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We have plenty of evidences for DM



Searching for dark matter

• All the evidences of dark matter are from gravitational effects.

• We want to understand its particle nature:
• Mass
• Spin
• Size
• Inner structure if any
• Interactions with Standard Model particles
• Its self-interaction
• …



Where do we start from?

• We know almost nothing about dark matter except for:
• Stable 
• Equation of state 
• Cold enough
• Total energy density
• 23% of the total energy density
• About five times of the energy density of baryons

• Its velocity around the earth
• About 200 km/sec

• Energy density around the earth
• 0.4 GeV/cm3

Non-relativistic particles

22.4 mol/L ~ 1Pa

Lifetime longer than the age of the Universe

Or the large scale structure will be erased.



Theories of Dark Matter

• It is very easy to build 
a dark matter model!
• People have already 

written down 
hundreds of DM 
models!
• We need to find a 

strategy!



Classification according to Production 
Mechanisms
• Freeze-out
• WIMP, SuperWIMP, Coannihilation, Dark Sector

• Freeze-in
• UV freeze-in, IR freeze-in

• SIMP
• 3 → 2, 4 → 2

• Asymmetric DM (DM produced like baryons)
• Ultralight Bosonic DM
• Particle production during the expansion of the Universe
• …



Classification according to DM Mass Range

T. Lin



Outline

• Dark matter production mechanisms
• Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment …

• Dark matter detetion
• Searching for light DM
• Searching for ultralight DM
• Collider search for DM
• Indirect search for DM
• Searching for DM self interaction



Freeze-out

• The DM particles are in thermal 
equilibrium with SM particles in the 
early Universe. 
• Interaction.
• The rates are important.

• The Hubble expansion rate:

• The annihilation rate:
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Freeze-out

• The annihilation stops when the DM 
particles cannot find an anti-particle to 
annihilate. 

• 𝐻 is a small parameter

• Γ has to be suppressed for the 
condition to be satisfied. 
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The annihilation rate

• 𝜎𝑣 ∼ 𝛼!/𝑇" or 𝛼!/𝑚#
"  , 𝛼 is some coupling constant, it usually does not 

suppressed.

• The number density

• For s-wave annihilation 𝜎𝑣 ∼ 𝛼"/𝑚#
"  independent of 𝑇.
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The condition for freeze-out

• The condition for freeze-out is
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The condition for freeze-out

•  It is consistent to assume DM to be non-relativistic.
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Today’s Universe
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Today’s energy density of DM
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Freeze-out

• Two equations
• From the freeze-out condition

• From the observation 
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Freeze-out

• We look for the largest and smallest numbers. 

• Assuming 𝑚# is not significantly larger or smaller than 𝑚/.
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The WIMP miracle
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From WIMP to dark sector

• What is dark sector?

SM Dark sector
Dark portal



Dark Sector

• Vector dark portal
𝑔+, 𝑔-+

Diagram for detection

Diagram for annihilation
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Dark Sector

• To get the observed DM relic density

• In most models, 𝑔0H is free parameter, so 𝑚# has a large range of allowed 
parameter region. 

• Why we need 𝑔H1? The mediator should not be stable, or it will become DM. We 
need 𝑔H1 such that 𝑉 can decay into SM particles. 
• It is better for the decay to happen before the age of the universe is 1 sec, or the 

BBN will be ruined. 
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From WIMP to dark sector

• What are the popular portals?
• We look for operators with 

lowest dimensions. 
• It will be easy for the operators 

to survive in low energy theories 
if the interaction is marginal.
• SM singlets with dimension < 3:



The Standard Model of Particle Physics

SU(3) SU(2)L U(1)Y

𝑄I 3 2 -1/6

𝑢JK 3 1 2/3

𝑑JK 3 1 -1/3

𝐿 1 2 1/2

𝑒JK 1 1 -1

𝐻 1 2 1/2
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Relevant SM neutral Operators

• Special operators:
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L̄H

<latexit sha1_base64="Cv5hBsD5gjDAq9TyNqbPovvUyO0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegIB4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hZXVvfKG6WtrZ3dvfK+wdNnVhFaIMkPFHtGGvKmaQNwwyn7VRRLGJOW/HoZuq3nqjSLJEPZpzSSOCBZH1GsHHS4203C4UNpZ10yxW/6s+AlkmQkwrkqHfLX2EvIVZQaQjHWncCPzVRhpVhhNNJKbSappiM8IB2HJVYUB1ls4sn6MQpPdRPlCtp0Ez9PZFhofVYxK5TYDPUi95U/M/rWNO/ijImU2uoJPNFfcuRSdD0fdRjihLDx45gopi7FZEhVpgYF1LJhRAsvrxMmmfV4KLq359Xatd5HEU4gmM4hQAuoQZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AMcVkPw=</latexit>

Fµ⌫

Dimension = 2, conserves all quantum numbers

Dimension = 5/2, violates lepton number

Dimension = 2, Lorentz tensor



Connect to a new sector

<latexit sha1_base64="82mWheaUn6+KmDeZbmvrL2yJPbo=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEw8kV2i0SPRC0dMXCCBlXRLFxq63U3bNSELv8GLB43x6g/y5r+xwB4UfMkkL+/NZGZekAiujeN8o7X1jc2t7cJOcXdv/+CwdHTc1HGqKPNoLGLVDohmgkvmGW4EayeKkSgQrBWM7mZ+64kpzWP5YMYJ8yMykDzklBgreZP65LHaK5WdijMHXiVuTsqQo9ErfXX7MU0jJg0VROuO6yTGz4gynAo2LXZTzRJCR2TAOpZKEjHtZ/Njp/jcKn0cxsqWNHiu/p7ISKT1OApsZ0TMUC97M/E/r5Oa8MbPuExSwyRdLApTgU2MZ5/jPleMGjG2hFDF7a2YDoki1Nh8ijYEd/nlVdKsVtyrinN/Wa7d5nEU4BTO4AJcuIYa1KEBHlDg8Ayv8IYkekHv6GPRuobymRP4A/T5A4jSjoA=</latexit>

|H|2

<latexit sha1_base64="vy2eFp/mq+HUog15a5Urqs814eA=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtUlhEMB+QHGFvM5cs2ds7d/eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/lgxkn6Ed0IHnIGTVWancDqsgdqfVKZbfizkCWiZeTMuSo90pf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9m907IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKbPkz5XyIwYW0KZ4vZWwoZUUWZsREUbgrf48jJpnle8y4p7f1Gu3uRxFOAYTuAMPLiCKtSgDg1gIOAZXuHNeXRenHfnY9664uQzR/AHzucP3vaPMw==</latexit>

L̄H

<latexit sha1_base64="8Bpv3CWpR6mkLyDJLG6frP0IDcE=">AAACB3icbVDLTgJBEJzFF+IL9WhiJhITT2SXaPRI1ANHTOSRAJLZoYEJs4/M9BrJws2Lv+LFg8Z49Re8+TcOCwcFK+mkUtU9PV1uKIVG2/62UkvLK6tr6fXMxubW9k52d6+qg0hxqPBABqruMg1S+FBBgRLqoQLmuRJq7uBq4tfuQWkR+Lc4DKHlsZ4vuoIzNFI7ezgqje4KtInwgMlrsYLOOB6V2tdGH7ezOTtvJ6CLxJmRHJmh3M5+NTsBjzzwkUumdcOxQ2zFTKHgEsaZZqQhZHzAetAw1Gce6FacbB7TY6N0aDdQpnykifp7Imae1kPPNZ0ew76e9ybif14jwu5FKxZ+GCH4fLqoG0mKAZ2EQjtCAUc5NIRxJcxfKe8zxTia6DImBGf+5EVSLeSds7x9c5orXs7iSJMDckROiEPOSZGUSJlUCCeP5Jm8kjfryXqx3q2PaWvKms3skz+wPn8AaveZqQ==</latexit>

|H|2|HD|2

<latexit sha1_base64="SUxNpB1XwweMedvVVqKal/zLfxo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoscQLx4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4dua3n6jSLJEPZpLSSOChZANGsHHSY72XhcKG0k575Ypf9edAqyTISQVyNHrlr7CfECuoNIRjrbuBn5oow8owwum0FFpNU0zGeEi7jkosqI6y+cVTdOaUPhokypU0aK7+nsiw0HoiYtcpsBnpZW8m/ud1rRncRBmTqTVUksWigeXIJGj2PuozRYnhE0cwUczdisgIK0yMC6nkQgiWX14lrYtqcFX17y8rtXoeRxFO4BTOIYBrqMEdNKAJBCQ8wyu8edp78d69j0VrwctnjuEPvM8fwOGQ+A==</latexit>

Bµ⌫
<latexit sha1_base64="JU6Tgazk1yqeGYIyIu8mdB+oXdw=">AAACD3icbVDLSsNAFJ34tr6iLt0MFsVVSUTRZakblwq2FZoaJtPbdnAyCTM3Ygn5Azf+ihsXirh1686/cfoQfB24cDjn3rlzT5RKYdDzPpyp6ZnZufmFxdLS8srqmru+0TBJpjnUeSITfRkxA1IoqKNACZepBhZHEprR9cnQb96ANiJRFzhIoR2znhJdwRlaKXR3a2EexFmgsoIGCLc4ejLX0CnyxtWXVYRu2at4I9C/xJ+QMpngLHTfg07CsxgUcsmMafleiu2caRRcQlEKMgMp49esBy1LFYvBtPPR8oLuWKVDu4m2pZCO1O8TOYuNGcSR7YwZ9s1vbyj+57Uy7B63c6HSDEHx8aJuJikmdBgO7QgNHOXAEsa1sH+lvM8042gjLNkQ/N8n/yWN/Yp/WPHOD8rV2iSOBbJFtske8ckRqZJTckbqhJM78kCeyLNz7zw6L87ruHXKmcxskh9w3j4BEmmd9Q==</latexit>

Bµ⌫V
µ⌫

<latexit sha1_base64="nMWSZcKMQfgjkSwH9McsOjJgnjs=">AAACBnicbVDLSgNBEJyNrxhfUY8iDAbBU9gVRY9BLzmIRDEPyIYwO+kkQ2YfzPSKYcnJi7/ixYMiXv0Gb/6Nk00OmljQUFR1T0+XF0mh0ba/rczC4tLySnY1t7a+sbmV396p6TBWHKo8lKFqeEyDFAFUUaCERqSA+Z6Euje4HPv1e1BahMEdDiNo+awXiK7gDI3Uzu+7HlP0ipapi/CA6YOJgs4ouW7fjtr5gl20U9B54kxJgUxRaee/3E7IYx8C5JJp3XTsCFsJUyi4hFHOjTVEjA9YD5qGBswH3UrSrSN6aJQO7YbKVIA0VX9PJMzXeuh7ptNn2Nez3lj8z2vG2D1vJSKIYoSATxZ1Y0kxpONMaEco4CiHhjCuhPkr5X2mGEeTXM6E4MyePE9qx0XntGjfnBRKF9M4smSPHJAj4pAzUiJlUiFVwskjeSav5M16sl6sd+tj0pqxpjO75A+szx/Zc5jA</latexit>

L̄HNR



Dark Portals

Standard Model Dark Sector

<latexit sha1_base64="8Bpv3CWpR6mkLyDJLG6frP0IDcE=">AAACB3icbVDLTgJBEJzFF+IL9WhiJhITT2SXaPRI1ANHTOSRAJLZoYEJs4/M9BrJws2Lv+LFg8Z49Re8+TcOCwcFK+mkUtU9PV1uKIVG2/62UkvLK6tr6fXMxubW9k52d6+qg0hxqPBABqruMg1S+FBBgRLqoQLmuRJq7uBq4tfuQWkR+Lc4DKHlsZ4vuoIzNFI7ezgqje4KtInwgMlrsYLOOB6V2tdGH7ezOTtvJ6CLxJmRHJmh3M5+NTsBjzzwkUumdcOxQ2zFTKHgEsaZZqQhZHzAetAw1Gce6FacbB7TY6N0aDdQpnykifp7Imae1kPPNZ0ew76e9ybif14jwu5FKxZ+GCH4fLqoG0mKAZ2EQjtCAUc5NIRxJcxfKe8zxTia6DImBGf+5EVSLeSds7x9c5orXs7iSJMDckROiEPOSZGUSJlUCCeP5Jm8kjfryXqx3q2PaWvKms3skz+wPn8AaveZqQ==</latexit>

|H|2|HD|2

<latexit sha1_base64="nMWSZcKMQfgjkSwH9McsOjJgnjs=">AAACBnicbVDLSgNBEJyNrxhfUY8iDAbBU9gVRY9BLzmIRDEPyIYwO+kkQ2YfzPSKYcnJi7/ixYMiXv0Gb/6Nk00OmljQUFR1T0+XF0mh0ba/rczC4tLySnY1t7a+sbmV396p6TBWHKo8lKFqeEyDFAFUUaCERqSA+Z6Euje4HPv1e1BahMEdDiNo+awXiK7gDI3Uzu+7HlP0ipapi/CA6YOJgs4ouW7fjtr5gl20U9B54kxJgUxRaee/3E7IYx8C5JJp3XTsCFsJUyi4hFHOjTVEjA9YD5qGBswH3UrSrSN6aJQO7YbKVIA0VX9PJMzXeuh7ptNn2Nez3lj8z2vG2D1vJSKIYoSATxZ1Y0kxpONMaEco4CiHhjCuhPkr5X2mGEeTXM6E4MyePE9qx0XntGjfnBRKF9M4smSPHJAj4pAzUiJlUiFVwskjeSav5M16sl6sd+tj0pqxpjO75A+szx/Zc5jA</latexit>

L̄HNR

<latexit sha1_base64="JU6Tgazk1yqeGYIyIu8mdB+oXdw=">AAACD3icbVDLSsNAFJ34tr6iLt0MFsVVSUTRZakblwq2FZoaJtPbdnAyCTM3Ygn5Azf+ihsXirh1686/cfoQfB24cDjn3rlzT5RKYdDzPpyp6ZnZufmFxdLS8srqmru+0TBJpjnUeSITfRkxA1IoqKNACZepBhZHEprR9cnQb96ANiJRFzhIoR2znhJdwRlaKXR3a2EexFmgsoIGCLc4ejLX0CnyxtWXVYRu2at4I9C/xJ+QMpngLHTfg07CsxgUcsmMafleiu2caRRcQlEKMgMp49esBy1LFYvBtPPR8oLuWKVDu4m2pZCO1O8TOYuNGcSR7YwZ9s1vbyj+57Uy7B63c6HSDEHx8aJuJikmdBgO7QgNHOXAEsa1sH+lvM8042gjLNkQ/N8n/yWN/Yp/WPHOD8rV2iSOBbJFtske8ckRqZJTckbqhJM78kCeyLNz7zw6L87ruHXKmcxskh9w3j4BEmmd9Q==</latexit>

Bµ⌫V
µ⌫



Kinetic mixing dark photon as the dark portal

<latexit sha1_base64="TcBQzEbFJAZxkvQ0Uu5l3OwhJkE="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

4
Vµ⌫V

µ⌫ � 

2
Fµ⌫V

µ⌫ +
1

2
m2

V VµV
µ

Tiny kinetic mixing



Kinetic mixing dark photon as the dark portal

• How to diagonalize?

• Redefine the photon field 𝐴L

• After diagonalization, the dark photon couples to the EM current. 

<latexit sha1_base64="TcBQzEbFJAZxkvQ0Uu5l3OwhJkE="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

4
Vµ⌫V

µ⌫ � 

2
Fµ⌫V

µ⌫ +
1

2
m2

V VµV
µ

<latexit sha1_base64="Zua51InnTejnYOcofpNyOzYtjj4=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKxUCUIBGOBhbFI9CE1UXTjOq1V5yHbAVVR/4CFX2FhACFWVjb+BqfNAC1HutLxOffK9x4/4Uwqy/o2SguLS8sr5dXK2vrG5pa5vdOScSoIbZKYx6Ljg6ScRbSpmOK0kwgKoc9p2x9e5377ngrJ4uhOjRLqhtCPWMAIKC155uGl54QpdgTrDxQIET/gqXKMnSEkCeBW/vTMqlWzJsDzxC5IFRVoeOaX04tJGtJIEQ5Sdm0rUW4GQjHC6bjipJImQIbQp11NIwipdLPJPWN8oJUeDmKhK1J4ov6eyCCUchT6ujMENZCzXi7+53VTFVy4GYuSVNGITD8KUo5VjPNwcI8JShQfaQJEML0rJgMQQJSOsKJDsGdPnietk5p9VrNuT6v1qyKOMtpD++gI2egc1dENaqAmIugRPaNX9GY8GS/Gu/ExbS0Zxcwu+gPj8weJ+5u1</latexit>

Aµ ! Aµ � Vµ

<latexit sha1_base64="d2esm9O6G8lsJAcQb5CkV8v9W38=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2AR3FhmRNGVVN2Iqwr2Ap1azqSZNjSZGZKMUoa+jRtfxY2gIrr0TUwvoG09kPDz/eeQnN+POVPacb6szNz8wuJSdjm3srq2vmFvblVUlEhCyyTikaz5oChnIS1rpjmtxZKC8Dmt+t3LgV+9p1KxKLzVvZg2BLRDFjAC2qCmfUbxedMTCb6+G9yeZO2OBimjBzzpHGCvC3EMBld+cdPOOwVnWHhWuGORR+MqNe1XrxWRRNBQEw5K1V0n1o0UpGaE037OSxSNgXShTetGhiCoaqTDPft4z5AWDiJpTqjxkP6dSEEo1RO+6RSgO2raG8D/vHqig9NGysI40TQko4eChGMd4UFouMUkJZr3jAAimfkrJh2QQLSJNmdCcKdXnhWVw4J7XHBujvLFi3EcWbSDdtE+ctEJKqIrVEJlRNAjekZv6N16sl6sD+tz1JqxxjPbaKKs7x8myaRG</latexit>

eAµJ
µ ! eAµJ

µ � eVµJ
µ

<latexit sha1_base64="hPNA4mQq/Q4jIzYHpK8R+CloGIQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIohuh6MaNUNE+oDMMmTTThiaZkGSEMhT8FTcuFHHrd7jzb0zbWWjrgQuHc+7l3ntiyag2nvftLCwuLa+sltbK6xubW9vuzm5Tp5nCpIFTlqp2jDRhVJCGoYaRtlQE8ZiRVjy4HvutR6I0TcWDGUoSctQTNKEYGStF7n4vygPF4f3tCF7CYICkRJBEbsWrehPAeeIXpAIK1CP3K+imOONEGMyQ1h3fkybMkTIUMzIqB5kmEuEB6pGOpQJxosN8cv4IHlmlC5NU2RIGTtTfEzniWg95bDs5Mn09643F/7xOZpKLMKdCZoYIPF2UZAyaFI6zgF2qCDZsaAnCitpbIe4jhbCxiZVtCP7sy/OkeVL1z6re3WmldlXEUQIH4BAcAx+cgxq4AXXQABjk4Bm8gjfnyXlx3p2PaeuCU8zsgT9wPn8AqlqUpQ==</latexit>gSM = e

<latexit sha1_base64="58abda1wc3Hh7PsuYglh9aFGQAs=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKgkCwVhBB8RUJPqQmhA5rtNatePIdkBV1M9g4VdYGECItRt/g9N2gJYjXd2jc+6VfU+YMKq043xbhaXlldW14nppY3Nre8fe3WsqkUpMGlgwIdshUoTRmDQ01Yy0E0kQDxlphYPr3G89EqmoiO/1MCE+R72YRhQjbaTAPiFBDTYDj6fwNqg95N2TtNfXSErxBBfcwC47FWcCuEjcGSmDGeqBPfa6AqecxBozpFTHdRLtZ0hqihkZlbxUkQThAeqRjqEx4kT52eSwETwyShdGQpqKNZyovzcyxJUa8tBMcqT7at7Lxf+8TqqjSz+jcZJqEuPpQ1HKoBYwTwl2qSRYs6EhCEtq/gpxH0mEtcmyZEJw509eJM3Tintece7OytWrWRxFcAAOwTFwwQWoghtQBw2AwTN4Be/gw3qx3qxP62s6WrBmO/vgD6zxD7K5nvI=</latexit>

eDVµJ
µ
D ! eDVµJ

µ
D The dark current, composed by DM

<latexit sha1_base64="kaDS4Xz0sbNa9xc4jNoSkQE/A/I=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iril6Eoj14rGg/oF2WbJq2oUl2SbKFsvSfePGgiFf/iTf/jWm7B60+GHi8N8PMvCjhTBvP+3IKK6tr6xvFzdLW9s7unrt/0NRxqghtkJjHqh1hTTmTtGGY4bSdKIpFxGkrGt3O/NaYKs1i+WgmCQ0EHkjWZwQbK4WuOwizrhKo9jBF14iGtdAtexVvDvSX+DkpQ4566H52ezFJBZWGcKx1x/cSE2RYGUY4nZa6qaYJJiM8oB1LJRZUB9n88ik6sUoP9WNlSxo0V39OZFhoPRGR7RTYDPWyNxP/8zqp6V8FGZNJaqgki0X9lCMTo1kMqMcUJYZPLMFEMXsrIkOsMDE2rJINwV9++S9pnlX8i4p3f16u3uRxFOEIjuEUfLiEKtxBHRpAYAxP8AKvTuY8O2/O+6K14OQzh/ALzsc34xmShA==</latexit>gDS = eD



𝑁! portal Pospelov, Ritz, Voloshin, PLB 662:53-61, 2008

Right handed neutrino Dark matter 

mediator𝑁′

𝑁′

𝑆

𝑁.

𝑁.

𝑁J → 𝑆𝑀 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

• The motivation to consider such models is to avoid direct detection constraints.



Higgs portal Burgess and Pospelov, Nucl.Phys.B 619 (2001) 709



Outline

• Dark matter production mechanisms
• Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment …

• Dark matter detetion
• Searching for light DM
• Searching for ultralight DM
• Collider search for DM
• Indirect search for DM
• Searching for DM self interaction



Freeze-in

• Γ: the rate for a SM particle to be converted to DM particle.
• The Boltzmann equation of 𝑛#:

• Temperature redshifts with the expansion of the universe.

<latexit sha1_base64="Q/WiHEGwz2XI/PEFTegt4Wo0tDc=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARBKHMeN8IRRd2I1S0F+iUkkkzbWiSGZKMUIZ5Eze+ihsXioi7vo1pOwtt/SHw5T/nkJzfjxhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3fqKowlJjUcslA2faQIo4LUNNWMNCNJEPcZafiDm3G98USkoqF41MOItDnqCRpQjLSxOva5F0iEky4UHQ/3aWpIp/AInsBKZsEr6N0izpG5J57k8OEuhR276JScieA8uBkUQaZqx/72uiGOOREaM6RUy3Ui3U6Q1BQzkha8WJEI4QHqkZZBgThR7WSyXwoPjNOFQSjNERpO3N8TCeJKDblvOjnSfTVbG5v/1VqxDi7bCRVRrInA04eCmEEdwnFYsEslwZoNDSAsqfkrxH1kAtMm0oIJwZ1deR7qxyX3rOTcnxbL11kcebAH9sEhcMEFKIMKqIIawOAZvIJ38GG9WG/Wp/U1bc1Z2cwu+CNr9AOQ8qDL</latexit>

dn�

dt
+ 3Hn� = �nSM

<latexit sha1_base64="+y7+OiJYfuTX3b7a3qPRJDgwwlk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQ+0GXRjRuhYl/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6N0zYLrR64cDjnXu69J0wYVdpxvqzS0vLK6lp5vbKxubW9Y+/udVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINx1dTv/tApKKxaOksIT5HQ0EjipE2UmBXRZB7ksO7mwn0FOWwdX8S2DWn7swA/xK3IDVQoBnYn94gxiknQmOGlOq7TqL9HElNMSOTipcqkiA8RkPSN1QgTpSfz46fwEOjDGAUS1NCw5n6cyJHXKmMh6aTIz1Si95U/M/rpzq68HMqklQTgeeLopRBHcNpEnBAJcGaZYYgLKm5FeIRkghrk1fFhOAuvvyXdI7r7lnduT2tNS6LOMpgHxyAI+CCc9AA16AJ2gCDDDyBF/BqPVrP1pv1Pm8tWcVMFfyC9fENa7qT9w==</latexit>

nSM ⇠ T 3

Γ is a funtion of 𝑇.

<latexit sha1_base64="vBvhW+URl4AQLk7A77oL2tNIA1Q=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUU3QtFNlxX6gjaUyWTSDp1MwsxEKCEbf8WNC0Xc+hnu/Bunj4W2HrhwOOde7r3HTzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VJxKQpsk5rHs+FhRzgRtaqY57SSS4sjntO2P7id++5FKxWLR0OOEehEeCBYygrWR+vZRL5SYZAFq5FkDBUjn6Bado1rfLjsVZwq0TNw5KcMc9b791QtikkZUaMKxUl3XSbSXYakZ4TQv9VJFE0xGeEC7hgocUeVl0wdydGqUAIWxNCU0mqq/JzIcKTWOfNMZYT1Ui95E/M/rpjq88TImklRTQWaLwpQjHaNJGihgkhLNx4ZgIpm5FZEhNolok1nJhOAuvrxMWhcV96riPFyWq3fzOIpwDCdwBi5cQxVqUIcmEMjhGV7hzXqyXqx362PWWrDmM4fwB9bnDyzWlNM=</latexit>
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Freeze-in

•  

• During radiation domination: 𝐻 ∼ 𝑇"/𝑀!P 

<latexit sha1_base64="iuI4oXPBEtMyoyH5ybfUZgqsXMY="></latexit>
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IR freeze-in vs UV freeze-in

• If the interaction is renormalizable, and dimensionless, Γ ∼ 𝛼Q𝑇, by dimensional 
analysis. 

• The low energy theory matters, not sensitive to high energy theory.

<latexit sha1_base64="FB45NZOu02wvCwVULWvbHoSOIO8="></latexit>
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Divergence at 𝑇 = 0, IR dominant



IR freeze-in vs UV freeze-in

• If the interaction is mediated by higher dimension operators,

• Very sensitive to the reheating temperature. 

<latexit sha1_base64="HutaFY+RXZk8rPpWuIW1+nRW3fY=">AAACHHicbVDNS8MwHE3n15xfVY9egkPwNNqp6HHoxYPiRPcBay1pmm5hSVuSVBilf4gX/xUvHhTx4kHwvzH7QHTzQeDx3vsl+T0/YVQqy/oyCnPzC4tLxeXSyura+oa5udWUcSowaeCYxaLtI0kYjUhDUcVIOxEEcZ+Rlt8/G/qteyIkjaNbNUiIy1E3oiHFSGnJMw8yByMGr3IvcwSHN5c5dEKBcGbnmXOh7wnQXTWHPykH96hnlq2KNQKcJfaElMEEdc/8cIIYp5xECjMkZce2EuVmSCiKGclLTipJgnAfdUlH0whxIt1stFwO97QSwDAW+kQKjtTfExniUg64r5McqZ6c9obif14nVeGJm9EoSRWJ8PihMGVQxXDYFAyoIFixgSYIC6r/CnEP6W6U7rOkS7CnV54lzWrFPqpY14fl2umkjiLYAbtgH9jgGNTAOaiDBsDgATyBF/BqPBrPxpvxPo4WjMnMNvgD4/MbD+mhWg==</latexit>
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<latexit sha1_base64="k90k0/6afZR/NtLWLP6P86NfwK8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlqBWMFAwwMRepLatrqxnVaq3YS2Q5SFXVm4VdYGECIlS9g429wHwO0HOlKR+fca997/JgzpR3n28qsrK6tb2Q3c1vbO7t79v5BXUWJJLRGIh7Jpg+KchbSmmaa02YsKQif04Y/vJ74jQcqFYvCqh7FtC2gH7KAEdBG6trH3g0IAdhTTGAvkEDSaqc0Tr0780YPOsVx1847BWcKvEzcOcmjOSpd+8vrRSQRNNSEg1It14l1OwWpGeF0nPMSRWMgQ+jTlqEhCKra6fSUMT41Sg8HkTQVajxVf0+kIJQaCd90CtADtehNxP+8VqKDy3bKwjjRNCSzj4KEYx3hSS64xyQlmo8MASKZ2RWTAZg8tEkvZ0JwF09eJvXzglsqOPfFfPlqHkcWHaETdIZcdIHK6BZVUA0R9Iie0St6s56sF+vd+pi1Zqz5zCH6A+vzB3BHmhs=</latexit>
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A realistic model

• The dark photon model

• Assuming 𝑚# > 𝑚R, 𝑚S the integral stops at 𝑇 ∼ 𝑚#.

<latexit sha1_base64="FsMCdDM2iYjihqIik6g11q3QnQI="></latexit>
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A realistic model

• The dark photon model

• Assuming 𝑚# > 𝑚R, 𝑚S the integral stops at 𝑇 ∼ 𝑚#.

<latexit sha1_base64="FsMCdDM2iYjihqIik6g11q3QnQI="></latexit>
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Freeze-in via 𝑁!
DM

𝐿

𝜒

ϕ

𝑁.
𝐻

SM thermal bath Dark sector



Sterile neutrino production

• Producing sterile neutrinos from a thermal bath

• The active neutrinos keep scattering with the particles in the thermal 
bath. 

𝜈/
X 𝜈+

<latexit sha1_base64="nP2KHmnpef27SdbgpPAqfKnKgds="></latexit>

�⌫S ⇡ sin2(2✓)

4
�⌫↵

No media effect

Doldelson and Widrow PRL 72 (1994), 17-20



Sterile neutrino production

• Media effect is important when the net interaction with 𝑍 boson is 
nonzero.

• Resonant production when Δ 𝑝 ≈ 𝑉$ + 𝑉% .

𝜈/ 𝜈/

𝑍

Everything in the thermal bath

<latexit sha1_base64="KHCq6heIN7FTED73+0LJDgJtN78="></latexit>

sin2(2✓) ! sin2(2✓m) =
�2(p) sin2(2✓)

�2(p) sin2(2✓) + [�(p) cos(2✓)� VD � VT ]2

<latexit sha1_base64="pXewSckbC2xSQlT3uMPaHhx1uL8=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1U5Ki6EYo6sJlBfuAJpbJdNIOnZmEmYlQQtZu/BU3LhRx6xe482+ctllo64ELh3Pu5d57gphRpR3n21pYXFpeWS2sFdc3Nre27Z3dpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Grstx6IVDQSd3oUE5+jvqAhxUgbqWsfeNeEaVSOj+EF9EKJcDpVIL+vZmk1zrp2yak4E8B54uakBHLUu/aX14twwonQmCGlOq4Taz9FUlPMSFb0EkVihIeoTzqGCsSJ8tPJKxk8MkoPhpE0JTScqL8nUsSVGvHAdHKkB2rWG4v/eZ1Eh+d+SkWcaCLwdFGYMKgjOM4F9qgkWLORIQhLam6FeIBMHtqkVzQhuLMvz5NmteKeVpzbk1LtMo+jAPbBISgDF5yBGrgBddAAGDyCZ/AK3qwn68V6tz6mrQtWPrMH/sD6/AFUpZlq</latexit>

�(p) =
�m2

2p

Finite density effect

Finite temperature effectMikheev, Smirnov, Sov. J. Nucl. Phys. 42 (1985) 913–917 
Wolfenstein, Phys. Rev. D17 (1978) 2369–2374.
Shi and Fuller, PRL 82:2832-2835, 1999



Outline

• Dark matter production mechanisms
• Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment …

• Dark matter detetion
• Searching for light DM
• Searching for ultralight DM
• Collider search for DM
• Indirect search for DM
• Searching for DM self interaction



The SIMP model

• If 𝐻 < ΓZ→", 𝑛#/𝑇Z decreases. If 𝐻 > ΓZ→", 𝑛#/𝑇Z is conserved. 
• ΓZ→" can be seen as the disappearing rate of 𝜒.

• Assuming there is an interaction keeps the temperatures of the dark sector to be 
equal to the SM sector. 

• Require at some 𝑇\, ΓZ→" = 𝐻.

<latexit sha1_base64="bAUBCwU0NjA0b6JzEc7hqFHawsg=">AAACEHicbVC7SgNBFJ31bXxFLW0Gg2gVdqOiZdBCSwXzgGxc7k4myeA8lplZJSz5BBt/xcZCEVtLO//GyaPQxAMDh3Pu5c45ccKZsb7/7c3Mzs0vLC4t51ZW19Y38ptbVaNSTWiFKK50PQZDOZO0YpnltJ5oCiLmtBbfnQ/82j3Vhil5Y3sJbQroSNZmBKyTovx+eAFCQJQdhpp1uha0Vg+lPg4TrRKrsIxC0mW3pShf8Iv+EHiaBGNSQGNcRfmvsKVIKqi0hIMxjcBPbDMDbRnhtJ8LU0MTIHfQoQ1HJQhqmtkwUB/vOaWF20q7Jy0eqr83MhDG9ETsJgXYrpn0BuJ/XiO17dNmxmSSWirJ6FA75dglHbSDW0xTYnnPESCaub9i0gUNxLoOc66EYDLyNKmWisFx0b8+KpTPxnUsoR20iw5QgE5QGV2iK1RBBD2iZ/SK3rwn78V79z5GozPeeGcb/YH3+QO4lp0C</latexit>
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The SIMP model

•  

• The largest and smallest numbers dictate.

• The condition from the observation:

<latexit sha1_base64="geaiXAquYRex3fX/P/VTOOV20vc="></latexit>✓
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A realistic model (The dark Wess-Zumino-
Witten model)
• In the dark sector, An SO(6) global symmetry is spontaneously broken into SO(5) 

symmetry. Five goldstone particles are generated.  

• For some topological reason (𝜋.(𝑆𝑂(6)/𝑆𝑂(5))=𝑍 ), there can be an additional 
term:

<latexit sha1_base64="4ojIzn7lU2GrRaZ2+FV+IfLpV+s="></latexit>
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<latexit sha1_base64="xiFWkpwv+cXAKAtUmmt2S2bWCeM="></latexit>
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It will work, when 𝑚] ∼ 𝑓] ∼ 100 MeV.



Symmetric vs Asymmetric

• Symmetric DM
• 𝑛01 = 𝑛01 (freeze out, freeze in, SIMP …)

• Consider people living in the dark universe. What are their dark 
matters?
• Most of the DM are in the form of proton. 
• A sizable portion in the form of dark atoms and dark molecules.
• A warm DM in the form of dark electrons.
• A small part of hot DM (SM neutrinos)
• Dark Radiation (the CMB)



Symmetric vs Asymmetric

• Baryon-anti-baryon asymmetry
• Can it be from initial condition? 
• No, since anything before inflation are diluted.

• Can it be from random fluctuation?
• No, since it is much larger than the random fluctuation ～10-^5
• What we need is about 10-45.

• There must be a mechanism to generate today’s baryon-anti-baryon 
asymmetry



Symmetric vs Asymmetric

• Sakharov conditions for baryogenesis (JETP Lett. 5 (1967) 24)
• Baryon number is not conserved.
• Charge conjugation symmetry is not exact.
• CP is not an exact symmetry.
• Baryogenesis could have occurred during a period when the universe was not 

in thermal equilibrium.



Symmetric vs Asymmetric

• EW baryogensis
• Baryon number is not conserved 
• Charge conjugation symmetry is 

not exact.
• CP is not an exact symmetry.
• Baryogenesis could have occurred 

during a period when the universe 
was not in thermal equilibrium.

EW instanton breaks baryon number

Weak interaction breaks C

Weak interaction breaks CP

The universe is no tin theramal 
equilibrium during First order phase 
transition 



Symmetric vs Asymmetric

• Leptogenesis
• Lepton number is not conserved 
• Charge conjugation symmetry is 

not exact.
• CP is not an exact symmetry.
• Baryogenesis could have occurred 

during a period when the universe 
was not in thermal equilibrium.
• Convert lepton number to baryon 

number

Righthanded neutrino is Majorana

Yukawa interaction violates C

Yukawa interaction violates CP

The decay of righthanded neutrtino is not 
in thermal equilibrium



Darkogenesis (Dark baryogenesis)

• Leptogensis model 
• Generate lepton number first.
• 𝐿 → 𝐵 through weak sphaleron effect force 𝐿 − 𝐵 = 0.

𝑁.0

𝐻

𝐿

𝑁.0

𝐻

𝐿
𝑁.!

𝐻

𝐿

Out of equilibrium of 𝑁.0 



Darkogenesis (Dark baryogenesis)

• Leptogensis model 
• Generate lepton number first.
• 𝐿 → 𝐵 through weak sphaleron effect force 𝐿 + 𝐵 = 0.

𝑁.0

𝐻

𝐿

𝑁.0

𝐻

𝐿
𝑁.!

𝐻

𝐿

CP violating vertices

Generate a hard phase

Out of equilibrium of 𝑁.0 



Darkogenesis (Dark baryogenesis)

𝑁.0

𝐻

𝐿

𝑁.0

𝐻

𝐿
𝑁.!

𝐻

𝐿

𝑁.10
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• The simplest darkogenesis model, leptogenesis in the dark sector.



Where do we start from?

• We know almost nothing about dark matter except for:
• Equation of state 
• Total energy density
• 23% of the total energy density
• About five times of the energy density of baryons

• Its velocity around the earth
• About 200 km/sec

• Energy density around the earth
• 0.4 GeV/cm3



Darkogenesis (Dark baryogenesis)

• Ω$& ≈ 5Ω'
• Why they are so close to each other?
• Is there a reason similar to the WIMP miracle?
• In quantum theory, when something is close to each other, there is 

usually a approximate symmetry. 
• 𝑚! ≈ 𝑚Q → 𝑖𝑠𝑜𝑠𝑝𝑖𝑛 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦, slightly broken by QED and quark mass.



Mirror DM model

• We assume there is a mirror sector almost identical to the standard 
model. All the couplings are equal to

𝑁.  portal
<latexit sha1_base64="V8olUMkk4SEmjMXitnQ7IVsUXNQ=">AAACCHicbVDLSgMxFL3js9bXqEsXBosgCGVGFF0WddGFSBX7gHYYMmnahmYyQ5IRytClG3/FjQtF3PoJ7vwb03YW2nrgwsk593JzTxBzprTjfFtz8wuLS8u5lfzq2vrGpr21XVNRIgmtkohHshFgRTkTtKqZ5rQRS4rDgNN60L8c+fUHKhWLxL0exNQLcVewDiNYG8m391oBlugaldGNf4eO0OTpX6GyKSP5dsEpOmOgWeJmpAAZKr791WpHJAmp0IRjpZquE2svxVIzwukw30oUjTHp4y5tGipwSJWXjg8ZogOjtFEnkqaERmP190SKQ6UGYWA6Q6x7atobif95zUR3zr2UiTjRVJDJok7CkY7QKBXUZpISzQeGYCKZ+SsiPSwx0Sa7vAnBnT55ltSOi+5p0bk9KZQusjhysAv7cAgunEEJylCBKhB4hGd4hTfryXqx3q2PSeuclc3swB9Ynz++9Zae</latexit>

L̄HNR + L̄DHDNR



Mirror DM model
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y(L̄HNR + L̄DHDNR)

Mirror symmetry Same Yukawa in both sectors 𝑛0 ≈ 𝑛3



Mirror DM model

• 𝑛$ ≈ 𝑛(
• We need 𝑚$ ≈ 5𝑚( ≈ 5 GeV.
• We can introduce a spontaneous breaking of the mirror symmetry,
𝑣)*$ ≈ 10+ TeV, such that baryon mass in the mirror sector is about 5 
GeV.
 

HA, S.-L. Chen, R. N. Mohapatra, Y. Zhang, JHEP 03 (2010) 124



Symmetric vs Asymmetric

• Baryogenesis                      darkogenesis
• Ω$& ≈ 5Ω'
• Why they are so close to each other?
• Is there a reason similar to the WIMP miracle?
• In quantum theory, when something is close to each other, there is 

usually a approximate symmetry. 
• 𝑚! ≈ 𝑚Q → 𝑖𝑠𝑜𝑠𝑝𝑖𝑛 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦, slightly broken by QED and quark mass.



Ultralight bosonic DM

• Fermionic DM cannot be ultralight because of the Pauli exclusion principle. 
• Fermionic DM with mass smaller than 2 keV is excluded by the Lyman-𝛼 

constraint.
• Two candidates
• Axion and axion like particles (Pseudo scalar)
• Dark photons (vector)

• Mass range (>10-"4 eV, or the de Broglie wave length larger than the size of the 
dwarf galaxies.)



Introduction to Strong CP problem and QCD 
axion



Why they can be DM candidate?

• Uniformly distributed pseudo-scalar in expanding universe

• RW metric: 

• The energy density

• The pressure  

• 𝑝̅ = 0 for 𝑇 ≫ 2𝜋/𝑚_.
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Production of ultralight DM

• If the ultralight DMs are in thermal equilibrium with SM, they will become hot 
DM and be excluded by Lyman-α observations. 
• They must be produced cold. 
• The equation of motion of the zero mode (homogeneous part)

• In the early universe, 𝐻 ≫ 𝑚_, the oscillation is over damped. 

• 𝑎 can be seen as a constant field 𝑎5.
• When 𝐻 < 𝑚_, 𝑎 starts to oscillate with the amplitude 𝑎5.
• The momentum will be redshifed away just like particles. 
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The misalignment

• Why is there a nonzero 𝑎5?
• In the early universe, when 𝑚_ can be neglected, 𝑎 enjoys a shift symmtry 

• The position of 𝑎 in the field space is not necessary to be the minimum of the 
potential. 
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For dark photon dark matter

•  

• It may decay into neutrinos and three photons.
• The neutrino channel is suppressed by 𝜅" #!

#"

$
.

• The three photon channel is suppressed by 𝜅"𝛼$𝑚%
&/𝑚'

&

• It is easy for the dark photon lifetime to be longer than the age of Universe.
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Ultralight dark photon DM

• From quantum fluctuation during inflation

• From parametric resonant production

• From decay of cosmic string 

• …
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Theories of Dark Matter
• Freeze-out

• WIMP, SuperWIMP, Coannihilation, 
Dark Sector

• Freeze-in
• UV freeze-in, IR freeze-in

• SIMP
• 3 → 2, 4 → 2

• Asymmetric DM
• Ultralight Bosonic DM
• …



Searching for Dark Matter



Concordant universe



Searching for dark matter

• All the evidences of dark matter are from gravitational effects.

• We want to understand its particle nature:
• Mass
• Spin
• Size
• Inner structure if any
• Interactions with Standard Model particles
• Its self-interaction
• …



Where we start?

• We know almost nothing about dark matter except for:
• Equation of state 

• Total energy density
• 23% of the total energy density
• About five times of the energy density of baryons

• Its velocity around the earth
• About 200 km/sec

• Energy density around the earth
• 0.4 GeV/cm3

Non-relativistic particles

22.4 mol/L ~ 1Pa



The WIMP miracle

DM

DM

SM

SM

Thermal freeze out
Γ̀ = 𝑛ab < 𝜎𝑣 > ,
Γ̀ < H

h�vi ⇡ 3⇥ 10�26 cm3/sec
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Weakly Interacting Massive 
Particle (WIMP)



Searching for WIMPs

𝐸456789 ~
𝑚:;𝑚%

(𝑚:; +𝑚%)<
𝐸=

Proton mass ~ 1 GeV
Nucleus with N nucleons N GeV

Use heavy nuclei as target



Underground labs



Noble gas (惰性气体) detector

• Target: xenon nucleus

• Use S1 and S2 signals to 
distinguish signal from 
background

• High threshold hold for S1 signal
• XENON, LUX, PandaX (SJTU)



Noble gas detector

PandaX-4T PRL 127 (2021) 261802XENONnT PRL 121 (2023) 041003



Semi-conductor detector

• Target: nucleus of semi-
conductors (e.g. Ge)

• Use electron signal and phonon 
signal (low temperature)

• Low threshold hold for S1 signal
• CDMS, CDEX (Tsinghua)



Semi-conduction detector
CDEX collaboration, PRL 120 (2018) 241301



Searching for WIMPs



Theories of dark matter with huge mass range



Theories of dark matter



From GeV to MeV

• What if the DM is lighter than GeV scale?

Hidden 
sector 
models



Use electron recoil for light DM

• For elastic scattering

Use light targets
Relic abundance
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Use electron recoil for light DM

• For elastic scattering

Use light targets

PandaX-4T, PRL 130 (2023) 261001

Relic abundance



Motivations

• How to search for DM if mD < 10 MeV?

• Lower the threshold (Using semi-conductor, superconductor, or skipper CCD 
technology, nano tubes …)

• Accelerate the DM particles (Sun, cosmic rays)



With skipper-CCD  detector

SENSEI, PRL 125 (2020) 171802



DM accelerated inside the Sun
HA, Maxim Pospelov, Josef Pradler, Phys.Rev.Lett. 120 (2018) 141801



Solar accelerated DM particles

• The Sun can help us.

• We pay the price that the flux at the earth surface is suppressed.

𝑇+cQ ~ 1 keV
well above the thresholds of 
most experiments!



Solar accelerated DM particles

• Gravitational focusing effect



Solar Reflected DM

Relic abundance

HA, Pospelov, Pradler, Ritz, PRL 120 (2018) 141801
HA, Nie, Pospelov, Pradler, Ritz, 2108.10332



Cosmic ray accelerated DM



Cosmic ray accelerated DM

Bringman and Pospelov, PRL 122 (2019) 171801 C. Xia, Y-H Xu, Y-F Zhou, JCAP 02 (2022) 028



Theories of dark matter



Axion and dark photon DM

• Dark matter with mass smaller than about 200 eV must not be 
fermions.
• Axion, a pseudo-scalar particle 
• Dark photon, a vector particle mixing with photon
• Produced in the early universe (e.g. misalignment)

field



Axion interaction with SM particles

• It is a pseudo-scalar field.
• It can interact with all the fields in the standard model.

𝑔 𝑎 𝐄 ; 𝐁 𝑔 𝐄 ; 𝐝> 𝑔 𝜕?𝑎 𝑒̅𝛾?𝛾@𝑒 𝑔 𝜕?𝑎 B𝑁𝛾?𝛾@𝑁

Oscillating 
electric 
dipole 
moment

𝐝d ~ 𝑎 × spin

• Primakov effect
• Axion mixing with 

photon
• Birefringence 

• Compton scattering
• Axion-electron effect

Axion bremstrahlung
… 



Photon Dark Photon Oscillation
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Photon Dark Photon Oscillation

• When 𝜔A = 𝑚BC , photon and dark photon 
resonantly convert into each other.



Searching for axions and dark photon with 
WIMP detectors
• If mass smaller than 1 keV, axions and dark photons can be produced 

inside the Sun, and with keV scale energy can be detected by WIMP 
detectors.

• If axions or dark photons are dark matter with mass larger than the 
thresholds, they can be absorbed by the detector and produce 
electron recoils.



Searching for axions and dark photon with 
WIMP detectors
• Solar axion

arXiv:2006.09721, XENON1T



Searching for axions and dark photon with 
WIMP detectors
• Take dark photon as an example



Searching for axions and dark photon with 
WIMP detectors

HA, Pospelov, Pradler, PLB 725 (2013) 190, 
& PRL 111 (2013) 041302

HA, Pospelov, Pradler, Ritz, PLB 747 (2015) 331



Searching for axions and dark photons with 
their wave-nature
• Axion coupled to electromagnetic waves

ADMX experiment

Weakness: we don’t 
know the mass of 
axion …

𝑔 𝑎 𝐄 ; 𝐁



Searching for axions and dark photons with 
their wave-nature
• Axion induced alternative current

ABRACADABRA

𝑔 𝑎 𝐄 k 𝐁 𝐉dee = 𝑔𝑎̇ 𝐁



Searching for axions and dark photons with 
their wave-nature
• Axion induced alternative current

𝑔 𝑎 𝐄 k 𝐁 𝐉dee = 𝑔𝑎̇ 𝐁

ABRACADABRA

Induced
Magnetic
field
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How to solve the strong CP problem?

• The instanton effect in QCD gives 𝜃 a potential, up to leading order:

• 𝜃 is an angle, so the potential is periodic.
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Peccei-Quinn SSB

• Consider a new theory with a new quark, whose mass is from Higgs 
mechanism. The Yukawa interaction
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Searching for axions and dark photons with 
their wave-nature
• Axion induced nuclear electric dipole moment

• The induced magnetic moment is resonantly enhanced if the Larmor 
procession of the magnetic moment and the oscillating EDM has the 
same frequency.

𝑔 𝐄 k 𝐝d

Oscillating electric dipole moment
𝐝( ~ 𝑎 × spin

CASPEr

x
y

z



Searching for axions and dark photons with 
their wave-nature
• Dark photon dark matter oscillate to on-shell photons

A stack of dielectric layers, 
with alternating indices of 
refraction provide a non-zero 
momentum for the photon to 
propagate.

Baryakhar, Huang, Lasenby, PRD 98 (2018) 035006



Light shining through the wall



Microwave through the wall



Helioscope



Searching for ultralight dark matter with radio 
telescopes



Photon Dark Photon Oscillation
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Photon Dark Photon Oscillation

• When 𝜔A = 𝑚BC , photon and dark photon 
resonantly convert into each other.



Searching for ultralight DM with radio telescopes

• For axion or dark photon:

              𝜔" − 𝑘" = 𝑚"

• For photon in plasma:

𝜔" − 𝑘" = 𝜔)"

• For axions: plasma + magnetic field
• For dark photon: plasma
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Dark photon dark matter converted at the 
Sun’s atmosphere
• Resonant conversion
• 𝜔A = 𝑚BC

• Inside the dark matter halo
• 𝑣BC~10P+

• The frequency of the converted photon
• 𝜔 ≈ 𝑚BC with the dispersion ~10PQ.

• The signal is a sharp peak in the solar 
spectrum



Calculation of the conversion rate

• 1 → 1 transition

Size of the 
resonant region~𝑟K
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Absorption of the converted photon during 
propagation
• Inverse bremsstrahlung absorption

• Compton scattering
• Compton scattering can shift the frequency of the converted photon.

• ΓRSS = Γ8TU + Γ67V

Photon converted in 
chromosphere 
cannot fly out. 



Searching for the converted photon with 
radio telescopes

𝑓 = 1 GHz

𝑓 = 10 MHz



Searching for the converted photon with 
radio telescopes
• The minimal detectable flux:  

West Australia

Netherland
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Radiofrequency Dark Photon DM

HA, F.P. Huang, J.Liu, W.Xue, Phys.Rev.Lett. 126 (2021) 181102



Radiofrequency Dark Photon DM

• Searching for DPDM in LOFAR data

HA, X. Chen, S. Ge, J. Liu, Y. Luo, 2301.03622



For dark photon dark matter with even 
smaller mass
• No terrestrial telescopes can cover 𝑓 < 10 MHz.
• Go to outer space.
• Free electrons between Earth and Sun

𝜔2
2𝜋 = 20 kHz

𝜔2
2𝜋 = 1 MHz



For dark photon dark matter with even 
smaller mass
• STEREO A/B
• Parker Solar Probe



Using solar probes to search for DPDM

HA, Shuailiang Ge, Jia Liu and Zheming Liu, work in progress

κ

Parker Solar Probe

Preliminary



Ultralight axions dark matter

• We consider their conversion into photons

• In a constant magnetic field 𝐵 = 𝐵W
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Comparison with dark photon

• Dark photon

• Axion

•  
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Ultralight axions dark matter

• Strong magnetic field to make the mixing larger.
• Plasma frequency equal to the axion mass.

Pshirkov, Popov, 0711.1264
F.P.Huang et al. PRD 97 (2018) 123001
Hook, Kahn, Safdi, Sun, PRL 121 (2018) 241102

1003~1004 Gauss



Result from Green Bank Telescope

100 meter diameter

Foster et al., Phys.Rev.Lett. 125 (2020) 171301



What about using white dwarves?

• Magnetic field is much smaller.
• 𝐵5pH~1045 − 104^ Gauss
• 𝐵5q0~10r Gauss

• However, WDs are much larger
• 𝑅pH~10 km
• 𝑅q0~𝑅R_stu~10^ km

•  
<latexit sha1_base64="XHnTS7iCbDct7IjcE7/3MpZlBmQ="></latexit>
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What about white dwarves?

Neutron Star White Dwarf

Magnetic field ~1003 − 1004 Gauss ~10^7 Gauss

Radius 10 km 104 km

• 𝑆Z8[~𝑅+𝐵W<

• The signal from white 
dwarves can be as 
strong as from neutron 
stars. 

Wang, Bi, Yao, Yin, 2101.02585



What about using the Sun?

• Magnetic field of the Sun is tiny 
 ( ~ 1 Gauss)
• But, it is much bigger!

• The Sun is much closer.

• We have a vast amount of solar data.
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Searching for dark photon dark matter 
directly with radio telescopes 
• Radio telescopes we have



Searching for dark photon dark matter 
directly with radio telescopes 
• The dark photon dark matter has an interaction with the electric 

current, 𝜖𝑒𝐴?C 𝐽?  (although suppressed)



Searching for dark photon dark matter 
directly with radio telescopes 
• For dipole antennas, the 

oscillation of 𝐴′ induces an EM 
current in the antennas, and 
produce electronic signals. 
• The wavelength of A’, 𝜆$ ≫ 𝜆

The units close to each 
other oscillate in the 
same phase 



Searching for dark photon dark matter 
directly with radio telescopes 
• For dish antennas, the 

oscillation of the dark 
photon field induces the 
oscillation of the 
electrons in the reflector 
plate, and produces EM 
waves, which can be 
detected by the feed. 



Searching for dark photon dark matter 
directly with radio telescopes 

HA, S. Ge, W.-Q. Guo, X. Huang, J. Liu, Z Lu, 2207.05767, PRL 130 (2023) 181001



Axion induced Birefringence effect

• With axion-photon interaction:

• Using the transverse gauge:

• For plane wave:

• 𝐤 = 𝑘 Y𝒛, 𝐀 = 𝜖\ Y𝐱 + 𝜖] Y𝐲 :

• The polarization is rotating inside the axion field. 
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Searching for DM with Event Horizon 
Telescope

Y.Chen, J.Shu, X. Xue, Q. Yuan, Y. Zhao, Phys.Rev.Lett. 124 (2020) 061102



Pressure of ultralight bosonic DM

• Ideal gas

• For particle DM
• For ultralight bosons
• In the time scale much smaller than the mass, stars can feel a big 

pressure from the ultralight DM.   
• The oscillation of the pressure can also induce an oscillation of the 

metric.

𝑝 ≪ 𝜌
𝑝 ~ 𝜌 cos(2𝑚R𝑡)
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Pulsar timing array

• In the case of B-L A’, the pulsars are 
charged and oscillate following the 
oscillation of the A’ field. 

• The oscillation of the metric can 
change the path of the light emitted 
by the pulsars.

• Pulsar Polarization Arrays Khmelnitsky et al, JCAP 2014 (02) 019
Graham et al, Phys.Rev.D, 2016, 93 (7): 075029
Tao Liu, Xuzixiang Lou, Jing Ren, PRL 130 (2023) 121401



Collider searches 
– we produce dark matter 



The Large Hadron Collider (LHC)



How collider works



Searching for DM with LHC

• Mono-photon search

heavy



Searching for DM with LHC

• Light mediator case

light

HA, X. Ji, L.-T. Wang, JHEP 1207 (2012) 182



Searching for dark mediator

• Fix target experiments



Searching for dark mediator



Special signal

• If DM can form bound state, there will be multiple charged 
leptons in the final state.
• Production rate is small, but signal is striking.

HA, Echenard, Pospelov, Zhang, PRL 116 (2016) 151801 



General hidden (dark) sector models



DM connected to the Higgs boson



Circular electron-positron collider



Higgs invisible decay

• Higgs factory



Searching for DM in cosmic rays

• Dark matter annihilates at the galactic center, generates additional 
cosmic rays.

DM

DM

SM

SM

Dark matter annihilation

Direct detection

Collider search



Searching for DM in cosmic rays

PAMELA
Fermi

AMS02

DAMPE (悟空)



Searching for DM in cosmic rays



Searching for DM in cosmic rays

• FermiLAT gamma ray spectrum



Searching for DM in cosmic rays

• With X ray telescope, a 3.5 keV access is detected

Bulbul et al, Astrophysics J. 789 (2014) 13



Searching for DM in cosmic rays

• We don’t understand the background yet.
• Pattern of secondary scattering
• Astrophysics processes, such as pulsar distribution
• Maybe some un-identified isotopes can produce X-ray signals (40K).



Dark matter self interaction

• All the searches (direct, indirect, collider) depend on the connections 
between DM and SM sectors. 
• What if the connection is superweak?

Kaplinghat, Tulin, Yu, PRL 116. 041302, 2016



Small scale structure anomaly

• Core-cusp problem
• CDM predicts that the center of dwarf galaxies are cusp-like
• Observation shows they are core-like

• Missing satellite problem
• CDM predicts more satellite galaxies than we observed.

• Too big to fail problem
• Many of the satellites are so big that there must be enough stars in it so that 

we can see them.



Core-Cusp problem
• Baryonic feedback
• Supernova explosion
• Change the potential dramatically
• DM at the center fly away

• Dark matter self-interaction
• Self-interaction transfers the 

kinetic energy from outside to 
inside
• DM inside fly away with larger 

kinetic energy.



Galaxies with no dark matter

NGC1052

DF2

Daneng Yang, Haibo Yu, HA, PRL 125 (2020) 111105



Summary

We need more clever ideas to search for dark matter.


