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Introduction to  
Dark Matter
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Gravitational detection of dark matter

Begeman, Broeils & Sanders MNRAS 249 (1991) 523

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

Bullet cluster 
https://en.wikipedia.org/wiki/File:1e0657_scale.jpg

Gravitational detection of dark 
matter at various astrophysical 
scales

Dark matter accounts for 
approximately a quarter of 
the total energy density of 
the Universe 

The interaction rate of dark 
matter with light is much 
weaker than electromagnetic 
rate  

Dark matter is 
responsible for  
the large scale structure 
of the Universe
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Density of water = 1 g cm-3 Density of dark matter in this room 
= 5.35 x 10-25 g cm-3
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Dark matter candidates

Wide range in dark matter 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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Does dark matter interact with Standard  Model 
particles via non-gravitational interactions?
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https://www.quantamagazine.org/dogged-dark-matter-hunters-find-new-hiding-places-to-check-20240507/

Slide idea: Ranjini Mondol



Part 1: Dark Secrets of Baryons: Illuminating 
Dark Matter-Baryon Interactions with JWST
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arXiv: 2511.02906 (accepted in Physical Review Letters)

Souradeep Das, Ranjini Mondol, Abhijeet Singh, and Ranjan Laha



Dark Secrets of Baryons: Illuminating Dark 
Matter-Baryon Interactions with JWST
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arXiv: 2511.02906

accepted in Physical Review Letters
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JWST (James Webb Space Telescope)
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https://webbtelescope.org/contents/media/images/4188-Image

Fig. credit: NASA Webb

Sizes of telescope  
primary mirrors

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 

NIRSpec: Near  
InfraRed Spectrograph  

NIRCam: Near InfraRed Camera 

MIRI: Mid InfraRed Instrument 

NIRISS: Near InfraRed Imager 
and Slitless Spectrograph 

Four different  
instruments  
on-board: NIRSpec,  
NIRCam, MIRI, and 
NIRISS

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 
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Earliest galaxies observed
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https://webbtelescope.org/contents/media/images/01G3CFMP9ZH6A5182B7NFN46DS

https://www.esa.int/var/esa/storage/images/esa_multimedia/images/2022/07/webb_spectra_identify_galaxies_in_the_very_early_universe/24354875-2-eng-GB/Webb_spectra_identify_galaxies_in_the_very_early_Universe_pillars.png

Young (and thus hotter) stars emit 
mostly in the UV wavelengths

http://astronomy.nmsu.edu/aklypin/WebSite/Kirchhoff.pdf

These UV emissions get redshifted to 
longer wavelengths (i.e., optical and IR)

We need IR telescopes to observe the 
earliest galaxies
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A sample of the earliest galaxies 
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https://webbtelescope.org/contents/media/images/01G3CFMP9ZH6A5182B7NFN46DS

https://www.esa.int/var/esa/storage/images/esa_multimedia/images/2022/07/webb_spectra_identify_galaxies_in_the_very_early_universe/24354875-2-eng-GB/Webb_spectra_identify_galaxies_in_the_very_early_Universe_pillars.png

Slide idea: Souradeep Das

A large number of galaxies at redshifts             have been discovered by JWST
<latexit sha1_base64="6vHRUiJxlYRVOODOd/GZ7/g7r0o=">AAAB83icdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0YvHCrYWukvJptk2NNldkqxQS/+GFw+KePXPePPfmG0rqOiDgcd7M8zMC1PBtcH4wymsrK6tbxQ3S1vbO7t75f2Djk4yRVmbJiJR3ZBoJnjM2oYbwbqpYkSGgt2G48vcv71jSvMkvjGTlAWSDGMecUqMlfx75A+NdSVycb9cwVVs4XkoJ24du5Y0GvVarYHcuYVxBZZo9cvv/iChmWSxoYJo3XNxaoIpUYZTwWYlP9MsJXRMhqxnaUwk08F0fvMMnVhlgKJE2YoNmqvfJ6ZEaj2Roe2UxIz0by8X//J6mYnqwZTHaWZYTBeLokwgk6A8ADTgilEjJpYQqri9FdERUYQaG1PJhvD1KfqfdGpV16t612eV5sUyjiIcwTGcggvn0IQraEEbKKTwAE/w7GTOo/PivC5aC85y5hB+wHn7BF37kUc=</latexit>
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Dark Matter-Baryon elastic scattering
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Slide idea: Ranjini Mondol, Souradeep Das, and Abhijeet Singh

We consider dark matter particles elastically 
scattering with protons and electrons    
(cosmologically, both protons and electrons are referred to as 
baryons)

<latexit sha1_base64="GFqn8FH8TW/Tzl3o7sM6B5txP9E="></latexit>

�T
� =

Z
(1� cos ✓)

d�

d⌦
d⌦

Transfer cross-section

<latexit sha1_base64="sECyQ32GM6hf1Rv3lWzpBfxpmsg=">AAACBXicbVC7SgNBFL3rM8ZX1FKLwSBYhV2RaCMEbSwj5AXZzTI7mSRDZnaXmdlAWNLY+Cs2ForY+g92/o2TZAtNPHDhzDn3MveeIOZMadv+tlZW19Y3NnNb+e2d3b39wsFhQ0WJJLROIh7JVoAV5Sykdc00p61YUiwCTpvB8G7qN0dUKhaFNT2OqSdwP2Q9RrA2kl84cRXrC9yp+S4ZMHSD5m/fRqOOsYt2yZ4BLRMnI0XIUPULX243IomgoSYcK9V27Fh7KZaaEU4neTdRNMZkiPu0bWiIBVVeOrtigs6M0kW9SJoKNZqpvydSLJQai8B0CqwHatGbiv957UT3rr2UhXGiaUjmH/USjnSEppGgLpOUaD42BBPJzK6IDLDERJvg8iYEZ/HkZdK4KDnlUvnhsli5zeLIwTGcwjk4cAUVuIcq1IHAIzzDK7xZT9aL9W59zFtXrGzmCP7A+vwBI/iXtw==</latexit>

�T
� = �0v

n

We parametrize the transfer cross-
section as

<latexit sha1_base64="kOAs4/w+EmU3NM8dG25JjRYs+so=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49VrC20oWy2m3bpZhN2J4US+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0ZOJUM95ksYx1O6CGS6F4EwVK3k40p1EgeSsY3c781phrI2L1iJOE+xEdKBEKRtFKD2PSK1fcqjsHWSVeTiqQo9Erf3X7MUsjrpBJakzHcxP0M6pRMMmnpW5qeELZiA54x1JFI278bH7plJxZpU/CWNtSSObq74mMRsZMosB2RhSHZtmbif95nRTDaz8TKkmRK7ZYFKaSYExmb5O+0JyhnFhCmRb2VsKGVFOGNpySDcFbfnmVPF1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fkvDjvzseiteDkM8fwB87nDzysjS8=</latexit>v = relative velocity between dark 
matter and baryons



Dark Matter-Baryon elastic scattering
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Slide idea: Ranjini Mondol, Souradeep Das, and Abhijeet Singh

We consider
<latexit sha1_base64="8bfG0mxJgy1NF3GJGSlqCWj9Ds0=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRqS6LblxW6As60yGTZtrQTCYkmUIZCm78FTcuFHHrT7jzb0zbWWjrgcDhnHu5OScUjCrtON9WYW19Y3OruF3a2d3bP7APj1oqSSUmTZywRHZCpAijnDQ11Yx0hCQoDhlph6O7md8eE6lowht6IogfowGnEcVIGymwTzxFBzHqNQIPDyn0hEyETuC458DALjsVZw64StyclEGOemB/ef0EpzHhGjOkVNd1hPYzJDXFjExLXqqIQHiEBqRrKEcxUX42zzCF50bpwyiR5nEN5+rvjQzFSk3i0EzGSA/VsjcT//O6qY5u/IxykWrC8eJQlDJoUs4KgX0qCdZsYgjCkpq/QjxEEmFtaiuZEtzlyKukdVlxq5Xqw1W5dpvXUQSn4AxcABdcgxq4B3XQBBg8gmfwCt6sJ+vFerc+FqMFK985Bn9gff4AF9qXLA==</latexit>

�T
� / v0

<latexit sha1_base64="JEeOO7fQ4wS6IJ3kNfILiS7lxU4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWWmSHVZdOOyQl/QmQ6ZNG1Dk5mQZApl6MaNv+LGhSJu/Qd3/o1pOwttPRA4nHMvN+eEglGlHefbyq2tb2xu5bcLO7t7+wf24VFTxYnEpIFjFst2iBRhNCINTTUjbSEJ4iEjrXB0N/NbYyIVjaO6ngjiczSIaJ9ipI0U2KeeogOOuvXAw0MKPSFjoWM47qaX5WlgF52SMwdcJW5GiiBDLbC/vF6ME04ijRlSquM6QvspkppiRqYFL1FEIDxCA9IxNEKcKD+dp5jCc6P0YD+W5kUaztXfGyniSk14aCY50kO17M3E/7xOovs3fkojkWgS4cWhfsKgyTmrBPaoJFiziSEIS2r+CvEQSYS1Ka5gSnCXI6+SZrnkVkqVh6ti9TarIw9OwBm4AC64BlVwD2qgATB4BM/gFbxZT9aL9W59LEZzVrZzDP7A+vwBBRGYRw==</latexit>

�T
� / v�2

<latexit sha1_base64="4OlH4Mf+Up2EeMNgfgQ7II0EpH4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWVGSnVZdOOyQl/QmQ6ZNG1Dk5mQZApl6MaNv+LGhSJu/Qd3/o1pOwttPRA4nHMvN+eEglGlHefbyq2tb2xu5bcLO7t7+wf24VFTxYnEpIFjFst2iBRhNCINTTUjbSEJ4iEjrXB0N/NbYyIVjaO6ngjiczSIaJ9ipI0U2KeeogOOuvXAw0MKPSFjoWM47qaX5WlgF52SMwdcJW5GiiBDLbC/vF6ME04ijRlSquM6QvspkppiRqYFL1FEIDxCA9IxNEKcKD+dp5jCc6P0YD+W5kUaztXfGyniSk14aCY50kO17M3E/7xOovs3fkojkWgS4cWhfsKgyTmrBPaoJFiziSEIS2r+CvEQSYS1Ka5gSnCXI6+S5lXJrZQqD+Vi9TarIw9OwBm4AC64BlVwD2qgATB4BM/gFbxZT9aL9W59LEZzVrZzDP7A+vwBCBuYSQ==</latexit>

�T
� / v�4

: contact interactions; 
interactions mediated by 
a heavy particle

: electric-dipole-like 
interactions

: Coulomb-like 
interactions



How does this affect structure formation?
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Image courtesy: Ranjini Mondol



How does this affect structure formation?
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Image courtesy: Ranjini Mondol



How does this affect structure formation?
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Image courtesy: Ranjini Mondol



Linear matter power spectrum in the presence 
of dark matter - baryon interactions
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<latexit sha1_base64="2+r3rpKW7Zi37M1z4BYqtWnCI38=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgQUoiUj0WvXisYD+gCWWz3bRLN9mwO1FK6NGLf8WLB0W8+hO8+W/ctkG09cHA470ZZuYFieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GlqmirE6lkKoVEM0Ej1kdOAjWShQjUSBYMxhcjf3mHVOay/gWhgnzI9KLecgpASN17AOP9jn2TnCCPcV7fSBKyXv8o3bsklN2JsDzxM1JCeWodexPrytpGrEYqCBat10nAT8jCjgVbFT0Us0SQgekx9qGxiRi2s8mj4zwkVG6OJTKVAx4ov6eyEik9TAKTGdEoK9nvbH4n9dOIbzwMx4nKbCYTheFqcAg8TgV3OWKURBDQwhV3NyKaZ8oQsFkVzQhuLMvz5PGadmtlCs3Z6XqZR5HAe2jQ3SMXHSOquga1VAdUfSAntALerUerWfrzXqfti5Y+cwe+gPr4xt8b5hh</latexit>

� p ! � p
<latexit sha1_base64="/h87HN8qSWcLB0vIo98WLvgtjaw=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40DIjUl0W3bisYB/QGUsmzXRCM5MhuaOUoR/gxl9x40IRt36AO//G9LGorQcCh3PO5eYePxFcg23/WLml5ZXVtfx6YWNza3unuLvX0DJVlNWpFFK1fKKZ4DGrAwfBWoliJPIFa/r965HffGBKcxnfwSBhXkR6MQ84JWCkTrHk0pBj9wSz+1PsKt4LgSglH/GMblJ22R4DLxJnSkpoilqn+O12JU0jFgMVROu2YyfgZUQBp4INC26qWUJon/RY29CYREx72fiYIT4yShcHUpkXAx6rsxMZibQeRL5JRgRCPe+NxP+8dgrBpZfxOEmBxXSyKEgFBolHzeAuV4yCGBhCqOLmr5iGRBEKpr+CKcGZP3mRNM7KTqVcuT0vVa+mdeTRATpEx8hBF6iKblAN1RFFT+gFvaF369l6tT6sz0k0Z01n9tEfWF+/vJ+ZiQ==</latexit>

� e� ! � e�

<latexit sha1_base64="NrgzGsOKa83JJDVmgJCr0ZR1Gw8=">AAACG3icbZDLSgMxFIYz9VbrbdSlm2AR6qbOFKluhGJdKChU6A06tWQymTY0cyHJCGXoe7jxVdy4UMSV4MK3MdOOoK0HAj/ff06S89sho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0bCcKoTxqSSkbaISfIsxlp2cNq4rfuCRc08OtyFJKuh/o+dSlGUqGeXqrflWBheAjPYK0XW9yDVxc344Qc/QDrWl3nIFhNjZ6eN4rGpOC8MFORB2nVevqH5QQ48ogvMUNCdEwjlN0YcUkxI+OcFQkSIjxEfdJR0kceEd14stsYHijiQDfg6vgSTujviRh5Qow8W3V6SA7ErJfA/7xOJN3Tbkz9MJLEx9OH3IhBGcAkKOhQTrBkIyUQ5lT9FeIB4ghLFWdOhWDOrjwvmqWiWS6Wb4/zlfM0jizYA/ugAExwAirgEtRAA2DwAJ7AC3jVHrVn7U17n7ZmtHRmF/wp7fMbcNSdXQ==</latexit>

T 2(k) = PIDM(k)/P⇤CDM(k)
<latexit sha1_base64="mYxxd5ZwuRq+0iBVFRnbVTV20xU=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlCUmFCmMFC2OR6ENq0shx3daq7US2g1RF+QsWfoWFAYRYYeNvcB8DtBzJ0tE55+r6nihhVGnX/bZWVtfWNzYLW8Xtnd29ffvgsKniVGLSwDGLZTtCijAqSENTzUg7kQTxiJFWNLqZ+K0HIhWNxb0eJyTgaCBon2KkjRTaTuZLDlk8yMPMc3NY9hUdcBSKbubjIYVJfg6nEczzbuUstEuu404Bl4k3JyUwRz20v/xejFNOhMYMKdXx3EQHGZKaYkbyop8qkiA8QgPSMVQgTlSQTe/K4alRerAfS/OEhlP190SGuFJjHpkkR3qoFr2J+J/XSXX/KsioSFJNBJ4t6qcM6hhOSoI9KgnWbGwIwpKav0I8RBJhbaosmhK8xZOXSbPieFWnendRql3P6yiAY3ACysADl6AGbkEdNAAGj+AZvII368l6sd6tj1l0xZrPHIE/sD5/AJrLnvI=</latexit>

log10(�
�p
n /cm2)

<latexit sha1_base64="EkLvKsq2naWzBL0I7Durxk54Hsw=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlCUmFCmMFC2OR6ENq0shx3daq7US2g1RF+QsWfoWFAYRYYeNvcB8DtBzJ0tE55+r6nihhVGnX/bZWVtfWNzYLW8Xtnd29ffvgsKniVGLSwDGLZTtCijAqSENTzUg7kQTxiJFWNLqZ+K0HIhWNxb0eJyTgaCBon2KkjRTaTuZLDlk8yMPMc3NY9hUdcBSKbubjIYUkP4fTCOZ5t3IW2iXXcaeAy8SbkxKYox7aX34vxiknQmOGlOp4bqKDDElNMSN50U8VSRAeoQHpGCoQJyrIpnfl8NQoPdiPpXlCw6n6eyJDXKkxj0ySIz1Ui95E/M/rpLp/FWRUJKkmAs8W9VMGdQwnJcEelQRrNjYEYUnNXyEeIomwNlUWTQne4snLpFlxvKpTvbso1a7ndRTAMTgBZeCBS1ADt6AOGgCDR/AMXsGb9WS9WO/Wxyy6Ys1njsAfWJ8/iYWe5w==</latexit>

log10(�
�e
n /cm2)

<latexit sha1_base64="ecrXJM9XZhqv3fDkbj017Y+UrMI=">AAACJ3icbZBdSwJBFIZn7cvsy+qymyEJutBlVxe1oJC66dIgP8AVmR1HHZydXWZmAxH/TTf9lW6CiqjL/kmjLlHaCwMvzzmHM+f1QkalsqxPI7Gyura+kdxMbW3v7O6l9w/qMogEJjUcsEA0PSQJo5zUFFWMNENBkO8x0vCG19N6454ISQN+p0Yhafuoz2mPYqQ06qQvObyA1jl0s242ly+Zzhl03dQU5vIxLRRMp/xDoRNjxzILhU46Y5nWTHDZ2LHJgFjVTvrF7QY48glXmCEpW7YVqvYYCUUxI5OUG0kSIjxEfdLSliOfyPZ4ducEnmjShb1A6McVnNHfE2PkSznyPd3pIzWQi7Up/K/WilSv3B5THkaKcDxf1IsYVAGchga7VBCs2EgbhAXVf4V4gATCSkeb0iHYiycvm3retItm8dbJVK7iOJLgCByDU2CDEqiAG1AFNYDBA3gCr+DNeDSejXfjY96aMOKZQ/BHxtc3X6+ceA==</latexit>

n = 0 : �27.49

n = �2 : �33.48

n = �4 : �40.33

Das, Mondol, Singh,  
and Laha, 2511.02906

Das, Mondol, Singh,  
and Laha, 2511.02906

<latexit sha1_base64="AWfZZVljdy4HeRVSBytMMzpBj4U=">AAACJ3icbZBdSwJBFIZn7cvsy+qymyEJutBl10wlKKRuujTID3BFZsdRB2dnl5nZQMR/001/pZugIuqyf9KsblTaCwMvzzmHM+d1A0alsqwPI7G0vLK6llxPbWxube+kd/fq0g8FJjXsM180XSQJo5zUFFWMNANBkOcy0nCHV1G9cUeEpD6/VaOAtD3U57RHMVIaddIXHJ5D6ww6WSeby5fMcgE6TiqCuXxMT2zT/qGw8I1PzUK+k85YpjUVXDR2bDIgVrWTfna6Pg49whVmSMqWbQWqPUZCUczIJOWEkgQID1GftLTlyCOyPZ7eOYFHmnRhzxf6cQWn9PfEGHlSjjxXd3pIDeR8LYL/1Vqh6pXbY8qDUBGOZ4t6IYPKh1FosEsFwYqNtEFYUP1XiAdIIKx0tCkdgj1/8qKp5027aBZvCpnKZRxHEhyAQ3AMbFACFXANqqAGMLgHj+AFvBoPxpPxZrzPWhNGPLMP/sj4/AJVopxy</latexit>

n = 0 : �27.84

n = �2 : �31.14

n = �4 : �35.42

<latexit sha1_base64="Z7A6FzlhS9ZUpDxQzHD4OxY62sU=">AAAB+XicbVDLSsNAFL3xWeMr6tLNYBFclUSkuiy6EVcV+4ImlMl02g6dTMLMpFBC/8SNC0Xc+ifu/BsnbRbaemAuh3Pu5d45YcKZ0q77ba2tb2xubZd27N29/YND5+i4peJUEtokMY9lJ8SKciZoUzPNaSeRFEchp+1wfJf77QmVisWioacJDSI8FGzACNZG6jnOA/J9u52Xp7w0ek7ZrbhzoFXiFaQMBeo958vvxySNqNCEY6W6npvoIMNSM8LpzPZTRRNMxnhIu4YKHFEVZPPLZ+jcKH00iKV5QqO5+nsiw5FS0yg0nRHWI7Xs5eJ/XjfVg5sgYyJJNRVksWiQcqRjlMeA+kxSovnUEEwkM7ciMsISE23Csk0I3vKXV0nrsuJVK9XHq3LttoijBKdwBhfgwTXU4B7q0AQCE3iGV3izMuvFerc+Fq1rVjFzAn9gff4A6LiRRA==</latexit>
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<latexit sha1_base64="Z7A6FzlhS9ZUpDxQzHD4OxY62sU=">AAAB+XicbVDLSsNAFL3xWeMr6tLNYBFclUSkuiy6EVcV+4ImlMl02g6dTMLMpFBC/8SNC0Xc+ifu/BsnbRbaemAuh3Pu5d45YcKZ0q77ba2tb2xubZd27N29/YND5+i4peJUEtokMY9lJ8SKciZoUzPNaSeRFEchp+1wfJf77QmVisWioacJDSI8FGzACNZG6jnOA/J9u52Xp7w0ek7ZrbhzoFXiFaQMBeo958vvxySNqNCEY6W6npvoIMNSM8LpzPZTRRNMxnhIu4YKHFEVZPPLZ+jcKH00iKV5QqO5+nsiw5FS0yg0nRHWI7Xs5eJ/XjfVg5sgYyJJNRVksWiQcqRjlMeA+kxSovnUEEwkM7ciMsISE23Csk0I3vKXV0nrsuJVK9XHq3LttoijBKdwBhfgwTXU4B7q0AQCE3iGV3izMuvFerc+Fq1rVjFzAn9gff4A6LiRRA==</latexit>
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T
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Halo mass function
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Image courtesy: Souradeep Das

Dark matter - 
baryon 
interactions 
mainly 
suppresses 
low-mass halos

Larger cross-
sections imply 
a higher 
suppression

Do we have a new probe of this suppression 
and consequently probe dark matter - 
baryon scattering cross-section?



UV Luminosity Function
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Harikane et al., 2406.18352

UV Luminosity Function 
(UVLF) quantifies the 
number of galaxies per 
unit volume per unit 
interval of        at 
various redshifts
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dn = �UV(MUV, z) dMUV

Spectroscopic redshifts are 
very well known; photometric 
redshifts have larger 
uncertainties
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UVLF measurements disagree with 
theoretically calculated 
predictions due to dark matter - 
baryon interactions
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We derive the strongest 
constraints on dark matter - 
proton scattering for                      
using the data from 40 
spectroscopically confirmed 
galaxies 
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Our results for the dark matter - 
electron scattering for                      
is better than that obtained from 
CMB + BAO, and it will improve 
with discovery of more galaxies at 
these high redshifts
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Part 2: Dive deeper with SUBMARINE: SUB-MeV 
dArk matter diRect detectIon using bilayer 

grapheNE
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Dark matter - electron scattering

24

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



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
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Dark matter particle mass
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These upper limits assume the Standard Halo Model 
of dark matter velocity distribution 



Dark matter - electron scattering
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• How do we probe lighter dark matter particle masses?

Ranjan Laha
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Energy deposition from dark matter scattering
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• In order to probe dark matter particles with masses            , we need to use 
materials which are potentially sensitive to                   energy deposition 
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Slide idea: Rinchen Sherpa and Anuvab Sarkar



Our choice of material: bilayer graphene
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are hopping parameters



Our choice of material: bilayer graphene

29Ranjan Laha

Figure 2. Band structure of bilayer graphene near the K or K0 points: without any external electric field (left) and with an
external electric field (right) inducing on-site energy di↵erences of U = 100meV. The dashed line represents the Fermi energy.
The band structure near the Fermi energy is magnified on the right. Here, |U | indicates the energy di↵erence between the two
bands labeled by c1 and v1 at the K or K0 point, and Eg represents the band gap.

Here, q0 = ↵me is a reference momentum, m� is the
mediator mass, and ge, g� are the couplings of the medi-
ator with electron and DM, respectively. As mentioned
in section II, we will compute the BLG response function
assuming the isotropic approximation which is not valid
for large q and !. Hence in this paper, we will always
assume a massless mediator, i.e. q � m�.

The function g(q, !, t) is the only time-varying quan-
tity in eq.(4) and contains the directional information of
the scattering rate. It is obtained by integrating the DM
velocity distribution, which is assumed to be Maxwellian
with a mean velocity v0 = 230 km s�1 and cut o↵ at the
local galactic escape velocity vesc. A minimum velocity
v� is taken for a certain q and ! [75, 76],
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Here N0 is the normalization constant of the truncated
Maxwell distribution
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and vlab(t) is the time-dependent velocity of the labora-
tory on the Earth in the galactic frame,

vlab(t) = |vE |

0

@
sin ✓e sin�

sin ✓e cos ✓e(cos� � 1)
cos2 ✓e + sin2 ✓e cos�

1

A , (8)

with � = 2⇡ ⇥ (t/24 h), ✓e = 42�, and |vE | = 240 km s�1.
All directional information of the DM flux is included in
v�(q, t).

The dynamic structure factor S(q, !) can be com-
puted in terms of the dielectric function "(q, !) using

the fluctuation-dissipation theorem as long as the DM-
electron interaction is weak [63–65]. We describe this
method in the next section.

B. Calculation of the dynamic structure factor

Equation (4) above needs to be modified appropriately
as we are going to use BLG in this study, which is a 2D
material. The dynamic structure factor encodes the in-
formation of the correlation of the density fluctuations
in a system at a momentum q and energy !. It can
be expressed using the electron density operator as the
Fourier transform of the density-density correlation func-
tion [78, 79], i.e.

S(q, !) =
1

V

Z
dte

i!t
hn̂(q, t)n̂(�q, 0)i . (9)

Here, n̂(q, t) is the electron density operator at a momen-
tum q and time t:

n̂(q, t) =

Z
d
3
r e

�iq·r
n̂(r, t) , (10)

where n̂(r, t) is the electron density operator in real
space. For 2D materials like BLG, the electron density is
confined to the 2D space (near rz = 0). We can assume
that n̂(r, t) can be separated into the material’s in-plane
(rx, ry) and out-of-plane (rz) components. Then the elec-
tron density operator can be written as

n̂(r, t) = n̂2D(rk, t)


1

d
⇥(d/2 � |rz|)

�
. (11)

Here, we make the assumption that the electron density
remains constant between the two layers of BLG, defined
within the range �d/2 < rz < d/2, where d = 3.35 Å rep-
resents the interlayer distance. The spatial coordinates

4

• Applying a voltage,   , between the two layers opens up a band gap,     , between 
the valence band and the conduction band
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Eg

• By varying the potential, one can change the band gap and this can be used to 
differentiate the signal from background

Sherpa, Sarkar, Maity, Dutta, Laha, and Das  
arXiv: 2604.21969
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S(q,!)= dynamic structure factor, informs us about how the material responds to a 
momentum    and energy    .  It depends on the electron density in the  
material
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Sherpa, Sarkar, Maity, Dutta, Laha, and Das  
arXiv: 2604.21969
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Projected sensitivity of DM-electron scattering cross section in bilayer graphene 
for two applied voltages U = 50 meV (blue) and U = 100 meV (red) assuming an 
exposure of 3 events in 50 mg-yr and 0.5 mg-yr

Sherpa, Sarkar, Maity, Dutta, Laha, and Das  
arXiv: 2604.21969

One can probe new parts of the parameter space with an exposure of 0.5 mg-yr



My connection with CCAPP

I was a Ph.D. student in the Ohio State University from 2009 to 2014, working 
with Prof. John F. Beacom 

I work on various topics in theoretical astroparticle physics, astrophysics, 
cosmology, and particle physics.  Majority of the time, I think about dark 
matter, neutrinos, gamma-rays, cosmic-rays, beyond the Standard Model 
physics, gravitational waves, etc. 

Other CCAPP folks with whom I collaborated: Basudeb Dasgupta, Kenny C. Y. Ng, 
Shunsaku Horiuchi, Kohta Murase, Sheldon Campbell, Eric G. Speckhard, 
Matthew D. Kistler, and Bei Zhou 

During my Ph.D., we worked on a number of topics in dark matter, high-energy 
astrophysical neutrinos, and supernova neutrinos 
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My connection with CCAPP

The wide variety of science topics pursued in CCAPP helped me to work in these 
topics and learn even more research areas 

Both theoretical and experimental efforts in various topics helped me 

I made life-long friends and collaborators 

Not only did my science improve, I improved as a human being during my time in 
CCAPP 

Last two decades have been great for CCAPP, here’s wishing for even more 
success in the upcoming decades 

Currently, I am an Assistant Professor at the Centre for High Energy Physics 
(CHEP), Indian Institute of Science (IISc), Bengaluru, India; please visit us. 
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Conclusions
Searching for beyond the Standard Model in cosmology and particle physics is 
one of the major avenues of research 

I discussed two different ideas to explore this research area: 

(i) We demonstrated that JWST observations can set the most stringent and 
competitive constraints on a variety of particle physics models of dark matter - 
baryon interactions 

(ii) We demonstrated that bilayer graphene will be an excellent probe of sub-
MeV dark matter particles scattering with electrons 

Best wishes to CCAPP

Questions & comments: ranjanlaha@iisc.ac.in
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JWST (James Webb Space Telescope)
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Fig. credit: NASA Webb

Sizes of telescope  
primary mirrors

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 

NIRSpec: Near InfraRed Spectrograph  

NIRCam: Near InfraRed Camera 

MIRI: Mid InfraRed Instrument 

NIRISS: Near InfraRed Imager and Slitless Spectrograph

Four different instruments on-board: NIRSpec, NIRCam, 
MIRI, and NIRISS

Fig. credit: NASA Webb
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We assume that dark matter consists of a single particle and 100% of 
it is interacting with baryons

We model the dark matter and baryons as a fluid

Image courtesy: Souradeep Das
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dot represents derivative w.r.t. conformal time

<latexit sha1_base64="3t3ADTd+ojbZ1jK8IS2ClSw8viA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHVZdOOygn1AZyiZNNOGZjIxyRTK0O9w40IRt36MO//GtJ2Fth7uhcM595KbE0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaFNkvBEdUKsKWeCNg0znHakojgOOW2Ho7uZ3x5TpVkiHs1E0iDGA8EiRrCxUuDLIbtAvi2pWa9ccavuHGiVeDmpQI5Gr/zl9xOSxlQYwrHWXc+VJsiwMoxwOi35qaYSkxEe0K6lAsdUB9n86Ck6s0ofRYmyLQyaq783MhxrPYlDOxljM9TL3kz8z+umJroJMiZkaqggi4eilCOToFkCqM8UJYZPLMFEMXsrIkOsMDE2p5INwVv+8ippXVa9WrX2cFWp3+ZxFOEETuEcPLiGOtxDA5pA4Ame4RXenLHz4rw7H4vRgpPvHMMfOJ8/bweRQA==</latexit>

�,  = metric perturbations in the 
conformal Newtonian gauge
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k = wavenumber of 
perturbations
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aH = conformal Hubble 
parameter
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R��b / �T
�

= conformal momentum-
exchange rate due to 
dark matter - baryon 
interactions
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We model the dark matter and baryons as a fluid
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Ṫb = �2aHTb + 2R0
b��(T� � Tb) + 2R0

b��(T� � Tb)

Momentum and heat is exchanged between dark matter and baryons

These modified cosmological perturbation equations are solved using 
the class_dmb code, which is a modified version of CLASS (Cosmic 
Linear Anisotropy Solving System), and one obtains the linear matter 
power spectrum
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R0
��b / R��b

<latexit sha1_base64="KU76LokNRYbmS7C1VP97FMLXrZw=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCGHZFomXQxjKKUSG7LHcns8ngPJaZWSEs+Qgbf8XGQhFbCzv/xklM4evAwOGce7lzTppzZmwQfHhT0zOzc/OVheri0vLKqr+2fmlUoQltE8WVvk7BUM4kbVtmOb3ONQWRcnqV3pyM/Ktbqg1T8sIOchoL6EmWMQLWSYm/e56UKd7DUQ+EgCGOcq1yq3BkWE9AUkZa4Iu+EkbJYeLXgnowBv5LwgmpoQlaif8edRUpBJWWcDCmEwa5jUvQlhFOh9WoMDQHcgM92nFUgqAmLsehhnjbKV2cKe2etHisft8oQRgzEKmbFGD75rc3Ev/zOoXNjuKSybywVJKvQ1nBsUs9agh3mabE8oEjQDRzf8WkDxqIdT1WXQnh78h/yeV+PWzUG2cHtebxpI4K2kRbaAeF6BA10SlqoTYi6A49oCf07N17j96L9/o1OuVNdjbQD3hvn3UGnoI=</latexit>

Rb�� / �Thomson
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<latexit sha1_base64="0FNDXY9CbOi7RThZfkcTPnQsN+U="></latexit>
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d logMh
(z) = Mh
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h

f(�(Mh))

�����
d ln�
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�����
<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n = number density of halos with mass       at redshift  <latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

<latexit sha1_base64="p4SFUP/+GQSnSmXS4ZqIY3ELx10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7o3654lbdOchf4uWkAjka/fJnbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyYpUBCWNlSxoyV39OZDTSehIFtjOiZqSXvZn4n9dNTXjpZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2//Je0zqperVq7O6/Ur/I4inAEx3AKHlxAHW6gAU1gMIQneIFXRzjPzpvzvmgtOPnMIfyC8/ENIRyNtw==</latexit>

Mh

<latexit sha1_base64="SnxGMfWjDXfi1qd0CMdwOVsAhag=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNgViR6DXjxGMA9MljA7mU2GzGOZmRXCkr/w4kERr/6NN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ302NVD1cvEuT/plcp+xZ8BLZMgJ2XIUe+Vvrp9RVJBpSUcG9MJ/MSGGdaWEU4nxW5qaILJCA9ox1GJBTVhNrt4gk6d0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4OsyYTFJLJZkvilOOrELT91GfaUosHzuCiWbuVkSGWGNiXUhFF0Kw+PIyaV5Ugmqlen9Zrt3kcRTgGE7gDAK4ghrcQR0aQEDCM7zCm2e8F+/d+5i3rnj5zBH8gff5A0kIkK4=</latexit>⇢m,0 = co-moving matter density
<latexit sha1_base64="YN8lxxMYBTwzHLnHwUDrOLDsOlc="></latexit>

�2(R) =
1

2⇡2

Z 1

0
dk k2 W 2(kR)P (k)= variance of the smoothed 

density contrast within a sphere 
of radius

<latexit sha1_base64="gA+KaQ8q4BwMGmTB+QI+KZDk2aQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALAzjOE=</latexit>

R
<latexit sha1_base64="SYhkP2epr0QHGvQ3B7cBY4FU7k0=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1Bj0SvXhE4wIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkteujh/O++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE177GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpaFzW3XqvfX1YaN3kcRTiBU6iCC1fQgDtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwDntY4c</latexit>

W (kR)= Fourier transform of a window function, called kernel or 
filter function

<latexit sha1_base64="7oTX5qEu0mFdnx8j2lXqtGqwvXs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCye3c7zxRpVkkH8w0pr7AI8lCRrCx0mNY7Ws2Evh8UK64NTcDWiVeTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUslFlT7aXbwDJ1ZZYjCSNmSBmXq74kUC62nIrCdApuxXvbm4n9eLzHhtZ8yGSeGSrJYFCYcmQjNv0dDpigxfGoJJorZWxEZY4WJsRmVbAje8surpH1R8+q1+v1lpXGTx1GEEziFKnhwBQ24gya0gICAZ3iFN0c5L86787FoLTj5zDH8gfP5AyrwkAM=</latexit>

f(�)= fitting function

Extended Press-Schechter formalism in order to have a statistical 
measure of the halo mass distribution
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JWST (James Webb Space Telescope)
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https://webbtelescope.org/contents/media/images/4188-Image

https://webbtelescope.org/contents/media/images/4188-Image

JWST is an infra-red telescope covering wavelengths 600 nm to 28500 nm



James Webb Space Telescope
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UV Luminosity Function
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UVLF 
measurements 
have been 
conducted in 
various 
redshifts 
using JWST 
observationsHarikane et al., 2406.18352
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Naidu et al., 2505.11263

Highest redshift galaxy MoM-z14
<latexit sha1_base64="pdTgBeTc/g71xrAOXak1QX8x/BU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgKiQlVDdC0Y3LCvYBTQiT6aQdOpOEmYlQQ1du/BU3LhRx6ze482+ctllo64HLPZxzLzP3hCmjUtn2t1FaWV1b3yhvVra2d3b3zP2DtkwygUkLJywR3RBJwmhMWooqRrqpIIiHjHTC0fXU79wTIWkS36lxSnyOBjGNKEZKS4F5/BDknuBQpgRP4CV0XMt1oZdyaFt2LTCrus0Al4lTkCoo0AzML6+f4IyTWGGGpOw5dqr8HAlFMSOTipdJkiI8QgPS0zRGnEg/n50xgada6cMoEbpiBWfq740ccSnHPNSTHKmhXPSm4n9eL1PRhZ/TOM0UifH8oShjUCVwmgnsU0GwYmNNEBZU/xXiIRIIK51cRYfgLJ68TNo1y6lb9Vu32rgq4iiDI3ACzoADzkED3IAmaAEMHsEzeAVvxpPxYrwbH/PRklHsHII/MD5/ADFelmA=</latexit>

zspec = 14.44± 0.02

Second highest redshift galaxy JADES-GS-z14-0
<latexit sha1_base64="wM3b2RldLKLF270QuUCvOgQBsMA=">AAACCnicbZDLSgMxFIYzXmu9jbp0Ey2Cq2FGSqsLoejGZQV7gc4wZNK0DU0yQ5IR6tC1G1/FjQtF3PoE7nwb03YW2vpD4OM/53By/ihhVGnX/baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtCijAqSENTzUg7kQTxiJFWNLye1Fv3RCoaizs9SkjAUV/QHsVIGyu0jx7CzJccqoTgMbyEXtnxqhcV6Cccuo7rutXQLk3BCC6Cl0MJ5KqH9pffjXHKidCYIaU6npvoIENSU8zIuOiniiQID1GfdAwKxIkKsukpY3hinC7sxdI8oeHU/T2RIa7UiEemkyM9UPO1iflfrZPq3nmQUZGkmgg8W9RLGdQxnOQCu1QSrNnIAMKSmr9CPEASYW3SK5oQvPmTF6F55ngVp3JbLtWu8jgK4BAcg1PggSqogRtQBw2AwSN4Bq/gzXqyXqx362PWumTlMwfgj6zPHyqZl1w=</latexit>

zspec = 14.1796± 0.0007Carniani et al., 2409.20533



Conclusions for part 1
• JWST has opened up a new infra-red view of our Universe

• Given its leading sensitivity, one can try to conduct searches for dark matter 
using its observations

• A major result from various JWST observations is the discovery of numerous 
bright galaxies at high redshifts

• A significant dark matter - baryon interactions will suppress the production 
of galaxies at high redshifts

• Using UV luminosity function derived from JWST data-set, we derive the leading/ 
competitive constraints on dark matter - baryons interactions for a variety of particle 
physics models

Das, Mondol, Singh, and Laha, 
arXiv: 2511.02906
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Dark matter - electron scattering
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Dark matter - electron scattering  
in bi-layer graphene
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Dark matter scattering in bi-layer graphene
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Recoil spectrum of electrons in bi-layer 
graphene due to dark matter scattering.  
The three lines represent various dark 
matter masses.  The energy threshold in 
these two plots is 100 meV.  These plots 
assume a mass-less mediator and a massive 
mediator.   
The dark matter - electron scattering 
cross-section is  

Sherpa, Sarkar, Maity, Dutta, Laha, and Das (in preparation)

<latexit sha1_base64="vm5JGNCns7rogMFGJ5fWgkRUT+c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoQktSpXYjFN24rGAf0KRhMp22Q2eSMDMRSsgvuPFX3LhQxK07d/6N0zYLbT1w4XDOvdx7jx8xKpVlfRu5ldW19Y38ZmFre2d3z9w/aMkwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbH99M/fYDEZKGwb2aRMTlaBjQAcVIackzS46kQ468xMEjCkkKr6Bt9ZKz81oKnVOYOIJDzNNexTOLVtmaAS4TOyNFkKHhmV9OP8QxJ4HCDEnZta1IuQkSimJG0oITSxIhPEZD0tU0QJxIN5l9lMITrfThIBS6AgVn6u+JBHEpJ9zXnRypkVz0puJ/XjdWg5qb0CCKFQnwfNEgZlCFcBoP7FNBsGITTRAWVN8K8QgJhJUOsaBDsBdfXiatStmulqt3F8X6dRZHHhyBY1ACNrgEdXALGqAJMHgEz+AVvBlPxovxbnzMW3NGNnMI/sD4/AFC65tm</latexit>

��e = 10�38 cm2



How does the Milky Way form?
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• Structure formation in    CDM (cold dark matter) cosmology is bottom up
<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

⇤

OR ?

Lisanti “GGI tea breaks’ seminars”

Steady state

Slide idea: Tarak Nath Maity

Galactic archaeology
Non-steady  
state
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Dark matter - electron scattering
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See Bloch et al., 2006.14521 JHEP 
Maity and Laha 2208.14471 JHEP

•  We know that dark matter moves inside the Milky Way with a typical velocity 

•  But, what is the velocity distribution of dark matter?  It depends on the Milky 
Way formation history  

•  Typically, we assume that the velocity distribution of dark matter follows the 
Maxwell-Boltzmann distribution (also called Standard Halo Model)

<latexit sha1_base64="FSj/vcXKt4lx5hVTFLjvqrwyAd0=">AAACC3icbZC7TsMwFIYdrqXcAowsViskhlIlFSqMFSyMRaIXqQmV47qtVduJbAepirKz8CosDCDEyguw8Ta4aQZo+SVLn/5zjo7PH0SMKu0439bK6tr6xmZhq7i9s7u3bx8ctlUYS0xaOGSh7AZIEUYFaWmqGelGkiAeMNIJJtezeueBSEVDcaenEfE5Ggk6pBhpY/Xtkqcoh7WaA70KTDzJ4YSnXiUjld4nZ27at8tO1ckEl8 HNoQxyNfv2lzcIccyJ0JghpXquE2k/QVJTzEha9GJFIoQnaER6BgXiRPlJdksKT4wzgMNQmic0zNzfEwniSk15YDo50mO1WJuZ/9V6sR5e+gkVUayJwPNFw5hBHcJZMHBAJcGaTQ0gLKn5K8RjJBHWJr6iCcFdPHkZ2rWqW6/Wb8/Ljas8jgI4BiVwClxwARrgBjRBC2DwCJ7BK3iznqwX6936mLeuWPnMEfgj6/MHSFuZWA==</latexit>

⇠ 220 km s�1

<latexit sha1_base64="eY6bybNd/ehCndMvFKx9fMa841c="></latexit>

fMB
gal (v) / exp

✓
� |v|2

2�2
v

◆
⇥(vesc � |v|)

where 
<latexit sha1_base64="pnrbAMBoiOCxivQrKHjzvvV49vw=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARXGhJRKvLohuXFewFmhgm00k7dCYJM5NiCXkNN76KGxeKuNSVb+O0DaKtPwx8/OcczpzfjxmVyrK+jMLC4tLySnG1tLa+sbllbu80ZZQITBo4YpFo+0gSRkPSUFQx0o4FQdxnpOUPrsb11pAISaPwVo1i4nLUC2lAMVLa8kzLkbTHkTeEDopjEd1D+6wKnSOYOoLDAc9+WGZ36bGdeWbZqlgTwXmwcyiDXHXP/HC6EU44CRVmSMqObcXKTZFQFDOSlZxEkhjhAeqRjsYQcSLddHJZBg+004VBJPQLFZy4vydSxKUccV93cqT6crY2Nv+rdRIVXLgpDeNEkRBPFwUJgyqC45hglwqCFRtpQFhQ/VeI+0ggrHSYJR2CPXvyPDRPKna1Ur05Ldcu8ziKYA/sg0Ngg3NQA9egDhoAgwfwBF7Aq/FoPBtvxvu0tWDkM7vgj4zPb7Pent8=</latexit>

�v ⇡ 156 km s�1

• How does different velocity distributions affect dark matter - electron 
scattering in bi-layer graphene?

• How do we probe dark matter velocity distribution using dark matter - electron 
scattering in bi-layer graphene?



Dark matter scattering in bi-layer graphene
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Using results from the DREAMS simulation suite, we study the effect of the 
uncertainty in the dark matter velocity on the projected sensitivity of DM-
electron scattering cross section in bi-layer graphene for two applied voltages U = 
50 meV (blue) and U = 100 meV (red) assuming an exposure of 3 events in 50 mg-
yr

Sherpa, Sarkar, Maity, Dutta, Laha, and Das 
(in preparation)
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PDG 2024

How do we probe             more precisely or in newer regimes or answer outstanding 
questions about it? 

<latexit sha1_base64="TLfSpkXTI0UqKLDIMHRT46V3F8Q=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIVJfFunChUME+oDOUTCbThiaZIckoZeynuHGhiFu/xJ1/Y9rOQlsPBA7nnMu9OUHCqNKO820VVlbX1jeKm6Wt7Z3dPbu831ZxKjFp4ZjFshsgRRgVpKWpZqSbSIJ4wEgnGDWmfueBSEVjca/HCfE5GggaUYy0kfp22bsx4RDBzJMcNq5uJ3274lSdGeAycXNSATmaffvLC2OcciI0Zkipnusk2s+Q1BQzMil5qSIJwiM0ID1DBeJE+dns9Ak8NkoIo1iaJzScqb8nMsSVGvPAJDnSQ7XoTcX/vF6qows/oyJJNRF4vihKGdQxnPYAQyoJ1mxsCMKSmlshHiKJsDZtlUwJ7uKXl0n7tOrWqrW7s0r9Mq+jCA7BETgBLjgHdXANmqAFMHgEz+AVvFlP1ov1bn3MowUrnzkAf2B9/gAZcpNE</latexit>

⇤CDM

This region is not probed at all (before 2022) 
 Do we have new data regarding this region?

Discover the earliest galaxies observable and 
answer fundamental questions about particle 
physics and astrophysics/ cosmology



Linear matter power spectrum
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<latexit sha1_base64="qEC8cEPLg/LvjH3IDsHwNyIE9YY="></latexit>

h�(k)�⇤(k0)i ⌘ (2⇡)3�(k� k0)P (k)
<latexit sha1_base64="tMuNu7HmD0LBjThzx/5+B2MX0KE=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQQequSPVY9OKxgv2B7lKyabYNTbIhyYpl6QN48VW8eFDEqw/gzbcxbfegrQOBYWa+JN+EklFtXPfbyS0tr6yu5dcLG5tb2zvF3b2mjhOFSQPHLFbtEGnCqCANQw0jbakI4iEjrXB4PfFb90RpGos7M5Ik4KgvaEQxMlbqFktD6CMpVfwAvdNy6isOGRF9M4D+CdQYMTI+tim34k4BF4mXkRLIUO8Wv/xejBNOhMEMad3xXGmCFClDsb2w4CeaSISHqE86lgrEiQ7S6TJjeGSVHoxiZY8wcKr+nkgR13rEQ5vkyAz0vDcR//M6iYkug5QKmRgi8OyhKGHQxHDSDOxRRbBhI0sQVtT+FeIBUggb21/BluDNr7xImmcVr1qp3p6XaldZHXlwAA5BGXjgAtTADaiDBsDgETyDV/DmPDkvzrvzMYvmnGxmH/yB8/kDiGKaCw==</latexit>

k ⇡ 1/(length scale)

Some details taken from 
Souradeep Das’ and Abhijeet 
Singh’s slides

Quantifies the strength of density fluctuations at a given scale

Gilman et al., 2112.03293
A large number of 
cosmological 
observables have 
been used to probe 
the linear matter 
power spectrum 

Ranjan Laha



From Halo mass to UV Luminosity Function
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Slide courtesy: Souradeep Das



Results
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We derive the competitive  
constraints on dark matter - 
electron scattering cross-sections 
for a variety of velocity-
dependencies using the data from 
40 spectroscopically confirmed 
galaxies 
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Upcoming observations will 
discover more galaxies at higher 
redshifts, thus it will significantly 
strengthen our results


