzg2foxCpDFEbKljRorn6fSLHQeioC2ymwGevfXib+5fUSE9b6KZNxYqgki0VhwpGJUPY9GjJFieFTSzBRzN6KyBgrTIzNqGBD+PoU/U/albJXLZ/dnJcal8s48nAEx3AKHlxAA66hCS0gIOABnuDZUc6j8+K8LlpzznLmEH7AefsE/MeQjg==</latexit>±
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<latexit sha1_base64="35P62gsqDCcziqsH1y6LJhyLWYE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0YvHitYW2qVk02wbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMCxLBtcH4wymsrK6tbxQ3S1vbO7t75f2DOx2nirI2jUWsugHRTHDJ2oYbwbqJYiQKBOsEk8vc79wzpXksb800YX5ERpKHnBJjpZt+Eg3KFVzFFp6HcuLWsWtJo1Gv1RrInVsYV2CJ1qD83h/GNI2YNFQQrXsuToyfEWU4FWxW6qeaJYROyIj1LJUkYtrP5qfO0IlVhiiMlS1p0Fz9PpGRSOtpFNjOiJix/u3l4l9eLzVh3c+4TFLDJF0sClOBTIzyv9GQK0aNmFpCqOL2VkTHRBFqbDolG8LXp+h/clerul7Vuz6rNC+WcRThCI7hFFw4hyZcQQvaQGEED/AEz45wHp0X53XRWnCWM4fwA87bJ7Ckjhk=</latexit>±
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Is there a dark matter detector with a larger 
exposure? 

Yes, the Sun!  The Sun as a dark matter detector has orders of magnitude larger 
exposure!  It has been moving through the dark matter halo during its whole life-
time: total exposure                      , target mass X lifetime 

<latexit sha1_base64="4sQn544SlKEYpsASo7jgcNxBuLc="></latexit>

⇡ 4.6M� Gyr

Can we use the Sun as a dark matter detector? This talk!

Do dark matter particles interact with the Sun?

Can we detect the signature of dark matter in the Sun?
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Do dark matter particles interact with the Sun?
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Do dark matter particles interact with the Sun?
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1.  Dark matter particles are gravitationally accelerated towards the Sun 

2.  A small fraction of these dark matter particles scatter with Solar electrons 

3.  Some fraction of the scattered dark matter particle get captured inside the 
Sun

Escape velocity  
of the Sun

<latexit sha1_base64="684hgA6cXw0pDi6KG9zSO1J2suo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpbhJ3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4iFn1Fip09N8KGkf++WKW3XnIKvEy0kFcjT65a/eIGapxMgwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2NqETtZ/N7p+TMKgMSxspWZMhc/T2RUan1RAa2U1Iz0sveTPzP66YmvPYzHiWpwYgtFoWpICYms+fJgCtkRkwsoUxxeythI6ooMzaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wcXkpAE</latexit>�e

<latexit sha1_base64="684hgA6cXw0pDi6KG9zSO1J2suo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpbhJ3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4iFn1Fip09N8KGkf++WKW3XnIKvEy0kFcjT65a/eIGapxMgwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2NqETtZ/N7p+TMKgMSxspWZMhc/T2RUan1RAa2U1Iz0sveTPzP66YmvPYzHiWpwYgtFoWpICYms+fJgCtkRkwsoUxxeythI6ooMzaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wcXkpAE</latexit>�e = dark matter - electron  
scattering cross-section

fig. credit: Tarak Nath Maity
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Do dark matter particles interact with the Sun?
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<latexit sha1_base64="NeBXlCHD2Zrsm7FyTreThhhhceU="></latexit>

C =

Z R�

0
4⇡r2ne(r)dr

Z 1

0
du�

⇢�
m�

fv�(u�)

u�

q
u2
� + vesc(r)2 g(w)�e

total number of  
Solar electrons

number density of  
the local dark mattertotal Solar  

capture  
rate of  
dark matter

<latexit sha1_base64="yBJRNz92na5/MBv/IPZed8HjUs0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJaPZpKgH9Gh5CFn1FipLftIKuqiXyq7VXcOskq8nJQhR6Nf+uoNYpZGKA0TVOuu5ybGz6gynAmcFnupxoSyMR1i11JJI9R+Nj93Ss6tMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2hC85ZdXSeuy6l1Vaw+1cv02j6MAp3AGFfDgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1jUnnzmBP3A+fwA/8o7e</latexit>

ne(r) = number density of Solar electrons as a function of radius
<latexit sha1_base64="wfJMU6XFDH0R7KgfknTAQ3BLH8E=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ic0oWy2m2bpbjbsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmCG0TyaXqhVhTzhLaNsxw2ksVxSLktBuOb2d+94kqzWTyYCYpDQQeJSxiBBsrPfoqlgOfxGxQrbl1dw60SryC1KBAa1D98oeSZIImhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtG+pQkWVAf5/OApOrPKEEVS2UoMmqu/J3IstJ6I0HYKbGK97M3E/7x+ZqLrIGdJmhmakMWiKOPISDT7Hg2ZosTwiSWYKGZvRSTGChNjM6rYELzll1dJ56LuXdYb941a86aIowwncArn4MEVNOEOWtAGAgKe4RXeHOW8OO/Ox6K15BQzx/AHzucP1aCQcQ==</latexit>⇢� = local dark matter density at the Solar position

<latexit sha1_base64="nt5GvHZw8Nmmnha0xSIlJ0mc+2M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyWRoi6LblxWsA9oQphMJ+3QyUyYmRRCqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7T5gwqrTjfFuljc2t7Z3ybmVv/+DwyD4+6SqRSkw6WDAh+yFShFFOOppqRvqJJCgOGemFk7u535sSqajgjzpLiB+jEacRxUgbKbCrUZBPA08MhZ7V08DDY3oR2DWn4SwA14lbkBoo0A7sL28ocBoTrjFDSg1cJ9F+jqSmmJFZxUsVSRCeoBEZGMpRTJSfL46fwXOjDGEkpCmu4UL9PZGjWKksDk1njPRYrXpz8T9vkOroxs8pT1JNOF4uilIGtYDzJOCQSoI1ywxBWFJzK8RjJBHWJq+KCcFdfXmddC8b7lWj+dCstW6LOMrgFJyBOnDBNWiBe9AGHYBBBp7BK3iznqwX6936WLaWrGKmCv7A+vwBrbCUyw==</latexit>

fv�(u�) = dark matter velocity distribution at the Solar position

A large amount of dark matter is captured inside the Sun.  Assuming            
and                          , the total mass of dark matter particles captured is                                                                                

<latexit sha1_base64="c06a73DDAHemE4uLmpJ9lYDFWCc=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBymJFPUiFD3osYL9gCaUzXbSLt1Nwu5GKKF48a948aCIV3+FN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0sLi2vrBbWiusbm1vb9s5uQ8WppFCnMY9lKyAKOIugrpnm0EokEBFwaAaD67HffACpWBzd62ECviC9iIWMEm2kjr0vOh7tM3yJXcfB3gnOPCnwDTRGHbvklJ0J8Dxxc1JCOWod+8vrxjQVEGnKiVJt10m0nxGpGeUwKnqpgoTQAelB29CICFB+NnlhhI+M0sVhLE1FGk/U3xMZEUoNRWA6BdF9NeuNxf+8dqrDCz9jUZJqiOh0UZhyrGM8zgN3mQSq+dAQQiUzt2LaJ5JQbVIrmhDc2ZfnSeO07J6VK3eVUvUqj6OADtAhOkYuOkdVdItqqI4oekTP6BW9WU/Wi/VufUxbF6x8Zg/9gfX5A+YQlTU=</latexit>

m� = 100GeV
<latexit sha1_base64="JfnX7riu+zgs05SIiAIytGMyVzA=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZakFh8LoejGZQX7gCYNk+m0HTqThJmJUEKWbvwVNy4UcesnuPNvnLZZaOuBC4dz7uXee/yIUaks69vILSwuLa/kVwtr6xubW+b2TkOGscCkjkMWipaPJGE0IHVFFSOtSBDEfUaa/vBm7DcfiJA0DO7VKCIuR/2A9ihGSkueue9I2ufII/AK2lYnOTm9TJ3jxBEcYp52yp5ZtErWBHCe2Bkpggw1z/xyuiGOOQkUZkjKtm1Fyk2QUBQzkhacWJII4SHqk7amAeJEusnkkRQeaqULe6HQFSg4UX9PJIhLOeK+7uRIDeSsNxb/89qx6l24CQ2iWJEATxf1YgZVCMepwC4VBCs20gRhQfWtEA+QQFjp7Ao6BHv25XnSKJfss1LlrlKsXmdx5MEeOABHwAbnoApuQQ3UAQaP4Bm8gjfjyXgx3o2PaWvOyGZ2wR8Ynz8cDZgj</latexit>

�e = 10�39 cm2
<latexit sha1_base64="iXKYEo7x1f4g9c6eiNcFvd9nm6g=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCk0LArwVgGbWyECOYB2XWZnUySIbM7y8xdMSz5BRt/xcZCEVs7O//GyaPQxAMXDufcy733BLHgGmz728osLa+srmXXcxubW9s7+d29hpaJoqxOpZCqFRDNBI9YHTgI1ooVI2EgWDMYXI795j1TmsvoFoYx80LSi3iXUwJG8vNFl8Sxkg+4jF3gIdPYse/SE6cyco9TV4X4euS7siPBzxfskj0BXiTOjBTQDDU//+V2JE1CFgEVROu2Y8fgpUQBp4KNcm6iWUzogPRY29CImOVeOvlohI+M0sFdqUxFgCfq74mUhFoPw8B0hgT6et4bi/957QS6517KozgBFtHpom4iMEg8jgd3uGIUxNAQQhU3t2LaJ4pQMCHmTAjO/MuLpHFacs5K5ZtyoXoxiyOLDtAhKiIHVVAVXaEaqiOKHtEzekVv1pP1Yr1bH9PWjDWb2Ud/YH3+AHtDnDE=</latexit>

⇡ 4⇥ 10�17 M� , similar to mass of some asteroids

See Kopp et al. 0907.3159; Garani and Palomares-Ruiz 1702.02768; 
Liang et al. 1802.01005; Maity et al. 2112.08286

capture  
probability

incident dark matter flux
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Is there a signature of dark matter inside the Sun?

13

2104.11488

Solar capture Annihilation signature
This process can be used to capture  
a lot of dark matter inside the Sun

Is there a measurable effect of these  
captured dark matter particles?

?
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Can we detect the signature of 
dark matter in the Sun?
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Neutrinos from the centre of the Sun

15

Sun

Earth

Neutrinos can travel from the  
centre of the Sun

Solar core density  150 g cm-3≈

Solar core radius  1.5  1010 cm 
(~ 20% of the Solar radius)

≈ ×

<latexit sha1_base64="yhX21A3MOzfDjGdL0W879Bw8LC0="></latexit>

� ⇡ 1.6⇥ 1010
✓
100GeV

E⌫

◆
cm

Mean free path inside Solar core of 
a neutrino

<latexit sha1_base64="KJsTIHt3Z3JLsOTGhvkqaWXSL4A="></latexit>

� ⇡ 3.3⇥ 1010
✓
100GeV

E⌫̄

◆
cm

Mean free path inside Solar core  
of an anti-neutrino

Neutrinos and anti-neutrinos are the only particles which can inform us about the 
dark matter annihilation signature inside the Solar core

2007.15010
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Where will these neutrinos come from?
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χ

χ

ν

ν
(a)

χ

χ

ν(l−)

ν

Z(W +)

(b)

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

χ

χ

B(P )

ν(k1)

e+(l1)

ν(l2)

e−(k2)

ν(q)

W+(Q)

0805.3423

modified from 0805.3423

1009.2584

Due to electroweak corrections, large number of 
neutrinos and anti-neutrinos of all flavours are 
produced from every final state

Electroweak corrections are relevant for dark matter masses 
<latexit sha1_base64="ck38bwjdCSa5bAEXI6jNfBdUDqo=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCCymZUmu7K7rQZQX7gM5QMmmmDU1mhiQjlKFu/BU3LhRx61+482/MtBVU9MCFwzn3cu89fsyZ0gh9WAuLS8srq7m1/PrG5ta2vbPbUlEiCW2SiEey42NFOQtpUzPNaSeWFAuf07Y/usj89i2VikXhjR7H1BN4ELKAEayN1LP33YE2roCnCEH3BKauFPCStiY9u4CKyKBSgRlxqsgxpFarlko16EwthApgjkbPfnf7EUkEDTXhWKmug2LtpVhqRjid5N1E0RiTER7QrqEhFlR56fSDCTwySh8GkTQVajhVv0+kWCg1Fr7pFFgP1W8vE//yuokOql7KwjjRNCSzRUHCoY5gFgfsM0mJ5mNDMJHM3ArJEEtMtAktb0L4+hT+T1qlolMplq/Lhfr5PI4cOACH4Bg44AzUwRVogCYg4A48gCfwbN1bj9aL9TprXbDmM3vgB6y3T3aVlaU=</latexit>& 500GeV

A large amount of literature dedicated to studying these electroweak corrections 
for various dark matter annihilation channels   Cirelli et al PPPC4DM ID, Bauer etal HDMSpectra 2007.15001 
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Neutrino spectrum from the Sun 
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fig. credit: Tarak Nath Maity

High-energy neutrino 
+ anti-neutrino  
spectrum emitted 
from the Sun due to 
annihilation of the 
accumulated dark 
matter

<latexit sha1_base64="+Y+uT6Uc1YRJj9I6r3nRxhh2ytk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgopQZKepGKLpxWaEv6AxDJs20oUlmSDJCGbpw46+4caGIWz/CnX9j2s5CWw9c7uGce0nuCRNGlXacb6uwtr6xuVXcLu3s7u0f2IdHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8e3M7z4QqWgsWnqSEJ+joaARxUgbKbDLPPDwiEKveu1VoWs6zDzJYYt0poFdcWrOHHCVuDmpgBzNwP7yBjFOOREaM6RU33US7WdIaooZmZa8VJEE4TEakr6hAnGi/Gx+xBSeGmUAo1iaEhrO1d8bGeJKTXhoJjnSI7XszcT/vH6qoys/oyJJNRF48VCUMqhjOEsEDqgkWLOJIQhLav4K8QhJhLXJrWRCcJdPXiWd85p7Uavf1yuNmzyOIiiDE3AGXHAJGuAONEEbYPAInsEreLOerBfr3fpYjBasfOcY/IH1+QNgt5YG</latexit>

m� = 1TeV

Dramatic effect on 
the spectrum due to 
propagation effects 
inside the Sun (propagation 
effects using 2007.15010)

Capture rate (    ) and annihilation rate (        ) are in equilibrium: 
<latexit sha1_base64="xb41e4TjGgt0RXNCKj0RKqt9KKA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELh4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2txvP6HSPJYPZpKgH9Gh5CFn1FipUesXS27ZXYCsEy8jJchQ7xe/eoOYpRFKwwTVuuu5ifGnVBnOBM4KvVRjQtmYDrFrqaQRan+6OHRGLqwyIGGsbElDFurviSmNtJ5Ege2MqBnpVW8u/ud1UxPe+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrauyd12uNCql6l0WRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJjTjNA=</latexit>

C
<latexit sha1_base64="n5SZfPQGPG1TLi4p6IjA95FV00A=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphst+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgyaciZp0zDDaSdVFETMaTse3c389pgqzRL5ZCYpDQUMJOszAsZKkesG9yAERHmgBAYpp5Fb9WreHHiV+AWpogKNyP0KegnJBJWGcNC663upCXNQhhFOp5Ug0zQFMoIB7VoqQVAd5vPLp/jMKj3cT5QtafBc/T2Rg9B6ImLbKcAM9bI3E//zupnp34Q5k2lmqCSLRf2MY5PgWQy4xxQlhk8sAaKYvRWTISggxoZVsSH4yy+vktZFzb+qXT5eVuu3RRxldIJO0Tny0TWqowfUQE1E0Bg9o1f05uTOi/PufCxaS04xc4z+wPn8AWDqk4I=</latexit>

�ann

<latexit sha1_base64="o/dsi1qTYUz312UraNqEyd8QYKs=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXpcwUUTeC2IUuK9gHdEq5k2ba0CQzJBmhDPMBbvwVNy4UcesHuPNvTB8LbT0QOJxzLjf3BDFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQLQlDNJ64YZTluxoiACTpvBsDr2mw9UaRbJezOKaUdAX7KQETBW6haK/g0IAd3UVwKDlBn2S5d+Cfu9UAFJq1layWzKLbsT4EXizUgRzVDrFr78XkQSQaUhHLRue25sOikowwinWd5PNI2BDKFP25ZKEFR30skxGT62Sg+HkbJPGjxRf0+kILQeicAmBZiBnvfG4n9eOzHhRSdlMk4MlWS6KEw4NhEeN4N7TFFi+MgSIIrZv2IyANuCsf3lbQne/MmLpFEpe2fl07vT4tX1rI4cOkRH6AR56BxdoVtUQ3VE0CN6Rq/ozXlyXpx352MaXXJmMwfoD5zPH1mYmo4=</latexit>

�ann =
C

2

Neutrino + anti-neutrino flux: 
<latexit sha1_base64="cenEgidy2+vz454A+/RkpwlSU7U="></latexit>

d�

dE⌫
=

�ann
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dN

dE⌫
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How to detect these neutrinos?



How to detect these neutrinos?   IceCube neutrino telescope

Gigaton effective volume 
neutrino detector at South 
Pole 

5160 Digital Optical Modules 
distributed over 86 strings 

Completed in Dec 2010; data in 
full configuration from May 
2011 

Neutrino detected  
through Cherenkov light 
emission from charged 
particles produced due to 
neutrino CC/NC interactions

Credit: C Rott
19Ranjan Laha
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Our results



Ranjan Laha

Look at the Sun: muon neutrino + anti-neutrino 
interaction on nucleons and detection morphology

upgoing muon track

and the corresponding 
interaction by     

Factor of    2 energy resolution  

    5° angular resolution (worsens at 
energies     200 GeV)

Atmospheric neutrinos all over the sky are a 
major background for this search 

Using muon tracks (induced by neutrino 
interactions) to look at the Sun can suppress 
this background/ use starting events

<latexit sha1_base64="/r9XDYtVwMYmQF4RUt8gfIQAdL8=">AAAB73icdVBNSwMxEM3Wr1q/qh69BIvgqWRLqe2t6MVjBfsB7VKy6Wwbms2uSVYoS/+EFw+KePXvePPfmG0rqOiDgcd7M8zM82PBtSHkw8mtrW9sbuW3Czu7e/sHxcOjjo4SxaDNIhGpnk81CC6hbbgR0IsV0NAX0PWnV5nfvQeleSRvzSwGL6RjyQPOqLFSbyBAa83DYbFEysSiVsMZcevEtaTRqFcqDewuLEJKaIXWsPg+GEUsCUEaJqjWfZfExkupMpwJmBcGiYaYsikdQ99SSUPQXrq4d47PrDLCQaRsSYMX6veJlIZaz0LfdobUTPRvLxP/8vqJCepeymWcGJBsuShIBDYRzp7HI66AGTGzhDLF7a2YTaiizNiICjaEr0/x/6RTKbu1cvWmWmperuLIoxN0is6Riy5QE12jFmojhgR6QE/o2blzHp0X53XZmnNWM8foB5y3T7A1kGw=</latexit>.

Atmospheric muons are also a major 
background for this search 

(i) Observation of the Sun when below the 
horizon or (ii) using only starting events/ 
DeepCore to mitigate these two backgrounds Other neutrino flavours are also 

utilised in this search strategy

<latexit sha1_base64="/r9XDYtVwMYmQF4RUt8gfIQAdL8=">AAAB73icdVBNSwMxEM3Wr1q/qh69BIvgqWRLqe2t6MVjBfsB7VKy6Wwbms2uSVYoS/+EFw+KePXvePPfmG0rqOiDgcd7M8zM82PBtSHkw8mtrW9sbuW3Czu7e/sHxcOjjo4SxaDNIhGpnk81CC6hbbgR0IsV0NAX0PWnV5nfvQeleSRvzSwGL6RjyQPOqLFSbyBAa83DYbFEysSiVsMZcevEtaTRqFcqDewuLEJKaIXWsPg+GEUsCUEaJqjWfZfExkupMpwJmBcGiYaYsikdQ99SSUPQXrq4d47PrDLCQaRsSYMX6veJlIZaz0LfdobUTPRvLxP/8vqJCepeymWcGJBsuShIBDYRzp7HI66AGTGzhDLF7a2YTaiizNiICjaEr0/x/6RTKbu1cvWmWmperuLIoxN0is6Riy5QE12jFmojhgR6QE/o2blzHp0X53XZmnNWM8foB5y3T7A1kGw=</latexit>.
<latexit sha1_base64="/r9XDYtVwMYmQF4RUt8gfIQAdL8=">AAAB73icdVBNSwMxEM3Wr1q/qh69BIvgqWRLqe2t6MVjBfsB7VKy6Wwbms2uSVYoS/+EFw+KePXvePPfmG0rqOiDgcd7M8zM82PBtSHkw8mtrW9sbuW3Czu7e/sHxcOjjo4SxaDNIhGpnk81CC6hbbgR0IsV0NAX0PWnV5nfvQeleSRvzSwGL6RjyQPOqLFSbyBAa83DYbFEysSiVsMZcevEtaTRqFcqDewuLEJKaIXWsPg+GEUsCUEaJqjWfZfExkupMpwJmBcGiYaYsikdQ99SSUPQXrq4d47PrDLCQaRsSYMX6veJlIZaz0LfdobUTPRvLxP/8vqJCepeymWcGJBsuShIBDYRzp7HI66AGTGzhDLF7a2YTaiizNiICjaEr0/x/6RTKbu1cvWmWmperuLIoxN0is6Riy5QE12jFmojhgR6QE/o2blzHp0X53XZmnNWM8foB5y3T7A1kGw=</latexit>.



Look towards the Sun

θSun

fig. credit: Tarak Nath Maity

Event number due to new physics exceeds the 
observed data        constraints on new physics<latexit sha1_base64="bMZ1ABt4UMMZhZs4viv0DFZdE60=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDbbSbt0dxN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDZpzGPVCYlGziQ2DTMcO4lCIkKO7XB8O/PbT6g0i+WDmSQYCDKULGKUGCt1ekzYLaj75YpX9eZwV4mfkwrkaPTLX71BTFOB0lBOtO76XmKCjCjDKMdpqZdqTAgdkyF2LZVEoA6y+b1T98wqAzeKlS1p3Ln6eyIjQuuJCG2nIGakl72Z+J/XTU10HWRMJqlBSReLopS7JnZnz7sDppAaPrGEUMXsrS4dEUWosRGVbAj+8surpHVR9S+rtftapX6Tx1GEEziFc/DhCupwBw1oAgUOz/AKb86j8+K8Ox+L1oKTzxzDHzifP0UZkCI=</latexit>
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Background

IceCube data

Event number due to new 
physics: dark matter 
captured inside Sun due to 
dark matter - Solar electron 
scattering and subsequent 
annihilation of dark matter 
into  

<latexit sha1_base64="9HXjMzj4CbmVjU+9VnaHsSLIi6Q=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiAIYpgRt2PQi8cIZoFkDD2dnqRJz2J3TSAM+Q4vHhTx6sd482/sTHLQxAdFPd6roqufF0uh0ba/rdzS8srqWn69sLG5tb1T3N2r6yhRjNdYJCPV9KjmUoS8hgIlb8aK08CTvOENbid+Y8iVFlH4gKOYuwHthcIXjKKR3DbS5PGEZO20UyzZZTsDWSTOjJRghmqn+NXuRiwJeIhMUq1bjh2jm1KFgkk+LrQTzWPKBrTHW4aGNODaTbOjx+TIKF3iR8pUiCRTf2+kNNB6FHhmMqDY1/PeRPzPayXoX7upCOMEecimD/mJJBiRSQKkKxRnKEeGUKaEuZWwPlWUocmpYEJw5r+8SOpnZeeyfHF/XqrczOLIwwEcwjE4cAUVuIMq1IDBEzzDK7xZQ+vFerc+pqM5a7azD39gff4A3VyRhg==</latexit>

⌧+⌧�

Maity, Saha, Mondal, 
and Laha    
(arXiv: 2308.12336)
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Constraints on dark matter - electron 
scattering

Using results of IceCube  
data, we derive  
stringent  
constraints on  
dark matter -  
electron scattering  
cross-section

Our derived limits are  
competitive with Xenon1T 
assuming          dark matter 
annihilation final state

These limits will improve with near-future data from various IceCube upgrades, KM3NeT, and 
other neutrino telescope data — tremendous discovery potential of this technique using 
guaranteed data-set

Ranjan Laha

<latexit sha1_base64="clFeQIS4YOj776sPo6/JEDYSUMM=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEMexKUI9BLx4jmAckmzA76U2GzM4uM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3NnNb+e2d3b39wsFhXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbATDu6nfeEKleSwfzShBP6J9yUPOqLFSAzvnBDsX3ULRLbkzkGXiZaQIGardwle7F7M0QmmYoFq3PDcx/pgqw5nASb6dakwoG9I+tiyVNELtj2fnTsipVXokjJUtachM/T0xppHWoyiwnRE1A73oTcX/vFZqwht/zGWSGpRsvihMBTExmf5OelwhM2JkCWWK21sJG1BFmbEJ5W0I3uLLy6R+WfKuSuWHcrFym8WRg2M4gTPw4BoqcA9VqAGDITzDK7w5ifPivDsf89YVJ5s5gj9wPn8AHFmOxw==</latexit>
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Constraints on dark matter - electron 
scattering

Using results of IceCube  
data, we derive the most 
stringent constraints on  
dark matter - electron 
scattering cross-section

Our derived limits are  
more than an order of 
magnitude more stringent 
than Xenon1T  
assuming            dark 
matter annihilation final 
state

Ranjan Laha

<latexit sha1_base64="BONKzxrO8NBhyh3WklJ2MPxfJbs=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMgiGFXgnoMevEYwTwgWcPsZDYZMvtwpjcQlnyHFw+KePVjvPk3TjY5aGJB00VVN9NTXiyFRtv+tnIrq2vrG/nNwtb2zu5ecf+goaNEMV5nkYxUy6OaSxHyOgqUvBUrTgNP8qY3vJ36zRFXWkThA45j7ga0HwpfMIpGcjtIk8czkrXzbrFkl+0MZJk4c1KCOWrd4lenF7Ek4CEySbVuO3aMbkoVCib5pNBJNI8pG9I+bxsa0oBrN82OnpATo/SIHylTIZJM/b2R0kDrceCZyYDiQC96U/E/r52gf+2mIowT5CGbPeQnkmBEpgmQnlCcoRwbQpkS5lbCBlRRhianggnBWfzyMmlclJ3LcuW+UqrezOPIwxEcwyk4cAVVuIMa1IHBEzzDK7xZI+vFerc+ZqM5a75zCH9gff4A3QqRhQ==</latexit>
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These limits will improve with near-future data from various IceCube upgrades, KM3NeT, and 
other neutrino telescope data — tremendous discovery potential of this technique using 
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Constraints on dark matter - electron 
scattering

Using results of IceCube  
data, we derive the most 
stringent constraints on  
dark matter - electron 
scattering cross-section

Our derived limits are  
more than an order of 
magnitude more stringent 
than Xenon1T assuming       
dark matter annihilation 
final state

Ranjan Laha

These limits will improve with near-future data from various IceCube upgrades, KM3NeT, and 
other neutrino telescope data — tremendous discovery potential of this technique using 
guaranteed data-set

<latexit sha1_base64="mpXpuZ2RRwl/uKYsxzjNK5yl5ZI=">AAAB9HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2AJpTNdtsu3Wzi7qRQQn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Sw6VQvIECJW8nmtMolLwVju5m9daYayNi9YiThAcRHSjRF4yitQJfpcQPqc4sTLvlilt15yKr4OVQgVz1bvnL78UsjbhCJqkxHc9NMMioRsEkn5b81PCEshEd8I5FRSNugmx+9JScWadH+rG2TyGZu78nMhoZM4lC2xlRHJrl2sz8r9ZJsX8TZEIlKXLFFov6qSQYk1kCpCc0ZygnFijTwt5K2JBqytDmVLIheMtfXoXmRdW7ql4+XFZqt3kcRTiBUzgHD66hBvdQhwYweIJneIU3Z+y8OO/Ox6K14OQzx/BHzucP2zmSLA==</latexit>
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Conclusions

We must probe all regions of dark matter parameter space and all different 
couplings of dark matter - Standard Model particles 

We probe dark matter captured in the Sun via electron scattering using high-
energy neutrinos produced from various dark matter annihilation final states 

For various final states, we derive the most stringent bound on dark matter - 
electron scattering cross-section for heavy dark matter 

Near future guaranteed data set from various different neutrino telescopes 
(either currently running or under construction) have the potential to discover 
dark matter - electron interaction using this technique 

Questions & comments: ranjanlaha@iisc.ac.in
26
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Capture rate differential equation
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<latexit sha1_base64="aulNGQRby0uO48qRlkA/Ifuunc8=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCi1qSUtSNUOzGlVSwF2himEwm7dDJhZmJUEJew42v4saFIi515ds4TbPQ1gMDH/9/DmfO78aMCmkY39rS8srq2nppo7y5tb2zq+/td0WUcEw6OGIR77tIEEZD0pFUMtKPOUGBy0jPHbemfu+BcEGj8E5OYmIHaBhSn2IkleTohuX5HOHUu3EsPKJZ6skMWtVLqwpbDlZ0mhOCM/++7ugVo2bkBRfBLKACimo7+qflRTgJSCgxQ0IMTCOWdoq4pJiRrGwlgsQIj9GQDBSGKCDCTvPLMnisFA/6EVcvlDBXf0+kKBBiEriqM0ByJOa9qfifN0ikf2GnNIwTSUI8W+QnDMoITmOCHuUESzZRgDCn6q8Qj5BKSqowyyoEc/7kRejWa+ZZrXHbqDSvijhK4BAcgRNggnPQBNegDToAg0fwDF7Bm/akvWjv2sesdUkrZg7An9K+fgDwB55Y</latexit>

dN�

dt
= Cc � CaN

2
�

<latexit sha1_base64="46VrQsa9BjICD6ArdsokPfplh38="></latexit>

N�(t) =

r
Cc

Ca
tanh (

p
CcCat)
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Has this strategy been used before?
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IceCube 2111.09970
Dark matter particles 
captured in the Sun due to 
dark matter - proton 
scattering
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the best present limits. This particular effectiveness of neutrino telescopes for the spin-
dependent part comes from the the fact that the Sun is made mainly of protons. The best
region for SuperK is at low masses, given its low energy threshold, while for ANTARES,
the contrary happens, being much larger than SuperK.

Figure 1. Limits on the spin-dependent WIMP-proton scattering cross section as a function of
the WIMP mass for several channels: (top) Limits from IceCube [19,20] and SuperK [21] (figure
reproduced from [19], credit: IceCube collaboration); (bottom) Limits from ANTARES [22] and
sensitivity (for five years) for KM3NeT-ORCA [23]; limits from IceCube (3 years of data) [24],
SuperK [21] and PICO [25] are also shown (figure reproduced from [23], credit: ANTARES and
KM3NeT collaborations).

It should be mentioned that an important advantage of dark matter searches in the Sun
by neutrino telescopes is the fact that the astrophysical backgrounds are small, compared
to other indirect searches. The only relevant background at these energies would be from
the interaction of cosmic rays with the Sun’s corona [26,27], the so-called atmospheric solar
neutrinos. Therefore, a potential excess of high energy neutrinos from the Sun would be a
very clean signal of dark matter (in opposition to searches with gamma rays, cosmic rays,
etc., for which the uncertainties in astrophysical backgrounds are larger).

Other interesting searches in the Sun include those looking for secluded dark matter.
In these models, dark matter particles can be coupled to Standard Model particles through
long lived mediators than can escape from the Sun and decay into SM particles, including
muons and neutrinos, which can produce signals in neutrino telescopes. Results for these
models for the Sun can be found in [28–30].
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Various neutrino 
telescopes set the most 
stringent constraints on 
dark matter - proton 
scattering

Dark matter particle mass

= Spin-
dependent  
dark matter 
- proton  
scattering 
cross-
section
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DM
DM

e-

nucleus

e-

nucleus

Typically produces a signal of 
only one to a few electrons

RE, Mardon, Volansky, 2011

DM-electron scattering can probe    GeV

Allows transfer of O(1) amount of DM kinetic energy

Essig, Mainz 2019

Sensitive to dark matter - electron  
coupling

Search for the electron recoil in  
underground experiments  
(experiments are situated underground 
to suppress various backgrounds) 

Generally sensitive to lower dark matter masses as compared to nuclear 
scattering 

Many on-going and near future laboratory experiments are pursuing this search 
strategy, e.g., SENSEI, XENON (various versions), DarkSide-50, CDMS, 
EDELWEISS, and DAMIC 

Tremendous progress during the last few years
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Look at the Sun: muon neutrino + anti-neutrino 
interaction on nucleons and detection morphology

upgoing muon track

and the corresponding 
interaction by     

Factor of    2 energy resolution  

    5° angular resolution (worsens at 
energies     200 GeV)

Atmospheric neutrinos all over the sky are a 
major background for this search 

Using muon tracks (induced by neutrino 
interactions) to look at the Sun can suppress 
this background/ use starting events
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Atmospheric muons are also a major 
background for this search 

(i) Observation of the Sun when below the 
horizon or (ii) using only starting events/ 
DeepCore to mitigate these two backgrounds Other neutrino flavours are also 

utilised in this search strategy
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