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Our Goal

[Flammarion Engraving 1888]
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Building Blocks
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Extrapolating the SM+GR
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Extrapolating the SM+GR
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Evidence for Dark Matter
• Data: motions of visible matter suggest lots of matter that we can’t see. 

• Theory #1: there is more matter out there than we can see: Dark Matter 

• Theory #2: GR breaks down at large distances: Modified Gravity  

• The dark matter explanation seems to work much better! 
But no known particle or matter has the right properties to be dark matter. 

• What is dark matter? 
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What is Dark Matter?
• We don’t know! 

• Evidence for DM comes from its gravitational influence on regular matter. 
Gravity is universal, so our current data doesn’t tell us what DM is. 
 
 
 

✓𐄂
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What is Dark Matter?
• We don’t know!  

• But dark matter must: 

• not interact too strongly with ordinary matter (“dark”) 

• be non-relativistic today and in the early Universe (“matter”) 

• obtain the observed cosmological density (determined from CMB+) 

• not interact too strongly with itself (for gravitational clumping) 

• Detecting DM through non-gravitational interactions is (probably) needed! 
 
Where and how do we start looking for it? 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What is Dark Matter?
• We don’t know! 

• Some DM theories:

[E.K. Park, HEPAP DMSAG, 2007]
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What is Dark Matter?
• We don’t know! 

• Some more DM theories:

[E.K. Park, HEPAP DMSAG, 2007]

theories!
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What is Dark Matter?
• We don’t know! 

• Some more DM theories:

[E.K. Park, HEPAP DMSAG, 2007]

theories!
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What is Dark Matter?
• In most theories, DM corresponds to a new particle or field. 

• Since there are so many theories, let’s organize by production 
mechanisms in the early universe.* 

• A useful classification: 

• Thermal DM: produced by thermal SM reactions in the hot early Universe 

• Non-Thermal DM: produced in other ways not related to the SM plasma

* Note: I can’t cover everything!



Thermal Dark Matter
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Thermal Dark Matter
• Early Universe = hot soup of relativistic particles   As it expanded, it cooled off and some things happened:                   

• “Thermal DM” ⇒ was once in thermodynamic equilibrium with the SM

Higgs Boson 
Symmetry 
 Breaking

Formation of  
Light Nuclei

Formation of  
Neutral Atoms  

(CMB photons released!)

Now

<latexit sha1_base64="OttoY5qBHcv3hNpjM8FMo7rOXX0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48dhKv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZn77CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV9z6Vbn6kMdRgFM4gwvw4AaqcA81aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+1y4zs</latexit>

T
<latexit sha1_base64="xebtD5oQ/RkL94vGa8W6pRwSHyA=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclYwoCm4KLuyygn1AZyiZNNOGJpkhyShl7Ke4caGIW7/EnX9jpp2Fth4IHM65l3tywoQzbRD6dlZW19Y3Nktb5e2d3b19t3LQ1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+R+54EqzWJ5byYJDQQeShYxgo2V+m7FQ8i/9gU2IyWyW9qe9t0qqqEZ4DLxClIFBZp998sfxCQVVBrCsdY9DyUmyLAyjHA6LfuppgkmYzykPUslFlQH2Sz6FJ5YZQCjWNknDZypvzcyLLSeiNBO5hn1opeL/3m91ERXQcZkkhoqyfxQlHJoYpj3AAdMUWL4xBJMFLNZIRlhhYmxbZVtCd7il5dJ+6zmXdTQ3Xm13ijqKIEjcAxOgQcuQR00QBO0AAGP4Bm8gjfnyXlx3p2P+eiKU+wcgj9wPn8ASKGTZg==</latexit>

100 GeV
<latexit sha1_base64="lFa/ToeVp9TpMR1N5UvEHTM/1y8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0Y0nEouCm4KYboYJ9QBPKZDpph85MwsxEKKGf4MZfceNCEbcu3fk3TtqA2nrgwuGce7n3niBmVGnH+bIKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GF1nfvueSEUjcafHMfE5GggaUoy0kXr2setdeRzpoeTpDWlNoAdPTVWdH3mUyT277FScKeAicXNSBjkaPfvT60c44URozJBSXdeJtZ8iqSlmZFLyEkVihEdoQLqGCsSJ8tPpQxN4ZJQ+DCNpSmg4VX9PpIgrNeaB6cyOVPNeJv7ndRMdXvopFXGiicCzRWHCoI5glg7sU0mwZmNDEJbU3ArxEEmEtcmwZEJw519eJK2zilutOLfn5Vo9j6MIDsAhOAEuuAA1UAcN0AQYPIAn8AJerUfr2Xqz3metBSuf2Qd/YH18AySxm2w=</latexit>

1 MeV � 50 keV
<latexit sha1_base64="+nU4ezy1+7A47FHExhhvkkktrW0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuQuIDBTcFN11WsA9oQplMb9qhM0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhClnSrvut7W2vrG5tV3Zqe7u7R8c2kfHbZVkkkKLJjyR3ZAo4CyGlmaaQzeVQETIoROOHwq/MwGpWBI/6WkKgSDDmEWMEm2kvm27zpV/7wuiR1Lk0J717ZrruHPgVeKVpIZKNPv2lz9IaCYg1pQTpXqem+ogJ1IzymFW9TMFKaFjMoSeoTERoIJ8nnyGz40ywFEizYs1nqu/N3IilJqK0EwWEdWyV4j/eb1MR3dBzuI00xDTxaEo41gnuKgBD5gEqvnUEEIlM1kxHRFJqDZlVU0J3vKXV0n70vFuHPfxulZvlHVU0Ck6QxfIQ7eojhqoiVqIogl6Rq/ozcqtF+vd+liMrlnlzgn6A+vzB7J0kxU=</latexit>

0.3 eV
<latexit sha1_base64="hG8o3NYBDd5EwP/XQ6Ig6djpZu4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqmSKouCm4KbLCvYBnaFk0rQNTTJDkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7knJ4w50wahb6e0sbm1vVPereztHxweuccnXR0litAOiXik+iHWlDNJO4YZTvuxoliEnPbC2V3u9x6p0iySDyaNaSDwRLIxI9hYaehWGwj5t75IfIHNVImMdudDt4bqaAG4TryC1ECB9tD98kcRSQSVhnCs9cBDsQkyrAwjnM4rfqJpjMkMT+jAUokF1UG2CD+H51YZwXGk7JMGLtTfGxkWWqcitJN5RL3q5eJ/3iAx45sgYzJODJVkeWiccGgimDcBR0xRYnhqCSaK2ayQTLHCxNi+KrYEb/XL66TbqHtXdXR/WWu2ijrK4BScgQvggWvQBC3QBh1AQAqewSt4c56cF+fd+ViOlpxipwr+wPn8ARfjlHI=</latexit>

200 µeV
Inflation 

and  
Reheating

DM dominatesSM dominates

<latexit sha1_base64="e7bubNVOkRKitw2rlIkJcm18YjU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRlwY0LhQp9QRPKZDpph85MwsxEKCEbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeIGZUacf5tlZW19Y3Nktb5e2d3b19++Cwo6JEYtLGEYtkL0CKMCpIW1PNSC+WBPGAkW4wucn97iORikaipacx8TkaCRpSjLSRBvZxteWNtPE59DjSY8nTe9LJzgd2xak5M8Bl4hakAgo0B/aXN4xwwonQmCGl+q4Taz9FUlPMSFb2EkVihCdoRPqGCsSJ8tPZAxk8M8oQhpE0JTScqb8nUsSVmvLAdOZHqkUvF//z+okOr/2UijjRROD5ojBhUEcwTwMOqSRYs6khCEtqboV4jCTC2mRWNiG4iy8vk85Fzb2s1R/qlcZdEUcJnIBTUAUuuAINcAuaoA0wyMAzeAVv1pP1Yr1bH/PWFauYOQJ/YH3+AEdXlkA=</latexit>

(T & MeV)



16

Thermal Dark Matter
• Early Universe = hot soup of relativistic particles   As it expanded, it cooled off and some things happened:                   

• “Thermal DM” ⇒ was once in thermodynamic equilibrium with the SM

Higgs Boson 
Symmetry 
 Breaking

Formation of  
Neutral Atoms  

(CMB photons released!)

Now

<latexit sha1_base64="OttoY5qBHcv3hNpjM8FMo7rOXX0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48dhKv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZn77CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV9z6Vbn6kMdRgFM4gwvw4AaqcA81aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+1y4zs</latexit>

T
<latexit sha1_base64="xebtD5oQ/RkL94vGa8W6pRwSHyA=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclYwoCm4KLuyygn1AZyiZNNOGJpkhyShl7Ke4caGIW7/EnX9jpp2Fth4IHM65l3tywoQzbRD6dlZW19Y3Nktb5e2d3b19t3LQ1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+R+54EqzWJ5byYJDQQeShYxgo2V+m7FQ8i/9gU2IyWyW9qe9t0qqqEZ4DLxClIFBZp998sfxCQVVBrCsdY9DyUmyLAyjHA6LfuppgkmYzykPUslFlQH2Sz6FJ5YZQCjWNknDZypvzcyLLSeiNBO5hn1opeL/3m91ERXQcZkkhoqyfxQlHJoYpj3AAdMUWL4xBJMFLNZIRlhhYmxbZVtCd7il5dJ+6zmXdTQ3Xm13ijqKIEjcAxOgQcuQR00QBO0AAGP4Bm8gjfnyXlx3p2P+eiKU+wcgj9wPn8ASKGTZg==</latexit>

100 GeV
<latexit sha1_base64="+nU4ezy1+7A47FHExhhvkkktrW0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuQuIDBTcFN11WsA9oQplMb9qhM0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhClnSrvut7W2vrG5tV3Zqe7u7R8c2kfHbZVkkkKLJjyR3ZAo4CyGlmaaQzeVQETIoROOHwq/MwGpWBI/6WkKgSDDmEWMEm2kvm27zpV/7wuiR1Lk0J717ZrruHPgVeKVpIZKNPv2lz9IaCYg1pQTpXqem+ogJ1IzymFW9TMFKaFjMoSeoTERoIJ8nnyGz40ywFEizYs1nqu/N3IilJqK0EwWEdWyV4j/eb1MR3dBzuI00xDTxaEo41gnuKgBD5gEqvnUEEIlM1kxHRFJqDZlVU0J3vKXV0n70vFuHPfxulZvlHVU0Ck6QxfIQ7eojhqoiVqIogl6Rq/ozcqtF+vd+liMrlnlzgn6A+vzB7J0kxU=</latexit>

0.3 eV
<latexit sha1_base64="hG8o3NYBDd5EwP/XQ6Ig6djpZu4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqmSKouCm4KbLCvYBnaFk0rQNTTJDkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7knJ4w50wahb6e0sbm1vVPereztHxweuccnXR0litAOiXik+iHWlDNJO4YZTvuxoliEnPbC2V3u9x6p0iySDyaNaSDwRLIxI9hYaehWGwj5t75IfIHNVImMdudDt4bqaAG4TryC1ECB9tD98kcRSQSVhnCs9cBDsQkyrAwjnM4rfqJpjMkMT+jAUokF1UG2CD+H51YZwXGk7JMGLtTfGxkWWqcitJN5RL3q5eJ/3iAx45sgYzJODJVkeWiccGgimDcBR0xRYnhqCSaK2ayQTLHCxNi+KrYEb/XL66TbqHtXdXR/WWu2ijrK4BScgQvggWvQBC3QBh1AQAqewSt4c56cF+fd+ViOlpxipwr+wPn8ARfjlHI=</latexit>

200 µeV
Inflation 

and  
Reheating

DM dominatesSM dominates

<latexit sha1_base64="e7bubNVOkRKitw2rlIkJcm18YjU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRlwY0LhQp9QRPKZDpph85MwsxEKCEbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeIGZUacf5tlZW19Y3Nktb5e2d3b19++Cwo6JEYtLGEYtkL0CKMCpIW1PNSC+WBPGAkW4wucn97iORikaipacx8TkaCRpSjLSRBvZxteWNtPE59DjSY8nTe9LJzgd2xak5M8Bl4hakAgo0B/aXN4xwwonQmCGl+q4Taz9FUlPMSFb2EkVihCdoRPqGCsSJ8tPZAxk8M8oQhpE0JTScqb8nUsSVmvLAdOZHqkUvF//z+okOr/2UijjRROD5ojBhUEcwTwMOqSRYs6khCEtqboV4jCTC2mRWNiG4iy8vk85Fzb2s1R/qlcZdEUcJnIBTUAUuuAINcAuaoA0wyMAzeAVv1pP1Yr1bH/PWFauYOQJ/YH3+AEdXlkA=</latexit>

(T & MeV)

<latexit sha1_base64="lFa/ToeVp9TpMR1N5UvEHTM/1y8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0Y0nEouCm4KYboYJ9QBPKZDpph85MwsxEKKGf4MZfceNCEbcu3fk3TtqA2nrgwuGce7n3niBmVGnH+bIKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GF1nfvueSEUjcafHMfE5GggaUoy0kXr2setdeRzpoeTpDWlNoAdPTVWdH3mUyT277FScKeAicXNSBjkaPfvT60c44URozJBSXdeJtZ8iqSlmZFLyEkVihEdoQLqGCsSJ8tPpQxN4ZJQ+DCNpSmg4VX9PpIgrNeaB6cyOVPNeJv7ndRMdXvopFXGiicCzRWHCoI5glg7sU0mwZmNDEJbU3ArxEEmEtcmwZEJw519eJK2zilutOLfn5Vo9j6MIDsAhOAEuuAA1UAcN0AQYPIAn8AJerUfr2Xqz3metBSuf2Qd/YH18AySxm2w=</latexit>

1 MeV � 50 keV

Formation of  
Light Nuclei

Extrapolation
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Why Thermal Dark Matter?
• Thermal DM is created by collisions of SM particles. 

• Thermal DM can develop the correct relic abundance during the 

subsequent expansion and cooling of the universe through freeze out. 

• Thermal DM candidates arise in many theories that extend the SM. 

• Thermal DM requires non-gravity interactions between DM and the SM. 
⇒ an excellent target for dark matter searches in the laboratory!
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Thermal Dark Matter: Equilibration
• Thermal DM ⇔ was once in thermodynamic equilibrium with the SM 

• Equilibrium needs non-gravitational interactions between DM and the SM: 

    

<latexit sha1_base64="fazRgOZoPOuXufj79ov2Uo4Vf5o="></latexit>

DM+ SM $ DM+ SM
<latexit sha1_base64="YNZBvQlDEkALxL2fN+ZPhMvkN54="></latexit>

DM+DM $ SM+ SM

kinetic equilibrium chemical equilibrium

DM DM

SM SM

DM SM

SMDM

time
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Thermal Dark Matter: Equilibration
• Thermal DM ⇔ was once in thermodynamic equilibrium with the SM 

• Kinetic equilibrium: DM and SM have the same temperature T. 

• Chemical equilibrium: number density of DM species of mass      is          

<latexit sha1_base64="T1A/Oz8hI8mssMqfQdGssF448rM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3hqwX5AG8pmO2nX7iZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFDzCpuFGYCdRSGUgsB2Mb2d++wmV5nH0YCYJ+pIOIx5yRo2VGrJfrrhVdw6ySrycVCBHvV/+6g1ilkqMDBNU667nJsbPqDKcCZyWeqnGhLIxHWLX0ohK1H42P3RKzqwyIGGsbEWGzNXfExmVWk9kYDslNSO97M3E/7xuasIbP+NRkhqM2GJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LqXVXdxmWldp/HUYQTOIVz8OAaanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8f2ZuM/g==</latexit>m
<latexit sha1_base64="cX260RAmkhgs8QrUPi1Hs3i9sps="></latexit>

neq
DM ⇠

Z
d3p

(2⇡)3
1

eE/T ⌥ 1
, (E =

p
m2 + p2, ~ = c = kB = 1)

Bose-Einstein 
or  

Fermi-Dirac

Relativistic  
Energy
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Thermal Dark Matter: Equilibration
• “Thermal” ⇒ DM that was once in thermodynamic equilibrium with the SM 

• Kinetic equilibrium: DM and SM have the same temperature T. 

• Chemical equilibrium: number density of DM species of mass      is          

<latexit sha1_base64="T1A/Oz8hI8mssMqfQdGssF448rM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3hqwX5AG8pmO2nX7iZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFDzCpuFGYCdRSGUgsB2Mb2d++wmV5nH0YCYJ+pIOIx5yRo2VGrJfrrhVdw6ySrycVCBHvV/+6g1ilkqMDBNU667nJsbPqDKcCZyWeqnGhLIxHWLX0ohK1H42P3RKzqwyIGGsbEWGzNXfExmVWk9kYDslNSO97M3E/7xuasIbP+NRkhqM2GJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LqXVXdxmWldp/HUYQTOIVz8OAaanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8f2ZuM/g==</latexit>m
<latexit sha1_base64="VTd4+B5rb1VkmXpjzxkggEsAP1c="></latexit>

neq
DM ⇠

Z
d3p

(2⇡)3
1

eE/T ⌥ 1
, (E =

p
m2 + p2, ~ = c = kB = 1)

⇠

8
<

:

T 3 ; m ⌧ T

(mT )3/2e�m/T ; m � T
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Thermal Dark Matter: Freeze Out
• Chemical equilibrium of DM is lost as the Universe cools. 

• Reaction rate for DM annihilation  DM + DM → SM + SM :                   

• Equilibrium requires 

(scattering probability) x (target density)
<latexit sha1_base64="eOO1BYA8cWsCqFS9g/68PswqjLI="></latexit>

Rann = h�annvinDM ⇠

<latexit sha1_base64="ZV5SPk5wF/tssaMWbYExC4mn4pg="></latexit>

Rann > H ' 1/⌧universe

<latexit sha1_base64="Pi4b+X5CxC27kZu/eKTqK+hl+bo="></latexit>

T ⌧ m ) nDM/T 3 ⇠ e�m/T
<latexit sha1_base64="iI4PywYl5ZUb0mFWAqEfvLSLYj4=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmdU1GVBFy4UqvQFnXHIpOk0NMkMSUYpQ3/Cjb/ixoUibgV3/o1pOwttPXDhcM693HtPEDOqtG1/WzOzc/MLi7ml/PLK6tp6YWOzrqJEYlLDEYtkM0CKMCpITVPNSDOWBPGAkUbQOx/6jXsiFY1EVfdj4nEUCtqhGGkj+YX9KnTDEHI/HUD3loZdjaSMHqDwU1dyeHE9OKjeHUFXUQ4dv1C0S/YIcJo4GSmCDBW/8OW2I5xwIjRmSKmWY8faS5HUFDMyyLuJIjHCPRSSlqECcaK8dPTVAO4apQ07kTQlNBypvydSxJXq88B0cqS7atIbiv95rUR3zryUijjRRODxok7CoI7gMCLYppJgzfqGICypuRXiLpIIaxNk3oTgTL48TeqHJeekZN8cF8tXWRw5sA12wB5wwCkog0tQATWAwSN4Bq/gzXqyXqx362PcOmNlM1vgD6zPHyl8nZQ=</latexit>

T � m ) nDM/T 3 ⇠ 1
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Thermal Dark Matter: Freeze Out
• For moderate DM-SM interaction strength:

Rann � H

Rann ⌧ H

<latexit sha1_base64="9bBbPO3F7a6pAfyVzxBFVVhELjI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqMeAFw8eIpoHJEuYncwmQ+axzMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3RQlnxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTWiDKK50O8KGciZpwzLLaTvRFIuI01Y0upn6rSeqDVPy0Y4TGgo8kCxmBFsnPQRnoleu+FV/BrRMgpxUIEe9V/7q9hVJBZWWcGxMJ/ATG2ZYW0Y4nZS6qaEJJiM8oB1HJRbUhNns1Ak6cUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXplFwIweLLy6R5Xg0uq/79RaV2l8dRhCM4hlMI4ApqcAt1aACBATzDK7x53Hvx3r2PeWvBy2cO4Q+8zx+2H410</latexit>

1/m
<latexit sha1_base64="OD7PhvRY7isCsIVXbGGRnjht5DY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E1DJgY2ERMV+QHGFvs5cs2ds7dueEcOQn2FgoYusvsvPfuEmu0OiDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDZwk3I/oUIlQMIpWevDOGv1yxa26c5C/xMtJBXLU++XP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWt86p3WXXvLyq1uzyOIhzBMZyCB1dQg1uoQxMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDkDuNWw==</latexit>

1/T

Freeze Out

time

<latexit sha1_base64="n9Ds/cQnPE5JRcdMcOGuguGDPL8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY8FPXhQqNAvaLclm6ZtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g408Z1v53M0vLK6lp2PbexubW9k9/dq+kwVoRWSchD1QiwppxJWjXMcNqIFMUi4LQeDK8nfv2RKs1CWTGjiPoC9yXrMYKNldqyk7SUQDf345NK+6yTL7hFdwq0SLyUFCBFuZP/anVDEgsqDeFY66bnRsZPsDKMcDrOtWJNI0yGuE+blkosqPaT6dVjdGSVLuqFypY0aKr+nkiw0HokAtspsBnoeW8i/uc1Y9O78hMmo9hQSWaLejFHJkSTCFCXKUoMH1mCiWL2VkQGWGFibFA5G4I3//IiqZ0WvYui+3BeKN2lcWThAA7hGDy4hBLcQhmqQEDBM7zCm/PkvDjvzsesNeOkM/vwB87nD3Ihkdo=</latexit>

nDM/T 3
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Thermal Dark Matter: Freeze Out
• Dark Matter “relic density from freeze out:

<latexit sha1_base64="9bBbPO3F7a6pAfyVzxBFVVhELjI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqMeAFw8eIpoHJEuYncwmQ+axzMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3RQlnxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTWiDKK50O8KGciZpwzLLaTvRFIuI01Y0upn6rSeqDVPy0Y4TGgo8kCxmBFsnPQRnoleu+FV/BrRMgpxUIEe9V/7q9hVJBZWWcGxMJ/ATG2ZYW0Y4nZS6qaEJJiM8oB1HJRbUhNns1Ak6cUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXplFwIweLLy6R5Xg0uq/79RaV2l8dRhCM4hlMI4ApqcAt1aACBATzDK7x53Hvx3r2PeWvBy2cO4Q+8zx+2H410</latexit>

1/m

Freeze Out

time

<latexit sha1_base64="n9Ds/cQnPE5JRcdMcOGuguGDPL8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY8FPXhQqNAvaLclm6ZtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g408Z1v53M0vLK6lp2PbexubW9k9/dq+kwVoRWSchD1QiwppxJWjXMcNqIFMUi4LQeDK8nfv2RKs1CWTGjiPoC9yXrMYKNldqyk7SUQDf345NK+6yTL7hFdwq0SLyUFCBFuZP/anVDEgsqDeFY66bnRsZPsDKMcDrOtWJNI0yGuE+blkosqPaT6dVjdGSVLuqFypY0aKr+nkiw0HokAtspsBnoeW8i/uc1Y9O78hMmo9hQSWaLejFHJkSTCFCXKUoMH1mCiWL2VkQGWGFibFA5G4I3//IiqZ0WvYui+3BeKN2lcWThAA7hGDy4hBLcQhmqQEDBM7zCm/PkvDjvzsesNeOkM/vwB87nD3Ihkdo=</latexit>

nDM/T 3

1/T

h�viann

<latexit sha1_base64="ZN9sj4e+oe3YUy6ynMN22l8pSpk="></latexit>

nDM

nobs
' 3⇥ 10�26cm3/s

h�annvi
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Thermal Dark Matter: Freeze Out
• Thermal DM can produce the observed abundance by Freeze Out! 

• Requirement: 

• This is determined by particle physics.  e.g.

<latexit sha1_base64="TTFB5tAp+yIITmC/YcFRTzbv5X4="></latexit>

h�annvi ' 3⇥ 10�26cm3/s

DM

DM

SM

SM

<latexit sha1_base64="vCKvMplxnsv6hwLmAx0dXDeGthM="></latexit>

h�annvi '
g4DM

m2
DM

mediator
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Thermal Dark Matter: WIMPs
• Special case: WIMP = Weakly Interacting Massive Particle 

• weak interactions between DM and SM predict 

• correct freeze out density then follows for  

• New particles in this mass range are motivated by Higgs quantum stability!   ⇒ “WIMP Miracle” 

• Some WIMP candidates: 

• lightest superpartner in supersymmetry (LSP) 

• lightest odd particle in any theory with a new DM parity (LKP, LTP,…) 

• heavier friends of the SM neutrinos

<latexit sha1_base64="oGkx30+cstVOFk6HmFr1w8SH6Jc=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZl2bLss6EIEoYJ9QKeUTJq2ocnMkGSEYai/4saFIm79EHf+jelDUNEDF07OuZfce4KYM6UR+rBWVtfWNzZzW/ntnd29ffvgsKWiRBLaJBGPZCfAinIW0qZmmtNOLCkWAaftYHI+89t3VCoWhbc6jWlP4FHIhoxgbaS+XRj1M18KeHE9hb5iAiKn3LeLyEGVahWVzfPMq5VLniE1zzUcug6aowiWaPTtd38QkUTQUBOOleq6KNa9DEvNCKfTvJ8oGmMywSPaNTTEgqpeNl9+Ck+MMoDDSJoKNZyr3ycyLJRKRWA6BdZj9dubiX953UQPa72MhXGiaUgWHw0TDnUEZ0nAAZOUaJ4agolkZldIxlhiok1eeRPC16Xwf9IqOW7FQTdesX61jCMHjsAxOAUuqII6uAQN0AQEpOABPIFn6956tF6s10XrirWcKYAfsN4+AT5Rk+U=</latexit>

gDM ⇠ 0.3
<latexit sha1_base64="1b46B2G4V5dCo+dLkuPwL+l9jnE="></latexit>

mDM ⇠ 100 � 3000GeV
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Freeze Out Beyond WIMPS
• Freeze Out works over a wide mass range: 
 
 
 
 
 
 

• New forces connecting DM to the SM are needed to get the right freeze out 
density for masses outside the WIMP range of                                             . 

• Idea: dark matter might be part of a larger dark sector!

<latexit sha1_base64="0Mg9fSRuocAwLXvzU50YNms+XHw="></latexit>

10MeV . mDM . 100TeV

<latexit sha1_base64="1b46B2G4V5dCo+dLkuPwL+l9jnE="></latexit>

mDM ⇠ 100 � 3000GeV

<latexit sha1_base64="NdYt+ksudjkeFSFfoA2HnN5QARE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbgnoMeBFPEcwDkjXMTibJkNnZZaZXCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4ilMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2UaMYbLJKRbgfUcCkUb6BAydux5jQMJG8F45uZ33ri2ohIPeAk5n5Ih0oMBKNopZbnPqYXlWmvWHLL7hxklXgZKUGGeq/41e1HLAm5QiapMR3PjdFPqUbBJJ8WuonhMWVjOuQdSxUNufHT+blTcmaVPhlE2pZCMld/T6Q0NGYSBrYzpDgyy95M/M/rJDi49lOh4gS5YotFg0QSjMjsd9IXmjOUE0so08LeStiIasrQJlSwIXjLL6+SZqXsXZar99VS7S6LIw8ncArn4MEV1OAW6tAABmN4hld4c2LnxXl3PhatOSebOYY/cD5/AEJEjuc=</latexit>

10�2
<latexit sha1_base64="3KYJRSf8OBAff/7/vgiubxPshxM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF/FUwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sRh/e4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpH11O/9cS04Ure23HCgpgMJI84JdZJTR8/ZHjSK1dwFc+AlomfkwrkqPfKX92+omnMpKWCGNPxcWKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk6c0keR0q6kRTP190RGYmPGceg6Y2KHZtGbiv95ndRGV0HGZZJaJul8UZQKZBWavo76XDNqxdgRQjV3tyI6JJpQ6wIquRD8xZeXSfOs6l9Uz+/OK7XbPI4iHMExnIIPl1CDG6hDAyg8wjO8wpunvBfv3fuYtxa8fOYQ/sD7/AHUdY6u</latexit>

100
<latexit sha1_base64="NkZ+3G8He0VjUTVJZfJe70kh0Jc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvIinCvYD2rVk02wbm02WJCuUpf/BiwdFvPp/vPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyXXmd56o0kyKezONqR/hkWAhI9hYqe25D2ltNihX3Ko7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE175KRNxYqggi0VhwpGRKHsdDZmixPCpJZgoZm9FZIwVJsYGVLIheMsvr5J2repdVOt39UrjNo+jCCdwCufgwSU04Aaa0AICj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8A13+OsA==</latexit>

102
<latexit sha1_base64="QDM1hgfR6LIkpMiIIP9vuXFz3MU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FL+Kpgv2Adi3ZNNtGs8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gZVSqKWtSJZTuhMQwwSVrWm4F6ySakTgUrB0+Xk399hPThit5Z8cJC2IylDzilFgntXzvPqtN+uWKV/VmwMvEz0kFcjT65a/eQNE0ZtJSQYzp+l5ig4xoy6lgk1IvNSwh9JEMWddRSWJmgmx27QSfOGWAI6VdSYtn6u+JjMTGjOPQdcbEjsyiNxX/87qpjS6DjMsktUzS+aIoFdgqPH0dD7hm1IqxI4Rq7m7FdEQ0odYFVHIh+IsvL5PWWdU/r9Zua5X6TR5HEY7gGE7BhwuowzU0oAkUHuAZXuENKfSC3tHHvLWA8plD+AP0+QPaiY6y</latexit>

104
<latexit sha1_base64="uZ+IjlAeDpId4j7OH7iuMsoEX10=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvIinCvYD2rVk02wbm02WJCuUpf/BiwdFvPp/vPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyXXmd56o0kyKezONqR/hkWAhI9hYqe25D2l9NihX3Ko7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE175KRNxYqggi0VhwpGRKHsdDZmixPCpJZgoZm9FZIwVJsYGVLIheMsvr5L2RdWrV2t3tUrjNo+jCCdwCufgwSU04Aaa0AICj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8A3ZOOtA==</latexit>

106

<latexit sha1_base64="ojPNi1cHg1AOBJO/c+IUT9ZOVx0=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrOSFGXBQVFECrYC7TDkEkzbWiSGZKMUIfBV3HjQhG3voc738Z02oW2/hD4+M85nJM/iBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGF+N664FIRSNxr0cx8TjqCxpSjLSxfHuP+2lXcnh5mx3ncEWamW+XnYqTC86DO4UymKru21/dXoQTToTGDCnVcZ1YeymSmmJGslI3USRGeIj6pGNQIE6Ul+bXZ/DQOD0YRtI8oWHu/p5IEVdqxAPTyZEeqNna2Pyv1kl0eO6lVMSJJgJPFoUJgzqC4yhgj0qCNRsZQFhScyvEAyQR1iawkgnBnf3yPDRPKu5ppXpXLddupnEUwT44AEfABWegBq5BHTQABo/gGbyCN+vJerHerY9Ja8GazuyCP7I+fwCdfZS4</latexit>

mDM/GeV
WIMP

Freeze Out DM
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Beyond WIMPS: Dark Sectors
• Idea: (thermal) dark matter might be part of a larger dark sector! 
 
e.g. Dark Matter coupled to a (massive) Dark Photon

X

SM

ε

γ

DM

DM

SM

mX (GeV)
<latexit sha1_base64="zHggokv9G2KoJ4Tmd8PRx6a3Jds=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsxUQZcFF3ZZwT6gHYZMmmlDk8yQZMQyjJ/ixoUibv0Rd/6NmXYW2nogcDjnXu7JCWJGlXacb2ttfWNza7u0U97d2z84tI8qXRUlEpMOjlgk+wFShFFBOppqRvqxJIgHjPSC6U3u9x6IVDQS93oWE4+jsaAhxUgbybcr3O8/1YYc6Ynk6S3pZue+XXXqzhxwlbgFqYICbd/+Go4inHAiNGZIqYHrxNpLkdQUM5KVh4kiMcJTNCYDQwXiRHnpPHsGz4wygmEkzRMaztXfGyniSs14YCbzkGrZy8X/vEGiw2svpSJONBF4cShMGNQRzIuAIyoJ1mxmCMKSmqwQT5BEWJu6yqYEd/nLq6TbqLsX9cbdZbXZKuoogRNwCmrABVegCVqgDToAg0fwDF7Bm5VZL9a79bEYXbOKnWPwB9bnD7GrlDs=</latexit>

✏
<latexit sha1_base64="jOWT+c/J8zO5/xK39ZuhPYKNy8U=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBV0W3HRZwT6gM5RMmmljM0lIMkIdqr/ixoUibv0Pd/6NaTsLbT1w4XDOvdx7TyQZ1cbzvp3Cyura+kZxs7S1vbO75+4ftLRIFSZNLJhQnQhpwignTUMNIx2pCEoiRtrR6Hrqt++J0lTwWzOWJEzQgNOYYmSs1HOPHgMiNWWCB3KIuBFJdjfpuWWv4s0Al4mfkzLI0ei5X0Ff4DQh3GCGtO76njRhhpShmJFJKUg1kQiP0IB0LeUoITrMZtdP4KlV+jAWyhY3cKb+nshQovU4iWxngsxQL3pT8T+vm5r4Kswol6khHM8XxSmDRsBpFLBPFcGGjS1BWFF7K8RDpBA2NrCSDcFffHmZtKoV/7xSvbko1+p5HEVwDE7AGfDBJaiBOmiAJsDgATyDV/DmPDkvzrvzMW8tOPnMIfgD5/MHqrGWBg==</latexit>

 [GeV]A'm
3−10 2−10 1−10 1 10 210 310

ε
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[Lafranchi, 
 Pospelov, 
 Schuster 2020]

<latexit sha1_base64="Q0WEkybToEzzkqWKif5uEtAlsjE=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXAxsIigvmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWD2aSoB/RoeQhZ9RYqdPDRHMRy3654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83ik5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyex5MuAKmRETSyhT3N5K2IgqyoyNqGRD8JZfXiWti6p3Wa3d1yr1uzyOIpzAKZyDB1dQh1toQBMYCHiGV3hzHp0X5935WLQWnHzmGP7A+fwBUsGQMw==</latexit>✏
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Beyond Thermal Freeze Out
• Asymmetric DM: more DM than anti-DM, nearly all anti-DM annihilates 

(Analogous to the density of regular matter, but why an asymmetry?) 

• Super-WIMP DM: a thermal particle freezes out and then decays to DM 

• Self-Heating (Cannibal) DM: relic density from 3 → 2 self-annihilation 

• Freeze-In DM: DM is never thermalized but created by SM collisions 

• … 

• All these mechanisms rely on DM interactions with matter beyond gravity!
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Dark Matter Detection (Thermal)
• We want non-gravitational evidence for dark matter! 

This is expected for thermal dark matter. 

• Three main approaches: 

1. Direct Detection 
→ scattering of local DM in detectors 

2. Indirect Detection 
→ cosmic rays and more from DM 

3. Colliders 
→ create DM in energetic collisions

DM DM

SM SM

Direct

C
ol

lid
er

Indirect, Freeze O
ut

“shake it, break it, make it”
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Dark Matter Detection (Thermal)
• We want non-gravitational evidence for dark matter! 

This is expected for thermal (WIMP) dark matter. 

• Three main approaches: 

1. Direct Detection 
→ scattering of local DM in detectors 

2. Indirect Detection 
→ cosmic rays and more from DM 

3. Colliders 
→ create DM in energetic collisions

DM DM

SM SM

Direct

C
ol

lid
er

Indirect

“shake it, break it, make it”
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Dark Matter Direct Detection (Thermal)
• Searches for DM-nuclear scattering have not seen anything yet. 

• For spin-independent elastic scattering on nuclei:

DM [Schumann, 1903.03026]

neutrino background
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Dark Matter Direct Detection (Thermal)
• Searches for DM-nuclear scattering have not seen anything yet. 

• For spin-independent elastic scattering on nuclei:

DM [Schumann, 1903.03026]

neutrino background

WIMP region
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Dark Matter Direct Detection (Thermal)
• Searches for DM-nuclear scattering have not seen anything yet. 

• For spin-independent elastic scattering on nuclei:

DM [Schumann, 1903.03026]

neutrino background

WIMP region

WIMP-like region
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Direct Detection Beyond Thermal
• Previous SI bounds zoomed out and compared with other limits:
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[Bhoonah et al. 2018]
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Dark Matter Direct Detection (Thermal)
• Searches for DM-nuclear scattering have not seen anything yet. 

• For spin-dependent elastic scattering on nuclei:

[Schumann, 1903.03026]

DM DM
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Dark Matter Direct Detection (Thermal)
• Searches for DM-electron scattering have not seen anything yet. 

• These are sensitive to lower masses due to kinematics.

[SENSEI, 2004.11378]

DM DM



Non-Thermal Dark Matter

37
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Non-Thermal Dark Matter
• DM does not have to be thermal - no guarantees! 

• Non-thermal usually implies tiny interactions between DM and SM. 

• e.g. heavy particle produced with “just so” abundance in inflation  
→ not a very compelling production story 

• e.g. primordial black holes (PBHs)  
→ hard to create enough of them, only allowed for  

• e.g. axions (QCD axion, axion-like particles = ALPs)  
→ well-motivated and potentially detectable

<latexit sha1_base64="CHTXo1/M2NWF+9cqrHCAVkGNopM="></latexit>

MBH 2 [10�16, 10�10]M�
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Non-Thermal Dark Matter
• DM does not have to be thermal - no guarantees! 

• Non-thermal usually implies tiny interactions between DM and SM. 

• e.g. heavy particle produced with “just so” abundance in inflation  
→ not a very compelling production story 

• e.g. primordial black holes (PBHs)  
→ hard to create enough of them, only allowed for  

• e.g. axions (QCD axion, axion-like particles = ALPs)  
→ well-motivated and potentially detectable

<latexit sha1_base64="CHTXo1/M2NWF+9cqrHCAVkGNopM="></latexit>

MBH 2 [10�16, 10�10]M�
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Axion-(Like) Dark Matter
• Axion = pseudoscalar boson associated with approximate symmetry breaking 

• Can be DM if they couple very feebly to the SM and are non-thermal!        
aV

a

Axion DM Formation  
• axion field is displaced from its minimum   a fixed by Hubble expansion  
• field starts to oscillate coherently as the   expansion slows down  
• oscillation energy gravitates like matter   and acts as DM 

⇒ axions are “wave like” dark matter

<latexit sha1_base64="BCAv8Fen6V7q9UCeM+hFV/Wsi0U=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2FZoY9lsJ+3S3STsbpQS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBY+wZbgReJ8opDIQ2AnGNzO/84hK8zi6M5MEfUmHEQ85o8ZKDw3SE6i15pLIPu2XK27VnYOsEi8nFcjR7Je/eoOYpRIjwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1NKIStZ/Nr56SM6sMSBgrW5Ehc/X3REal1hMZ2E5JzUgvezPxP6+bmvDaz3iUpAYjtlgUpoKYmMwiIAOukBkxsYQyxe2thI2ooszYoEo2BG/55VXSvqh6l9Xaba1Sb+RxFOEETuEcPLiCOjSgCS1goOAZXuHNeXJenHfnY9FacPKZY/gD5/MH4zqSJg==</latexit>

H . ma
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QCD Axions
• QCD (= strong force) has a problem with too much CP violation. 

• Can be solved with a light axion field    that couples to the gluon. 
 

• Axion mass and potential come from QCD confinement. 
 

• Realistic axion theories also predict photon and fermion couplings.

<latexit sha1_base64="rP/ybUWqJwfrQ1/z+oUKE5uLX4Y="></latexit>
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<latexit sha1_base64="kZ9wdWodLo/zkVUHfRKyLWVHR8I=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0ja2PZY8OLBQxX7AW0om+2mXbrZhN2NUEr/gRcPinj1H3nz37hpK6jog4HHezPMzAsSzpR2nA8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSaXmd+5p1KxWNzpaUL9CI8ECxnB2ki3uDAolhzbqdZqTgU59oVXr5Q9Q+qeazhybWeBEqzQHBTf+8OYpBEVmnCsVM91Eu3PsNSMcDov9FNFE0wmeER7hgocUeXPFpfO0ZlRhiiMpSmh0UL9PjHDkVLTKDCdEdZj9dvLxL+8XqrDuj9jIkk1FWS5KEw50jHK3kZDJinRfGoIJpKZWxEZY4mJNuFkIXx9iv4n7bLtVm3vxis1rldx5OEETuEcXKhBA66gCS0gEMIDPMGzNbEerRfrddmas1Yzx/AD1tsnb+eNWw==</latexit>a
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QCD Axion Direct Detection
• Direct detection of axions is very different from WIMP(-like) DM. 

• Use the photon coupling! 
 

• Search for axions via conversion within resonant cavities:

<latexit sha1_base64="HmrbJbGIkq0BdnDuWpgWNDid/yo="></latexit> ↵
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Axion

E Field
Light
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Axion
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QCD Axion Direct Detection
• Direct detection of axions is very different from WIMP(-like) DM. 

• Search for axions via conversion within resonant cavities:

Axion

E Field
Light

[ADMX 2013]
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QCD Axion Direct Detection
• Direct detection of axions is very different from WIMP(-like) DM. 

• Search for axions via conversion within resonant cavities:

Axion

E Field
Light

<latexit sha1_base64="HGai6jr1HxVAaaYIdTQLa0ikqNg="></latexit>
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(QCD) Axion Direct Detection
• Direct searches for WIMP-like DM can also be sensitive to axions! 

• Axions can be created in the Sun with                   and escape to us. 
WIMP-like DM searches are sensitive to recoils in this energy range. 

• XENON1T even sees 
an excess in electron recoils 
with an axion-consistent shape.

<latexit sha1_base64="0IhtqM/vvyyb8wZL9rNOobOyWoY=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZKeqyIIILFxXsA9pSMmmmDU0yQ5IRylDwV9y4UMSt3+HOvzHTzkJbDyQczrmXnJwg5kwbz/t2Ciura+sbxc3S1vbO7p67f9DUUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhfZ37rkSrNIvlgJjHtCTyULGQEGyv13aMbhLqaCXsLbEZKpGPanPbdslfxZkDLxM9JGXLU++5XdxCRRFBpCMdad3wvNr0UK8MIp9NSN9E0xmSMh7RjqcSC6l46iz9Fp1YZoDBS9kiDZurvjRQLrScisJNZRr3oZeJ/Xicx4VUvZTJODJVk/lCYcGQilHWBBkxRYvjEEkwUs1kRGWGFibGNlWwJ/uKXl0nzvOJfVKr31XLtLq+jCMdwAmfgwyXU4Bbq0AACKTzDK7w5T86L8+58zEcLTr5zCH/gfP4AFdeU/Q==</latexit>

E ⇠ keV

[XENON, 2006.09721]
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What is Dark Matter
• We don’t know! 

• Thermal dark matter motivates searches in direct detection, 
indirect detection, and colliders. 

• Non-thermal dark matter may also be detectable in the lab. 

• A diverse range of probes are needed to test the many possibilities. 

• Discovering Dark Matter would teach us about particle physics as well as 
the evolution of the very early Universe!
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DM Evidence #1: Galaxy Rotation
• Many galaxies look like rotating pancakes of stars. 

Compare rotation velocity to visible matter enclosed: 
 
 
 
 
 
 
 
 
 

• More matter is needed!   (Vera Rubin 1970)

30 kpc
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DM Evidence #2: Galaxy Clusters
• Galaxies are often found within self-gravitating galaxy clusters. 

• Virial Theorem: 
 
 
 
 
 
 
 

• More mass is needed to explain the observed velocities! (Fritz Zwicky 1933)

few Mpc

<latexit sha1_base64="u+5X6G2w+hWGndAOh5m+epXBSrM="></latexit>
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DM Evidence #3: CMB
• CMB = Cosmic Microwave Background = 2.725 K photons left from Big Bang 

• Temperature fluctuations in the CMB depend on energy content of Universe. 
 
 
 
 
 
 
 

• Data fits to 30% of energy in matter, but only 5% in regular matter (baryons)!
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[Planck 2013] [Wayne Hu]
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Energy Content of the Universe
• Energy content of the Universe now: 
 
 
 
 
 
 
 

• Only 5% of matter seems to come from stuff in the Standard Model! 

• Missing matter = “Dark Matter”

[Ben Finney 2012]
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What is Dark Matter?
• We don’t know! 

• Some DM theories: 

• Thermal DM is a  
good place to start! 

• But keep in mind 
Non-Thermal too!

[E.K. Park, HEPAP DMSAG, 2007]

Thermal DM
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Dark Matter Near Us
• If DM exists, we should be surrounded by it. 
 
 
 
 
 
 
 
 
 

• In our local region:

Galactic Disc

DM Halo

100 pc

8.5 kpc

20 kpc

Us

<latexit sha1_base64="+D0dOkV9B0/6AFmFMNodX8A2Ymk="></latexit>

⇢DM ' 0.3GeV/cm�3

hvDMi ' 300 km/s ' 10�3 c
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Dark Matter Detection in the Lab
• If DM is all around us and interacts with the SM, it might be detectable! 

• Direct Detection: (elastic) scattering in a detector.

DM

Response:

Detector

<latexit sha1_base64="aFjjcFL0wrsRUZ7HKC/xb2rYZ0M="></latexit>

T = EDM � E0
DM

~q = ~pDM � ~p 0
DM

<latexit sha1_base64="ZuHv/qSY6/nGocTKwDkzoyZr+V4=">AAAB83icdVDLSgMxFM34rPVVdekmWIQKMmTase2y4MZlxb6gM5RMmrahmcyYZApl6G+4caGIW3/GnX9j+hBU9MCFwzn3cu89QcyZ0gh9WGvrG5tb25md7O7e/sFh7ui4paJEEtokEY9kJ8CKciZoUzPNaSeWFIcBp+1gfD332xMqFYtEQ09j6od4KNiAEayN5N0VGpfehJL0fnbRy+WRjcqVCipBZF+51VLRNaTqOoZDx0YL5MEK9V7u3etHJAmp0IRjpboOirWfYqkZ4XSW9RJFY0zGeEi7hgocUuWni5tn8NwofTiIpCmh4UL9PpHiUKlpGJjOEOuR+u3Nxb+8bqIHVT9lIk40FWS5aJBwqCM4DwD2maRE86khmEhmboVkhCUm2sSUNSF8fQr/J62i7ZRtdOvma/VVHBlwCs5AATigAmrgBtRBExAQgwfwBJ6txHq0XqzXZeuatZo5AT9gvX0CnzORew==</latexit>

S(T, ~q)
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Dark Matter Detection in the Lab
• If DM is all around us and interacts with the SM, it might be detectable! 

• The most common detection strategy is to look for nuclear recoils.

DM

Nucleus 
(A,Z)

scintillation, heat, ionization, …

<latexit sha1_base64="7ehI4ZEx8MvrzJy9ZwnLZZ8Ixqw="></latexit>

ER = EDM � E0
DM

~q = ~pDM � ~p 0
DM
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DM-Nucleus Kinematics
• Typical local DM velocity is 

<latexit sha1_base64="n3mJ5Um04uI9pvF624zBJTcJ7Dk=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIbqwzKuqy4EZcVbAP6Iwlk6ZtaDIzJJlCHYq/4saFIm79D3f+jWk7C209cLmHc+4lNyeIOVPacb6t3MLi0vJKfrWwtr6xuWVv79RUlEhCqyTikWwEWFHOQlrVTHPaiCXFIuC0HvSvx359QKViUXivhzH1Be6GrMMI1kZq2XuDE4I85CkmTHOdh/T4bNSyi07JmQDNEzcjRchQadlfXjsiiaChJhwr1XSdWPsplpoRTkcFL1E0xqSPu7RpaIgFVX46uX6EDo3SRp1Imgo1mqi/N1IslBqKwEwKrHtq1huL/3nNRHeu/JSFcaJpSKYPdRKOdITGUaA2k5RoPjQEE8nMrYj0sMREm8AKJgR39svzpHZaci9Kzt15sXybxZGHfTiAI3DhEspwAxWoAoFHeIZXeLOerBfr3fqYjuasbGcX/sD6/AG2pZN8</latexit>

v/c ⇠ 10�3

<latexit sha1_base64="NlExdHqbCBDNCssGg6Q/QaDVHBk=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgY2ERwXxAcoS9zVyyZG/v3N0LhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mb41RaR7LRzNJ0I/oQPKQM2qs1OqOkWVP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83Ck5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex30ucKmRETSyhT3N5K2JAqyoxNqGRD8JZfXiXNi6p3VXUfLiu1+zyOIpzAKZyDB9dQgzuoQwMYjOAZXuHNSZwX5935WLQWnHzmGP7A+fwBq+iP0g==</latexit>
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<latexit sha1_base64="olWaFQo3mlW9Suqb5ECiLpvLnls=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SIEvHiMYB6QLGF2MpuMmZ1ZZnqFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSqFRd//9lZW19Y3Ngtbxe2d3b390sFhw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGt1O/+cSNFVo94CjlYUL7SsSCUXRS44Z02EB0S2W/4s9AlkmQkzLkqHVLX52eZlnCFTJJrW0HforhmBoUTPJJsZNZnlI2pH3edlTRhNtwPLt2Qk6d0iOxNq4Ukpn6e2JME2tHSeQ6E4oDu+hNxf+8dobxdTgWKs2QKzZfFGeSoCbT10lPGM5QjhyhzAh3K2EDaihDF1DRhRAsvrxMGueV4LLi31+Uq7U8jgIcwwmcQQBXUIU7qEEdGDzCM7zCm6e9F+/d+5i3rnj5zBH8gff5A94RjrY=</latexit>= �DM
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DM-Nucleus Interactions
• DM-quark interaction → DM-nucleon interaction → DM-nucleus interaction 

• In many theories, get DM-nucleon potential of: 
 
 
 

• For SI scattering, the nuclear cross section on nucleus        has the form

spin-independent (SI)

spin-dependent (SD)

<latexit sha1_base64="E6EymT6E2uS25/973cm3Gu5Q5uA="></latexit>
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<latexit sha1_base64="LeR5khKkALmLXccN1YPiLaTjYXU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8VLz1JBbcttmvJptk2NJssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFvRknNIjxQLCIEWys5D9e9x5ue+WKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTY7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0nzrOpdVN2780qtnsdRhCM4hlPw4BJqUIcG+ECAwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AFKgY5d</latexit>

A
ZN

Nuclear ResponseDM-nucleon 
effective cross section

<latexit sha1_base64="Ps3Z8zYPt5Px9EotC1RGEhGrv/A="></latexit>
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Dark Matter Direct Detection (SI)
• Near future searches for WIMP (                       ) spin-independent DM: 

• XENONnT: 8.3 tonnes of liquid Xe at Gran Sasso (LNGS) 

• LZ: 7 tonnes of liquid Xe at Sanford (SURF) 

• PandaX-4T: 4 tonnes of liquid Xe at Jinping (CJPL) 

• DarkSide20k: 20 tonnes of liquid Ar at Gran Sasso (LNGS) 

• And beyond: 

• DARWIN: 40 tonnes of liquid Xe at (?) 

• ARGO: 300 tonnes of liquid Ar at SNOLAB (?) 

• SuperCDMS, SBC, NEWS-G, SENSEI, … at lower masses (                       )

<latexit sha1_base64="uxSaRMV33qsTaoJadH/O7zCENXI=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJKIqMuCC7usYB/QhDCZTtqhM0mYmQgldOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMud+4JU86Udpxva2l5ZXVtvbRR3tza3tm19/ZbKskkoU2S8ER2QqwoZzFtaqY57aSSYhFy2g6HNxO//UClYkl8r0cp9QXuxyxiBGsjBfaRCHKPDNgYeX1tYgK5jnfmSZHf0tY4sCtO1ZkCLRK3IBUo0AjsL6+XkEzQWBOOleq6Tqr9HEvNCKfjspcpmmIyxH3aNTTGgio/n54xRidG6aEokebFGk3V3xM5FkqNRGiSAuuBmvcm4n9eN9PRtZ+zOM00jclsUZRxpBM06QT1mKRE85EhmEhm/orIAEtMtGmubEpw509eJK3zqntZde4uKrV6UUcJDuEYTsGFK6hBHRrQBAKP8Ayv8GY9WS/Wu/Uxiy5ZxcwB/IH1+QNy6Jh8</latexit>

m� & 10GeV

<latexit sha1_base64="0VbPzsLiOO/U2JDeD0KEVZlLbmo=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwICURUY8FD/ZYwX5AE8JmO2mX7iZhdyOU0JsX/4oXD4p49S9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJJJCk2a8ER2QqKAsxiammkOnVQCESGHdji8mfjtB5CKJfG9HqXgC9KPWcQo0UYK7CMR5B4dsDH2OCilmMCu4515UuS30BoHdsWpOlPgReIWpIIKNAL7y+slNBMQa8qJUl3XSbWfE6kZ5TAue5mClNAh6UPX0JgIUH4+/WOMT4zSw1EiTcUaT9XfEzkRSo1EaDoF0QM1703E/7xupqNrP2dxmmmI6WxRlHGsEzwJBfeYBKr5yBBCJTO3YjogklBtoiubENz5lxdJ67zqXladu4tKrV7EUUKH6BidIhddoRqqowZqIooe0TN6RW/Wk/VivVsfs9Ylq5g5QH9gff4ARImY8A==</latexit>

m� . 10GeV
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Dark Matter Direct Detection
• Future projections (Spin-Independent):

neutrino background
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The Neutrino Floor
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hep-ph/1307.5458]
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Primordial Black Holes as DM
• How are they formed? 

• What is allowed? 

•
<latexit sha1_base64="rcM5EJl0MeDTDr+9srif4+TeACo=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiZS1I1Q1EUXChXsA5oQJtNJO3QmCTMToYT8gxt/xY0LRdy6ceffOGm7sK0HLhzOuZd77/FjRqWyrB9jYXFpeWW1sFZc39jc2jZ3dpsySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8gfXud96JELSKHxQw5i4HPVCGlCMlJY88ziAl9AR/chLHY5UX/C0flXLspNp7eYuyzyzZJWtEeA8sSekBCaoe+a3041wwkmoMENSdmwrVm6KhKKYkazoJJLECA9Qj3Q0DREn0k1HP2XwUCtdGERCV6jgSP07kSIu5ZD7ujO/Uc56ufif10lUcOGmNIwTRUI8XhQkDKoI5gHBLhUEKzbUBGFB9a0Q95FAWOkYizoEe/bledI8Ldtn5cp9pVS9ncRRAPvgABwBG5yDKqiBOmgADJ7AC3gD78az8Wp8GJ/j1gVjMrMHpmB8/QJmsp6R</latexit>

f = ⇢PBH/⇢DM
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A Question: the Invisible Moon
• Suppose we couldn’t “see” the moon with electromagnetic radiation.  e.g. thick, permanent cloud layer, … 

• How would we deduce its existence? What could we learn about its structure?

?
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A Question: the Invisible Moon
• Suppose we couldn’t “see” the moon with electromagnetic radiation.  e.g. thick, permanent cloud layer, … 

• How would we deduce its existence? What could we learn about its structure? 

• Assumptions: 

• we can observe the sun 

• we understand Newtonian gravity (or General Relativity)

?
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A Question: the Invisible Moon
• From the observation of tides, theoretical astronomers propose the  existence of a “Moon” orbiting the Earth with a 28 day period. 

• How much more could we say? 

• mass? 

• distance? 

• size? 

• microphysics?  (e.g. 50µm black hole? cheese?)  

• Are there other observations we could use?

?
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Addendum: the Invisible Moon
• The IceCube neutrino telescope imaged the moon in neutrinos! 

• They mostly observe atmospheric neutrinos produced by cosmic rays   hitting the atmosphere. 

• The moon can block some of these cosmic rays creating a “neutrino shadow”.

[IceCube 2013]
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