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Dark matter in the universe
Mounting evidence suggests that the majority of 

pressure-less matter in the universe is not 
baryonic in nature
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Despite the dark matter gravitational impact being 
well measured, its nature remains a mystery 
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Dark matter in the universe
• Produced sufficiently non-relativistically, i.e. cold

• Stable or sufficiently long-lived 
• Smoothly distributed at cosmological scales

• Sufficiently heavy, to behave “classically” in astrophysical systems

• Dark and dissipationless, i.e. weak e.m. interactions

• Not very much interacting with other particles, i.e. not very collisional

Audren+ JCAP'14; Poulin+ JCAP’16

Tremaine & Gunn PRL 1979

Wilkinson+ JCAP'14

Kaplinghat+ PRL'16

Dark matter must be 
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• Is there cosmic evidence to go beyond the cold and collisionless paradigm? 

•How is dark matter produced in the early universe, and how does this connect to late universe 

observables? 

• Is dark matter a particle and fundamentally wave-like or particle-like?

• Is there a dark sector containing other new particles and/or forces? Does dark matter have 

important self-interactions? 
Snowmass Cosmic Frontier; Snowmass Astro&Cosmo Probes of DM; EuCAPT White Paper

Dark matter must be 

Open questions

https://arxiv.org/pdf/2211.09978.pdf
arXiv:2203.06380v1
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What cosmic probes can still tell us?
Simple cosmological model containing stable, non-relativistic, collisionless, cold dark matter

Fundamental properties of dark matter can leave an imprint on the macroscopic 
distribution of dark matter, breaking the CDM paradigm at small scales

What can we learn about DM?  
• Warmer (i.e., not non-relativistic) during 

structure formation

• Not collision-less, i.e. self-interacting 

• Wavelike rather than particle-like

• Produced during non-trivial phase transitions in 

the early universe

• Non-particle nature

Bullock & Boylan-Kolchin ARAA’17 

Snowmass Cosmic Frontier

Challenge TH: Disentangling dark matter physics from baryon physics      theoretical/numerical developments required 

https://arxiv.org/pdf/2211.09978.pdf
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What cosmic probes can still tell us?
Simple cosmological model containing stable, non-relativistic, collisionless, cold dark matter

Fundamental properties of dark matter can leave an imprint on the macroscopic 
distribution of dark matter, breaking the CDM paradigm at small scales

Snowmass Cosmic Frontier

Which observables?  
• Matter power spectrum

• Mass spectrum, distribution, and density 

profiles of dark matter halos

• Abundance of compact objects

Within the reach of up-coming large 
cosmic surveys (LSST,DESI,Euclid)

Rubin/DESI

Spec-S5

Gravitational effects

https://arxiv.org/pdf/2211.09978.pdf


Dark matter landscape
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Vast parameter space in mass and interaction strength
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µeV
<latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit>

MeV
<latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit>

GeV
<latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit>

10�16 M�
<latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit>

102 TeV
<latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit>
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Vast parameter space in mass and interaction strength

Dark matter landscape

7

Dark matter behaves “classically" Dark matter “lighter” than halo mass

m & 10�22 eV (v ⇠ 100 km/s)

If bosonic, from confinement in dwarf galaxies 

10�19 eV
<latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit>

0.1 eV
<latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit>

keV
<latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit>

103 M�
<latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit>

10M�
<latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit>

µeV
<latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit>

MeV
<latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit>

GeV
<latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit>

10�16 M�
<latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit>

102 TeV
<latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit>
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How light can dark matter be?

Francesca Calore, CNRS-LAPTh

• If sufficiently light, dark matter can have a wavelength large enough to modify observed sub-
galactic structure - “fuzzy dark matter"


• The minimum dark matter mass is controlled by the smallest scale structures we can observe

• Multiple approaches to mapping the smallest halos:

Latest limits on fuzzy dark matter 

Sipple+ MNRAS’25

๏ Lyman-alpha forest (probes matter 
clumpiness at z ~2-6) [e.g. 
Armengaud+ 17, Irsic+’17, Nori+ ’19]


๏ Fluctuations in linear density of 
stellar streams (perturbed by DM 
sub-halos) [e.g. Banik+ ’19]


๏ Strong gravitational lensing of 
quasars [e.g. Hsueh+ ’19, 
Gilman+’19]


๏ Observation of faint Milky Way 
satellites [e.g. Nadler+ ’19]
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Dark matter production in the early universe
Two very plausible scenarios for how the dark matter could be produced in the early universe

DM candidate

Further TH 
motivation

Production Thermal freeze-out Mis-alignment

Weakly interacting massive particles (WIMPs) QCD axion

Solution to the electroweak hierarchy problem Solution to the strong CP-problem

Kolb&Turner

DMDM , SMSM

Preskill+ PLB’83



Francesca Calore, CNRS-LAPTh 10

Weakly interacting massive particles 
Quick ID: 1 GeV — 100 TeV, electroweak coupling with SM bosons (Z, H)

Delve deep with terrestrial and astroparticle experiments

[Similar searches for SD cross-section + strong complementarity w/ HE astro neutrino searches]

Excluding Z-mediated and almost H mediated couplings, but still viable parameter space  
Leane+ PRD’18; Akerib+ 2203.08084

Snowmass Cosmic Frontier

(SuperCDMS, DarkSide-20k)

CTA

Fermi-LAT

(LZ, XENONnT, etc)

https://arxiv.org/pdf/2211.09978.pdf
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The QCD axion
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Several detection methods are systematically probing 
axion DM scenarios 

A diversified search program:

•Haloscopes: DM axion conversion in B 
field (ADMX, HAYSTAC, DMRadio, etc)


•Helioscopes: Solar axion conversion in B 
field (CAST, IAXO)


•Pulsars: DM axion conversion in pulsar 
magnetosphere (Green Bank Telescope)

Quick ID: 10-12 — 0.01 eV, minimal coupling with photons

https://github.com/cajohare/AxionLimits
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Foster+ PRL’22 

Axion CDM:
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Broadening the landscape 
Dark sectors: theory motivation

Portal dark matter models: Hidden dark sector weakly interacting with the Standard 
Model sector through specific messenger particles

Extended theoretical exploration to define the boundaries of what models are consistent with observations

Development of new experimental opportunities to provide sensitivity to the new theory-space

Connection to SM

Messenger Vector

Massive dark photon

Scalar or pseudo-scalar

Dark Higgs

 Kinetic mixing with the 
hypercharge field strength portal

 Mixing with the SM Higgs mass 
portal

Dark matter particles and therefore the dark sectors must satisfy the relic 
density measurement and cosmological bounds!

[In the keV mass range, let’s not forget sterile neutrino dark matter Boyarsky+ PrPNP'19]



Broadening the landscape 
Dark sectors: Production mechanisms

13Francesca Calore, CNRS-LAPTh

• In dark sectors, the relic abundance is set by interactions with the SM 

•Thermal production possible from eV up to GeV masses

•Below 1 MeV, light DM modifies predictions for light-element abundances during BBN and it is 
therefore strongly constrained [e.g. Sabti+ JCAP’20, ’21]


•Above 1 MeV (up to ~10 GeV), velocity-independent freeze-out models (s-wave) are severely 
constrained by CMB and indirect detection probes


•The mediator mass should be smaller than the dark matter mass
•One needs to rely on alternative production mechanisms: 


๏ Thermal production with v-dependent interactions (e.g. 
vector portals) 


๏ Freeze-in at low re-heating temperatures 

๏ Dark phase transitions at low temperatures

Knapen+ PRL'17
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Broadening the landscape 
Dark sectors and light dark matter: constraints

Challenge DD: Calorimetric detectors sensitive 
to recoil energies in the range μeV – keV

Snowmass Cosmic Probes of DM
Akerib+ 2203.08084

Rubin LSST

arXiv:2209.08215v3
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Broadening the landscape 
Axion-like particles: theory motivation

[Wave-like DM is even broader: more generally, light scalars or vectors]

Axion-like particles: (pseudo-)scalar particles, masses as low as ZeV, very weak 
couplings with SM, coupled with photons as QCD axions

Quick ID:

•Common in many extensions of the 
SM from the spontaneous breaking of 
approximate global symmetries  

•Mass is not determined by QCD 
effects 


• They do not solve the strong CP 
problem 

https://github.com/cajohare/AxionLimits
Chang+ PRD 2000; Turok PRL 1996; Arvanitaki+ PRD’10
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Broadening the landscape 
Axion-like particles: wider searches 

yeV zeV aeV feV peV neV µeV meV eV keV MeV GeV TeV
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https://github.com/cajohare/AxionLimits
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�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

a



17

Particle dark matter emission 

ECM = N mDM , N = 1 (decay), 2 (annih)
<latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit>

Centre of mass energy  Signal energy '<latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit>

(DM)DM ! SM SM
<latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit>

Narrow line signal 

mDM . MeV
<latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit>

mDM & MeV
<latexit sha1_base64="8d/G8RddH3SITfSJ8jXWwK6cmGo=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgqsyIoMuiLtwUKtgHdIYhk6ZtaDIzJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTnnktwTJpwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKQpsk5rHshFhRziLa1Exz2kkkxSLktB2OrnO//UClYnF0r8cJ9QUeRKzPCNZGCuxDEWSeFOimPkHeQJugQPm9TluBXXGqzhRokbgFqUCBRmB/eb2YpIJGmnCsVNd1Eu1nWGpGOJ2UvVTRBJMRHtCuoREWVPnZdIcJOjFKD/VjaU6k0VT9PZFhodRYhCYpsB6qeS8X//O6qe5f+hmLklTTiMwe6qcc6RjlhaAek5RoPjYEE8nMXxEZYomJNrWVTQnu/MqLpHVWdZ2qe3deqV0VdZTgCI7hFFy4gBrcQgOaQOARnuEV3qwn68V6tz5m0SWrmDmAP7A+fwDKe5b0</latexit><latexit sha1_base64="8d/G8RddH3SITfSJ8jXWwK6cmGo=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgqsyIoMuiLtwUKtgHdIYhk6ZtaDIzJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTnnktwTJpwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKQpsk5rHshFhRziLa1Exz2kkkxSLktB2OrnO//UClYnF0r8cJ9QUeRKzPCNZGCuxDEWSeFOimPkHeQJugQPm9TluBXXGqzhRokbgFqUCBRmB/eb2YpIJGmnCsVNd1Eu1nWGpGOJ2UvVTRBJMRHtCuoREWVPnZdIcJOjFKD/VjaU6k0VT9PZFhodRYhCYpsB6qeS8X//O6qe5f+hmLklTTiMwe6qcc6RjlhaAek5RoPjYEE8nMXxEZYomJNrWVTQnu/MqLpHVWdZ2qe3deqV0VdZTgCI7hFFy4gBrcQgOaQOARnuEV3qwn68V6tz5m0SWrmDmAP7A+fwDKe5b0</latexit><latexit sha1_base64="8d/G8RddH3SITfSJ8jXWwK6cmGo=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgqsyIoMuiLtwUKtgHdIYhk6ZtaDIzJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTnnktwTJpwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKQpsk5rHshFhRziLa1Exz2kkkxSLktB2OrnO//UClYnF0r8cJ9QUeRKzPCNZGCuxDEWSeFOimPkHeQJugQPm9TluBXXGqzhRokbgFqUCBRmB/eb2YpIJGmnCsVNd1Eu1nWGpGOJ2UvVTRBJMRHtCuoREWVPnZdIcJOjFKD/VjaU6k0VT9PZFhodRYhCYpsB6qeS8X//O6qe5f+hmLklTTiMwe6qcc6RjlhaAek5RoPjYEE8nMXxEZYomJNrWVTQnu/MqLpHVWdZ2qe3deqV0VdZTgCI7hFFy4gBrcQgOaQOARnuEV3qwn68V6tz5m0SWrmDmAP7A+fwDKe5b0</latexit><latexit sha1_base64="8d/G8RddH3SITfSJ8jXWwK6cmGo=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgqsyIoMuiLtwUKtgHdIYhk6ZtaDIzJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTnnktwTJpwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKQpsk5rHshFhRziLa1Exz2kkkxSLktB2OrnO//UClYnF0r8cJ9QUeRKzPCNZGCuxDEWSeFOimPkHeQJugQPm9TluBXXGqzhRokbgFqUCBRmB/eb2YpIJGmnCsVNd1Eu1nWGpGOJ2UvVTRBJMRHtCuoREWVPnZdIcJOjFKD/VjaU6k0VT9PZFhodRYhCYpsB6qeS8X//O6qe5f+hmLklTTiMwe6qcc6RjlhaAek5RoPjYEE8nMXxEZYomJNrWVTQnu/MqLpHVWdZ2qe3deqV0VdZTgCI7hFFy4gBrcQgOaQOARnuEV3qwn68V6tz5m0SWrmDmAP7A+fwDKe5b0</latexit>
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<latexit sha1_base64="tXpVCJHS5EK0wLM64G+ahN/nxWk="></latexit><latexit sha1_base64="tXpVCJHS5EK0wLM64G+ahN/nxWk="></latexit><latexit sha1_base64="tXpVCJHS5EK0wLM64G+ahN/nxWk="></latexit><latexit sha1_base64="tXpVCJHS5EK0wLM64G+ahN/nxWk="></latexit>
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2<latexit sha1_base64="91JxTotvsyELjl2fWH9OXix5QbU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYoPsCNUsE+oClhMp20Q2cmYWYilJC1G3/FjQtF3PoF7vwbp20W2nrgwuGce7n3niBmVGnH+bYKC4tLyyvF1dLa+sbmlr2901RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF6M/dYDkYpG4l6PYtLlqC9oSDHSRvLt/Svf6yPOETyDXigRTm8h91NPcnh5k2VpNfPtslNxJoDzxM1JGeSo+/aX14twwonQmCGlOq4T626KpKaYkazkJYrECA9Rn3QMFYgT1U0nr2Tw0Cg9GEbSlNBwov6eSBFXasQD08mRHqhZbyz+53USHZ52UyriRBOBp4vChEEdwXEusEclwZqNDEFYUnMrxANkAtEmvZIJwZ19eZ40qxXXqbh3x+XaeR5HEeyBA3AEXHACauAa1EEDYPAInsEreLOerBfr3fqYthasfGYX/IH1+QPFf5mt</latexit><latexit sha1_base64="91JxTotvsyELjl2fWH9OXix5QbU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYoPsCNUsE+oClhMp20Q2cmYWYilJC1G3/FjQtF3PoF7vwbp20W2nrgwuGce7n3niBmVGnH+bYKC4tLyyvF1dLa+sbmlr2901RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF6M/dYDkYpG4l6PYtLlqC9oSDHSRvLt/Svf6yPOETyDXigRTm8h91NPcnh5k2VpNfPtslNxJoDzxM1JGeSo+/aX14twwonQmCGlOq4T626KpKaYkazkJYrECA9Rn3QMFYgT1U0nr2Tw0Cg9GEbSlNBwov6eSBFXasQD08mRHqhZbyz+53USHZ52UyriRBOBp4vChEEdwXEusEclwZqNDEFYUnMrxANkAtEmvZIJwZ19eZ40qxXXqbh3x+XaeR5HEeyBA3AEXHACauAa1EEDYPAInsEreLOerBfr3fqYthasfGYX/IH1+QPFf5mt</latexit><latexit sha1_base64="91JxTotvsyELjl2fWH9OXix5QbU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYoPsCNUsE+oClhMp20Q2cmYWYilJC1G3/FjQtF3PoF7vwbp20W2nrgwuGce7n3niBmVGnH+bYKC4tLyyvF1dLa+sbmlr2901RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF6M/dYDkYpG4l6PYtLlqC9oSDHSRvLt/Svf6yPOETyDXigRTm8h91NPcnh5k2VpNfPtslNxJoDzxM1JGeSo+/aX14twwonQmCGlOq4T626KpKaYkazkJYrECA9Rn3QMFYgT1U0nr2Tw0Cg9GEbSlNBwov6eSBFXasQD08mRHqhZbyz+53USHZ52UyriRBOBp4vChEEdwXEusEclwZqNDEFYUnMrxANkAtEmvZIJwZ19eZ40qxXXqbh3x+XaeR5HEeyBA3AEXHACauAa1EEDYPAInsEreLOerBfr3fqYthasfGYX/IH1+QPFf5mt</latexit><latexit sha1_base64="91JxTotvsyELjl2fWH9OXix5QbU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYoPsCNUsE+oClhMp20Q2cmYWYilJC1G3/FjQtF3PoF7vwbp20W2nrgwuGce7n3niBmVGnH+bYKC4tLyyvF1dLa+sbmlr2901RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF6M/dYDkYpG4l6PYtLlqC9oSDHSRvLt/Svf6yPOETyDXigRTm8h91NPcnh5k2VpNfPtslNxJoDzxM1JGeSo+/aX14twwonQmCGlOq4T626KpKaYkazkJYrECA9Rn3QMFYgT1U0nr2Tw0Cg9GEbSlNBwov6eSBFXasQD08mRHqhZbyz+53USHZ52UyriRBOBp4vChEEdwXEusEclwZqNDEFYUnMrxANkAtEmvZIJwZ19eZ40qxXXqbh3x+XaeR5HEeyBA3AEXHACauAa1EEDYPAInsEreLOerBfr3fqYthasfGYX/IH1+QPFf5mt</latexit>
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<latexit sha1_base64="eKDkUS5kZOUVm7+GMZROADk3668="></latexit><latexit sha1_base64="eKDkUS5kZOUVm7+GMZROADk3668="></latexit><latexit sha1_base64="eKDkUS5kZOUVm7+GMZROADk3668="></latexit><latexit sha1_base64="eKDkUS5kZOUVm7+GMZROADk3668="></latexit>
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✓DM = {�� ,mDM}
<latexit sha1_base64="3FSjtzHaS5LdefxgF67aiCVG5YI=">AAACGXicbVBNSwMxEM36WetX1aOXYBE8SNkVQS9CUUEvQgXbCt2yzKZpG5rsLsmsUJb+DS/+FS8eFPGoJ/+N6Qei1QfDPN6bIZkXJlIYdN1PZ2Z2bn5hMbeUX15ZXVsvbGzWTJxqxqsslrG+DcFwKSJeRYGS3yaagwolr4e9s6Ffv+PaiDi6wX7Cmwo6kWgLBmiloODmfexyhCDztaLnVwN6Qv3MvwClIPA7w7ZP1bfrD4JC0S25I9C/xJuQIpmgEhTe/VbMUsUjZBKMaXhugs0MNAom+SDvp4YnwHrQ4Q1LI1DcNLPRZQO6a5UWbcfaVoR0pP7cyEAZ01ehnVSAXTPtDcX/vEaK7eNmJqIkRR6x8UPtVFKM6TAm2hKaM5R9S4BpYf9KWRc0MLRh5m0I3vTJf0ntoOS5Je/6sFg+ncSRI9tkh+wRjxyRMrkkFVIljNyTR/JMXpwH58l5dd7GozPOZGeL/ILz8QWfIJ9w</latexit><latexit sha1_base64="3FSjtzHaS5LdefxgF67aiCVG5YI=">AAACGXicbVBNSwMxEM36WetX1aOXYBE8SNkVQS9CUUEvQgXbCt2yzKZpG5rsLsmsUJb+DS/+FS8eFPGoJ/+N6Qei1QfDPN6bIZkXJlIYdN1PZ2Z2bn5hMbeUX15ZXVsvbGzWTJxqxqsslrG+DcFwKSJeRYGS3yaagwolr4e9s6Ffv+PaiDi6wX7Cmwo6kWgLBmiloODmfexyhCDztaLnVwN6Qv3MvwClIPA7w7ZP1bfrD4JC0S25I9C/xJuQIpmgEhTe/VbMUsUjZBKMaXhugs0MNAom+SDvp4YnwHrQ4Q1LI1DcNLPRZQO6a5UWbcfaVoR0pP7cyEAZ01ehnVSAXTPtDcX/vEaK7eNmJqIkRR6x8UPtVFKM6TAm2hKaM5R9S4BpYf9KWRc0MLRh5m0I3vTJf0ntoOS5Je/6sFg+ncSRI9tkh+wRjxyRMrkkFVIljNyTR/JMXpwH58l5dd7GozPOZGeL/ILz8QWfIJ9w</latexit><latexit sha1_base64="3FSjtzHaS5LdefxgF67aiCVG5YI=">AAACGXicbVBNSwMxEM36WetX1aOXYBE8SNkVQS9CUUEvQgXbCt2yzKZpG5rsLsmsUJb+DS/+FS8eFPGoJ/+N6Qei1QfDPN6bIZkXJlIYdN1PZ2Z2bn5hMbeUX15ZXVsvbGzWTJxqxqsslrG+DcFwKSJeRYGS3yaagwolr4e9s6Ffv+PaiDi6wX7Cmwo6kWgLBmiloODmfexyhCDztaLnVwN6Qv3MvwClIPA7w7ZP1bfrD4JC0S25I9C/xJuQIpmgEhTe/VbMUsUjZBKMaXhugs0MNAom+SDvp4YnwHrQ4Q1LI1DcNLPRZQO6a5UWbcfaVoR0pP7cyEAZ01ehnVSAXTPtDcX/vEaK7eNmJqIkRR6x8UPtVFKM6TAm2hKaM5R9S4BpYf9KWRc0MLRh5m0I3vTJf0ntoOS5Je/6sFg+ncSRI9tkh+wRjxyRMrkkFVIljNyTR/JMXpwH58l5dd7GozPOZGeL/ILz8QWfIJ9w</latexit><latexit sha1_base64="3FSjtzHaS5LdefxgF67aiCVG5YI=">AAACGXicbVBNSwMxEM36WetX1aOXYBE8SNkVQS9CUUEvQgXbCt2yzKZpG5rsLsmsUJb+DS/+FS8eFPGoJ/+N6Qei1QfDPN6bIZkXJlIYdN1PZ2Z2bn5hMbeUX15ZXVsvbGzWTJxqxqsslrG+DcFwKSJeRYGS3yaagwolr4e9s6Ffv+PaiDi6wX7Cmwo6kWgLBmiloODmfexyhCDztaLnVwN6Qv3MvwClIPA7w7ZP1bfrD4JC0S25I9C/xJuQIpmgEhTe/VbMUsUjZBKMaXhugs0MNAom+SDvp4YnwHrQ4Q1LI1DcNLPRZQO6a5UWbcfaVoR0pP7cyEAZ01ehnVSAXTPtDcX/vEaK7eNmJqIkRR6x8UPtVFKM6TAm2hKaM5R9S4BpYf9KWRc0MLRh5m0I3vTJf0ntoOS5Je/6sFg+ncSRI9tkh+wRjxyRMrkkFVIljNyTR/JMXpwH58l5dd7GozPOZGeL/ILz8QWfIJ9w</latexit>

✓DM = {h�vi,m2
DM}

<latexit sha1_base64="/5/7wKjaGrUPGvGMPJcPnSCwQAI="></latexit><latexit sha1_base64="/5/7wKjaGrUPGvGMPJcPnSCwQAI="></latexit><latexit sha1_base64="/5/7wKjaGrUPGvGMPJcPnSCwQAI="></latexit><latexit sha1_base64="/5/7wKjaGrUPGvGMPJcPnSCwQAI="></latexit>

Particle dark matter emission 

ECM = N mDM , N = 1 (decay), 2 (annih)
<latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit>

Centre of mass energy  Signal energy '<latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit>

(DM)DM ! SM SM
<latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit>

Self-conjugated dark matter annihilation 

Differential gamma-ray flux

Decay

Annihilation

Francesca Calore, CNRS-LAPTh 18

d��

dE
(`, b) = A(✓DM)⇥ dN�

dE
⇥
Z

l.o.s.
⇢NDM(s, `, b)ds

<latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit>
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d��

dE
(`, b) = A(✓DM)⇥ dN�

dE
⇥
Z

l.o.s.
⇢NDM(s, `, b)ds

<latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit><latexit sha1_base64="96xQgKbK9aSZwclxDc8OVUP5Y1Y="></latexit>

Particle dark matter emission 

ECM = N mDM , N = 1 (decay), 2 (annih)
<latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit><latexit sha1_base64="4Y/mUMPXNUlCMLNKLwFc7QjlxIA="></latexit>

Centre of mass energy  Signal energy '<latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit><latexit sha1_base64="FRetEMjoakfAgHDhL814oR4Ui0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnRMTzBx26p7Ff8GcgyCXJShhy1bumr01MsS1BaJqgx7cBPbTim2nImcFLsZAZTyoa0j21HJU3QhOPZtRNy6pQeiZV2JS2Zqb8nxjQxZpRErjOhdmAWvan4n9fObHwVjrlMM4uSzRfFmSBWkenrpMc1MitGjlCmubuVsAHVlFkXUNGFECy+vEwa55XArwR3F+XqdR5HAY7hBM4ggEuowi3UoA4MHuAZXuHNU96L9+59zFtXvHzmCP7A+/wBsZuPMQ==</latexit>

(DM)DM ! SM SM
<latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit><latexit sha1_base64="+3eno7HZNoF9/quQMfe1UTz8cN0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUoigi6LduEmUKl9QBPKZDpph04mYWailNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7ye+K17IiSN+J0axcQLUZ/TgGKktNQ1D0tV5wS6p7DqQFfQ/kAhIaIHWHe0Vne6ZtEqW1PARWJnpAgy1Lrml9uLcBISrjBDUnZsK1ZeioSimJFxwU0kiREeoj7paMpRSKSXTv8Yw2Ot9GAQCV1cwan6eyJFoZSj0NedIVIDOe9NxP+8TqKCSy+lPE4U4Xi2KEgYVBGchAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSfOsbFtl+/a8WLnK4siDA3AESsAGF6ACbkANNAAGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/B1+W3w==</latexit>

Galactic rotation 
curve

Simulations w/ baryons & 
semi-analytical models

[1.5 kpc ≃ 10o]

FC+JCAP’15; Stref & Lavalle PRD’17 

Iocco+ Nature Phys.’15

Francesca Calore, CNRS-LAPTh 19

Self-conjugated dark matter annihilation 

Differential gamma-ray flux

0.01 0.1 1 10 100
0.01

0.1

1

10

100

1000

R @kpcD

r D
M
HR
L@G

eV
êcm

3 D NFW
Einasto
Burkert

~ R-1

~ constant



20

Light dark matter decay: lines

Narrow line signal @ energy 
scale of the DM mass

E� =
mDM

2
<latexit sha1_base64="QN+FEuXEvLGfbvq0ZDrGqlSYMlY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh+AA3QgXbCk0Ik+mkHTozCTMToYQs3fgrblwo4tZPcOffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlhcWl4pr1bW1jc2t+ztnbaKU4lJC8cslvchUoRRQVqaakbuE0kQDxnphMOLsd95IFLRWNzpUUJ8jvqCRhQjbaTA3r8KvD7iHMEz6EUS4YwHmSc5vLzJ86yeB3bVqTkTwHniFqQKCjQD+8vrxTjlRGjMkFJd10m0nyGpKWYkr3ipIgnCQ9QnXUMF4kT52eSRHB4apQejWJoSGk7U3xMZ4kqNeGg6OdIDNeuNxf+8bqqjUz+jIkk1EXi6KEoZ1DEcpwJ7VBKs2cgQhCU1t0I8QCYObbKrmBDc2ZfnSbtec52ae3tcbZwXcZTBHjgAR8AFJ6ABrkETtAAGj+AZvII368l6sd6tj2lrySpmdsEfWJ8/wgCZKw==</latexit><latexit sha1_base64="QN+FEuXEvLGfbvq0ZDrGqlSYMlY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh+AA3QgXbCk0Ik+mkHTozCTMToYQs3fgrblwo4tZPcOffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlhcWl4pr1bW1jc2t+ztnbaKU4lJC8cslvchUoRRQVqaakbuE0kQDxnphMOLsd95IFLRWNzpUUJ8jvqCRhQjbaTA3r8KvD7iHMEz6EUS4YwHmSc5vLzJ86yeB3bVqTkTwHniFqQKCjQD+8vrxTjlRGjMkFJd10m0nyGpKWYkr3ipIgnCQ9QnXUMF4kT52eSRHB4apQejWJoSGk7U3xMZ4kqNeGg6OdIDNeuNxf+8bqqjUz+jIkk1EXi6KEoZ1DEcpwJ7VBKs2cgQhCU1t0I8QCYObbKrmBDc2ZfnSbtec52ae3tcbZwXcZTBHjgAR8AFJ6ABrkETtAAGj+AZvII368l6sd6tj2lrySpmdsEfWJ8/wgCZKw==</latexit><latexit sha1_base64="QN+FEuXEvLGfbvq0ZDrGqlSYMlY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh+AA3QgXbCk0Ik+mkHTozCTMToYQs3fgrblwo4tZPcOffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlhcWl4pr1bW1jc2t+ztnbaKU4lJC8cslvchUoRRQVqaakbuE0kQDxnphMOLsd95IFLRWNzpUUJ8jvqCRhQjbaTA3r8KvD7iHMEz6EUS4YwHmSc5vLzJ86yeB3bVqTkTwHniFqQKCjQD+8vrxTjlRGjMkFJd10m0nyGpKWYkr3ipIgnCQ9QnXUMF4kT52eSRHB4apQejWJoSGk7U3xMZ4kqNeGg6OdIDNeuNxf+8bqqjUz+jIkk1EXi6KEoZ1DEcpwJ7VBKs2cgQhCU1t0I8QCYObbKrmBDc2ZfnSbtec52ae3tcbZwXcZTBHjgAR8AFJ6ABrkETtAAGj+AZvII368l6sd6tj2lrySpmdsEfWJ8/wgCZKw==</latexit><latexit sha1_base64="QN+FEuXEvLGfbvq0ZDrGqlSYMlY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh+AA3QgXbCk0Ik+mkHTozCTMToYQs3fgrblwo4tZPcOffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlhcWl4pr1bW1jc2t+ztnbaKU4lJC8cslvchUoRRQVqaakbuE0kQDxnphMOLsd95IFLRWNzpUUJ8jvqCRhQjbaTA3r8KvD7iHMEz6EUS4YwHmSc5vLzJ86yeB3bVqTkTwHniFqQKCjQD+8vrxTjlRGjMkFJd10m0nyGpKWYkr3ipIgnCQ9QnXUMF4kT52eSRHB4apQejWJoSGk7U3xMZ4kqNeGg6OdIDNeuNxf+8bqqjUz+jIkk1EXi6KEoZ1DEcpwJ7VBKs2cgQhCU1t0I8QCYObbKrmBDc2ZfnSbtec52ae3tcbZwXcZTBHjgAR8AFJ6ABrkETtAAGj+AZvII368l6sd6tj2lrySpmdsEfWJ8/wgCZKw==</latexit>

mDM . MeV
<latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit>

X rays⇠ keV
<latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit>

mDM
<latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

⇠ meV
<latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit>

Infrared

⇠ µeV
<latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit>

Radio

Only allowed final state is into 
photons emitted back-to-back 

Francesca Calore, CNRS-LAPTh 20

[Contribution from all galaxies in the universe: redshifted line and integral over star-formation history => contribution to extragalactic 
backgrounds]
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ALPs dark matter decay

Francesca Calore, CNRS-LAPTh 21
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• ALPs can be viable DM candidates in some portions of the 
parameter space Preskill+ PLB 1983; Sikivie International Journal of Modern Physics ‘10
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• If DM, ALPs distributed in 
galaxies according standard 
DM density distributions (e.g. 
NFW)


• Search for narrow lines in DM-
rich environments 

https://github.com/cajohare/AxionLimits[Lighter ALPs can be probed in HE astro environments]
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(…) ALPs dark matter resonant conversion

Francesca Calore, CNRS-LAPTh 22

Monochromatic radio emission (MHz - GHz) from DM axion/ALP-photon conversion: 

• Resonant conversion from highly magnetised neutron stars (NSs), or white dwarf stars


• Non-resonant transitions in the Galactic center and/or of discrete astrophysical objects 


• Still large limitations in model predictions


Pshirkov JETP’09; Huang+2018; Hook+PRL’18

Kelley&Quinn ApJ’17; Sigl PRD’17

Leroy+ PRD’20; Witte+ PRD’21; Battye+ JHEP’21; Millar+JCAP’21; Bhura+JCAP’24 

ALPs DM

Photon

Foster+ PRL’22 



Francesca Calore, CNRS-LAPTh 23

Sub-GeV dark matter limits

Coogan+ JCAP'20

• Simple thermal freeze-out scenario for s-wave annihilation 
generically ruled out


• But p-wave models (many of the portals) still viable

https://arxiv.org/pdf/1907.11846.pdf
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Siegert, FC+ MNRAS’24 FC+ MNRAS’23https://zenodo.org/record/7984451

https://arxiv.org/pdf/1907.11846.pdf
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Particle dark matter emission 
Inverse Compton scattering from leptonic final states

�-ray

dark matter

Secondary emission processes allow us to probe DM at much higher masses than prompt energy scales

Cirelli+ PRD’ 21

Francesca Calore, CNRS-LAPTh 25

https://arxiv.org/pdf/2007.11493.pdf


26Francesca Calore, CNRS-LAPTh 26

Limits on inverse Compton induced 
gamma-ray emission from XMM-Newton 

blank-sky observations 

Cirelli+ PRD’21; JCAP’23

The power of inverse Compton emission 
Sub-GeV dark matter limits: X rays 
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[Caputo+ JCAP'23 COSI projection]

Vincent+JCAP'12

Siegert, FC+ MNRAS’24

Sub-GeV dark matter limits: 511 keV line 

https://arxiv.org/abs/2210.09310


28Francesca Calore, CNRS-LAPTh 28

Accounts for changes in morphology 
due to diffusion (prior to 

thermalisation)

Sub-GeV dark matter limits: 511 keV line 
De La Torre Luque+ ApJL’24, PRD’24
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Future: Covering the MeV sensitivity gap

0.2 - 5 MeV

100 keV - 10 MeV

0.1 - 100 MeV

0.1 MeV - 1 GeV

0.1 MeV - 1 GeV

Coogan+ JCAP’21

Aramaki+ Snowmass’21 CF

Francesca Calore, CNRS-LAPTh 29

https://arxiv.org/pdf/2104.06168.pdf
https://arxiv.org/abs/2203.06894
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Sensitivity to dark matter
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Cooley+ Snowmass’21 CF1 Report Bartels+ JCAP’17 

Francesca Calore, CNRS-LAPTh 30

Future: Covering the MeV sensitivity gap

https://arxiv.org/pdf/2209.07426.pdf
https://arxiv.org/pdf/1703.02546.pdf
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Conclusions and outlook

✓ Dark matter evidence requires new BSM physics, however the landscape for particle and 
non-particle models is broad and diverse 


✓ Current search strategy inspired by a “delve deep, search wide” approach, with ultimate 
reach for classical WIMPs and QCD axion in the next decade


✓ Cosmological & astroparticle observables are sensitive to different light dark matter 
models probing a large portion of their parameter space


✓ Diversified program to tackle dark matter over a wide spectrum of models and signatures


✓ Experimental progress in the MeV domain can provide access to yet uncharted portions of 
the DM parameter space and full complementarity with accelerator programme!
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Constraints on FIPs from CC SNe 
The case of dark photons

The dark photon (DP) is a U(1)0 gauge 
boson kinetically mixed with the SM 
photon

Transverse and longitudinal d.o.f can be 
produced in SN core

Chang+ JHEP’17

FC+ 2112.08382

https://arxiv.org/pdf/2112.08382.pdf
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Soft gamma rays with Integral/SPI

Francesca Calore, CNRS-LAPTh 35

Constraints on cosmic-ray transport at 
MeV energy but also on exotic emission 
mechanisms: particle and non-particle 

dark matter

Siegert, FC+ A&A’22

New analysis of 16yr-data from SPI

30 keV — 8 MeV

Berteaud, FC+ PRD’22 ; FC+ MNRAS’23



Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al

Berteaud, FC+ PRD’22 

36Francesca Calore, CNRS-LAPTh 3636

Astrophysical contributions
Soft gamma rays with Integral/SPI

https://arxiv.org/abs/2209.06299


Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al

Berteaud, FC+ PRD’22 
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Dark matter contribution?

• Additional DM signal? 
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Soft gamma rays with Integral/SPI

https://arxiv.org/abs/2209.06299


Modelled spatial templates (30 keV — 8 MeV)
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Dark matter contribution?

• Additional DM signal? 
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Soft gamma rays with Integral/SPI

ICS Positronium 1.8 line 26Al NFW profile 

Berteaud, FC+ PRD’22 

https://arxiv.org/abs/2209.06299
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Constraints on decaying dark matter
No signal detected

Energy [keV]

E2
 x 

Fl
ux

  [
ke

V/
cm

2 /s
]

https://zenodo.org/record/7984451

d��

dE
(`, b) = A(✓DM)⇥ dN�

dE
⇥
Z

l.o.s.
⇢DM(s, `, b)ds

<latexit sha1_base64="NZ7EcHHLfNTIZi+59Lz5F2g+gsU="></latexit><latexit sha1_base64="NZ7EcHHLfNTIZi+59Lz5F2g+gsU="></latexit><latexit sha1_base64="NZ7EcHHLfNTIZi+59Lz5F2g+gsU="></latexit><latexit sha1_base64="NZ7EcHHLfNTIZi+59Lz5F2g+gsU="></latexit>

Soft gamma rays with Integral/SPI

Upper limits on light particle decay
FC+ MNRAS’23

Re-analysis of Integral/SPI data provides the strongest constraints on 
(light) particle and non-particle DM PBHs

DM flux upper limits
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Summary: Limits on light DM
P-wave annihilating DM

• CMB limits suppressed by low velocity of DM at 
recombination (~10-5 c)

• Present limits to be re-scaled using appropriate average of 
DM density over phase-space distribution

• For typical velocities at freeze out (0.15 c), we can expect 

(�1c)
f.o. ⇠ 10�25 cm3/s
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Sterile neutrinos X-ray lines
X-ray telescopes and spectral analysis 
Starting from early 2014: 


‣ Detection of an unidentified line at 3.5 keV: XMM-Newton (6 Ms) & Chandra, Perseus 
cluster; XMM-Newton, M31; Suzaku, Perseus; etc


‣ Constraints from Chandra M31; XMM-Newton/Chandra 80 galaxies; blank  field 
pointings Chandra and XMM-Newton, etc

Leading limits: Dessert+ Science’ 20

Review: K. N. Abazajian, Phys. Rept. 711-712, 1 (2017)

https://arxiv.org/abs/1705.01837
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Constraints on eV ALPs
IR - optical wavelengths

Todarello+ JCAP’24

Search for narrow lines in IR and optical 
data

• MUSE: search in the direction of 5 
known dwarf galaxies 

• VIMOS (Visible Multi-Object 
Spectrograph): galaxy clusters Abell 
2667 and 2390

• JWST:  public blank sky observations 
from the NIRSpec IFU 

Grin+ PRD’06

Janish & Pinetti 2310.15395

Janish & Pinetti 2310.15395
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Constraints on keV - MeV ALPs

https://github.com/cajohare/AxionLimits

Heavy ALPs DM decay 
Search for narrow lines in X and gamma-
ray data

• XMM-Newton: 5-16 keV, archival data 
=> No evidence found for unassociated 
X-ray lines

• NuSTAR: 7-Ms/detector deep blank-sky 
exposures

• Integral-SPI: new analysis of 16yr data 
with dedicated search for DM 
component in continuum Galactic 
emission

XMM-NewtonXMM-Newton

Integral-SPI
Foster+ PRL’21

Berteaud, FC+PRD’22; FC+ MNRAS’23

NuSTAR

Roach+ PRD’23

X-ray and soft gamma rays energies


