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Physics Beyond the Standard Model

The Standard Model of particle physics Problems/puzzels of the SM

Origin of neutrino masses

Matter/antimatter asymmetry

Nature of dark matter/dark energy

Strong CP problem



Outline of the lecture

Dark Matter

The strong CP problem

QCD axions and axion-like particles

Why axions can be dark matter

Classical picture and solutions

Solution to the strong CP problem

•  

•  

•  

•  Axion/ALP detection

Axion DM: ADMX, ABRACADABRA, Spin sensors…

Axion not as DM: LSW, stellar cooling, BH superradiance…



Peizhi Du (USTC)

Evidence for Dark Matter
Stars velocity distribution in galaxies

Expectation from Newton’s gravity

Further stars move slower

<latexit sha1_base64="E+1OuUYbm9k6cCn0wmnyGUzJJHg=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIr41QdKEboYJ9QBPKZDpph04eztwUSszCX3HjQhG3/oY7/8Zpm4W2HrhwOOde7r3HiwVXYFnfxtz8wuLScmGluLq2vrFpbm3XVZRIymo0EpFsekQxwUNWAw6CNWPJSOAJ1vD6VyO/MWBS8Si8h2HM3IB0Q+5zSkBLbXN3cOGoBwmp40tC02t8m6Uyy9pmySpbY+BZYuekhHJU2+aX04loErAQqCBKtWwrBjclEjgVLCs6iWIxoX3SZS1NQxIw5abj+zN8oJUO9iOpKwQ8Vn9PpCRQahh4ujMg0FPT3kj8z2sl4J+7KQ/jBFhIJ4v8RGCI8CgM3OGSURBDTQiVXN+KaY/oIEBHVtQh2NMvz5L6Udk+LZ/cHZcql3kcBbSH9tEhstEZqqAbVEU1RNEjekav6M14Ml6Md+Nj0jpn5DM76A+Mzx+DbJZw</latexit>
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Evidence for Dark Matter

<latexit sha1_base64="WUG+AJopPMWeFrqKPk1qP4wmJDo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKLnQjVLAPaEKYTCft0JlJnJkUSsjWjb/ixoUibv0Dd/6N08dCWw9cOJxzL/feEyaMKu0431ZhYXFpeaW4Wlpb39jcsrd3GipOJSZ1HLNYtkKkCKOC1DXVjLQSSRAPGWmG/auR3xwQqWgs7vUwIT5HXUEjipE2UmDDwYWnHqTOvEginF3D2yDzJIcDqvI8k3ke2GWn4owB54k7JWUwRS2wv7xOjFNOhMYMKdV2nUT7GZKaYkbykpcqkiDcR13SNlQgTpSfjT/J4YFROjCKpSmh4Vj9PZEhrtSQh6aTI91Ts95I/M9rpzo69zMqklQTgSeLopRBHcNRLLBDJcGaDQ1BWFJzK8Q9ZCLRJrySCcGdfXmeNI4q7mnl5O64XL2cxlEEe2AfHAIXnIEquAE1UAcYPIJn8ArerCfrxXq3PiatBWs6swv+wPr8AXSZmtg=</latexit>

v =

r
GMvis

r

Galaxy Rotation Curves

Expectation from 
visible matter

Observation
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Prediction: the missing matter component is dark matter

Evidence for Dark Matter

<latexit sha1_base64="WUG+AJopPMWeFrqKPk1qP4wmJDo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKLnQjVLAPaEKYTCft0JlJnJkUSsjWjb/ixoUibv0Dd/6N08dCWw9cOJxzL/feEyaMKu0431ZhYXFpeaW4Wlpb39jcsrd3GipOJSZ1HLNYtkKkCKOC1DXVjLQSSRAPGWmG/auR3xwQqWgs7vUwIT5HXUEjipE2UmDDwYWnHqTOvEginF3D2yDzJIcDqvI8k3ke2GWn4owB54k7JWUwRS2wv7xOjFNOhMYMKdV2nUT7GZKaYkbykpcqkiDcR13SNlQgTpSfjT/J4YFROjCKpSmh4Vj9PZEhrtSQh6aTI91Ts95I/M9rpzo69zMqklQTgSeLopRBHcNRLLBDJcGaDQ1BWFJzK8Q9ZCLRJrySCcGdfXmeNI4q7mnl5O64XL2cxlEEe2AfHAIXnIEquAE1UAcYPIJn8ArerCfrxXq3PiatBWs6swv+wPr8AXSZmtg=</latexit>

v =

r
GMvis

r

<latexit sha1_base64="UTO+u9WUqjule2YQVqanBc3k8lw="></latexit>

v =

r
G(Mvis +MDM)

r

Galaxy Rotation Curves

Expectation from 
visible matter

Observation
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‘Dark Matter’ in the Solar System

Observation vs theory Prediction Discovery

Irregularities in Uranus orbits

Irregularities in star motions

unknown planet further than Uranus

unknown matter component

Neptune

?
dark matter

“dark planet”

NeptuneUranus

Peizhi Du (USTC)



Dark Matter

Galaxy (104-105 ly) Galaxy Cluster (~106 ly)   

Large Scale Structure (~107 ly)

DM

DM

Hot Gas

Cosmic Microwave Background  (~1010 ly)

Numerous evidence for the existance of DM

Peizhi Du (USTC)



 

 

Dark Matter

Galaxy (104-105 ly) Galaxy Cluster (~106 ly)   

Large Scale Structure (~107 ly)

DM

DM

Hot Gas

Cosmic Microwave Background  (~1010 ly)

What we know about DM

Massive

Gravitational interactions

What we don’t know about DM

Particle Nature

Mass

Interactions with visible matter?

DM self-interactions?

Abundant: 85% of matter

Numerous evidence for the existance of DM

•  
•  

•  
Cold/Collisionless•  

•  
•  

•  
•  

…
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What Could Dark Matter Be

Figure from T. Lin (arXiv:1904.07915) 
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Figure from T. Lin (arXiv:1904.07915) 
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What Could Dark Matter Be



The Strong CP Problem

Peizhi Du (USTC)

Neutron Electric Dipole Moment

A. Hook’s lecture note (arXiv:1812.02669)
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(34)

Classical picture of a neutron

Classical esitmation

<latexit sha1_base64="yURrBiIXW5AMC404Fpy1OEcOLPM="></latexit>

dn → 10→13
↑
1↓ cos ω e cm

<latexit sha1_base64="z02TtdpbLDc/720dy38Gh8SyTpg=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Kon42ghFNy4r2Ac0IUwmk3boZBJnJoUSsnTjr7hxoYhbP8Gdf+M0zUJbD1w4nHMv997jJ4xKZVnfxsLi0vLKamWtur6xubVt7uy2ZZwKTFo4ZrHo+kgSRjlpKaoY6SaCoMhnpOMPbyZ+Z0SEpDG/V+OEuBHqcxpSjJSWPPPAGRGcBbnH4ZUj08ij8EFXoYrco55Zs+pWAThP7JLUQImmZ345QYzTiHCFGZKyZ1uJcjMkFMWM5FUnlSRBeIj6pKcpRxGRblY8ksMjrQQwjIUurmCh/p7IUCTlOPJ1Z4TUQM56E/E/r5eq8NLNKE9SRTieLgpTBlUMJ6nAgAqCFRtrgrCg+laIB0ggrHR2VR2CPfvyPGmf1O3z+tndaa1xXcZRAfvgEBwDG1yABrgFTdACGDyCZ/AK3own48V4Nz6mrQtGObMH/sD4/AGyNpnJ</latexit>

ωdn =
∑

i

qiωri

•  



The Strong CP Problem

Peizhi Du (USTC)

Neutron Electric Dipole Moment

A. Hook’s lecture note (arXiv:1812.02669)

Classical picture of a neutron

Classical esitmation

<latexit sha1_base64="yURrBiIXW5AMC404Fpy1OEcOLPM="></latexit>

dn → 10→13
↑
1↓ cos ω e cm

Experimental measurements:

<latexit sha1_base64="eHmh0a0BeXX9ZOwAT/7F80PopLc=">AAACDXicbVC7TgMxEPTxJrwClDQWAYkiRHeIV4mgoQSJQKRciHzOJlixfYe9h4iO/AANv0JDAUK09HT8DU5IAYGRVhrN7Gp3J0qksOj7n97I6Nj4xOTUdG5mdm5+Ib+4dG7j1HAo81jGphIxC1JoKKNACZXEAFORhIuofdTzL27AWBHrM+wkUFOspUVTcIZOqufX7hp1fUdDCdc08C+zza3dblikEBZDhFs0KuOqW88X/JLfB/1LggEpkAFO6vmPsBHzVIFGLpm11cBPsJYxg4JL6ObC1ELCeJu1oOqoZgpsLet/06XrTmnQZmxcaaR99edExpS1HRW5TsXwyg57PfE/r5pic7+WCZ2kCJp/L2qmkmJMe9HQhjDAUXYcYdwIdyvlV8wwji7AnAshGH75LznfKgW7pZ3T7cLB4SCOKbJCVskGCcgeOSDH5ISUCSf35JE8kxfvwXvyXr2379YRbzCzTH7Be/8Cz5OazQ==</latexit>

|dn| → 10→26 e cm

<latexit sha1_base64="RYQd667Xh5SA1tWAeheOzbkWTgk=">AAAB/HicbVDJSgNBEO1xjXEbzdFLYxC8GGbcj0EvHiOYBTJj6OlUkiY9i901Qhjir3jxoIhXP8Sbf2NnOWjig4LHe1VU1QsSKTQ6zre1sLi0vLKaW8uvb2xubds7uzUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+tcjv/4ISos4usNBAn7IupHoCM7QSC274GEPkHkSHqjr3GdH7smwZRedkjMGnSfulBTJFJWW/eW1Y56GECGXTOum6yToZ0yh4BKGeS/VkDDeZ11oGhqxELSfjY8f0gOjtGknVqYipGP190TGQq0HYWA6Q4Y9PeuNxP+8ZoqdSz8TUZIiRHyyqJNKijEdJUHbQgFHOTCEcSXMrZT3mGIcTV55E4I7+/I8qR2X3PPS2e1psXw1jSNH9sg+OSQuuSBlckMqpEo4GZBn8krerCfrxXq3PiatC9Z0pkD+wPr8AVK3k+s=</latexit>

ω → 10→13 Why it is so small!

<latexit sha1_base64="z02TtdpbLDc/720dy38Gh8SyTpg=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Kon42ghFNy4r2Ac0IUwmk3boZBJnJoUSsnTjr7hxoYhbP8Gdf+M0zUJbD1w4nHMv997jJ4xKZVnfxsLi0vLKamWtur6xubVt7uy2ZZwKTFo4ZrHo+kgSRjlpKaoY6SaCoMhnpOMPbyZ+Z0SEpDG/V+OEuBHqcxpSjJSWPPPAGRGcBbnH4ZUj08ij8EFXoYrco55Zs+pWAThP7JLUQImmZ345QYzTiHCFGZKyZ1uJcjMkFMWM5FUnlSRBeIj6pKcpRxGRblY8ksMjrQQwjIUurmCh/p7IUCTlOPJ1Z4TUQM56E/E/r5eq8NLNKE9SRTieLgpTBlUMJ6nAgAqCFRtrgrCg+laIB0ggrHR2VR2CPfvyPGmf1O3z+tndaa1xXcZRAfvgEBwDG1yABrgFTdACGDyCZ/AK3own48V4Nz6mrQtGObMH/sD4/AGyNpnJ</latexit>

ωdn =
∑

i

qiωri

•  

•  



The Strong CP Problem

Peizhi Du (USTC)

CP properties of the EDM
If CP or T is a fundamental symmetry of the theory, 
neutron EDM is force to be zero

<latexit sha1_base64="+MveUWilAimyk/XU256VGsRLSWE=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUR8LYtuXFawD2hDmExu2qGTSZiZFErowo2/4saFIm79CHf+jdM2C209cOFwzr3ce0+Qcqa043xbK6tr6xubpa3y9s7u3r59cNhSSSYpNGnCE9kJiALOBDQ10xw6qQQSBxzawfB26rdHIBVLxIMep+DFpC9YxCjRRvLtSm8ENA8nvsC9lEjCOXA809TEt6tOzZkBLxO3IFVUoOHbX70woVkMQlNOlOq6Tqq9nEjNKIdJuZcpSAkdkj50DRUkBuXlsycm+MQoIY4SaUpoPFN/T+QkVmocB6YzJnqgFr2p+J/XzXR07eVMpJkGQeeLooxjneBpIjhkEqjmY0MIlczciunAREG1ya1sQnAXX14mrbOae1m7uD+v1m+KOEqogo7RKXLRFaqjO9RATUTRI3pGr+jNerJerHfrY966YhUzR+gPrM8fLdqYdA==</latexit>

ωdn → ωs
<latexit sha1_base64="3qJ7IbGHszPwzAuuxNRhVF5FlpM=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSURX8uiG5cV7APaECbT23boZBJmJoUSunHjr7hxoYhb/8Gdf+M0zUJbD1w4nHMv994TxJwp7TjfVmFpeWV1rbhe2tjc2t6xd/caKkokhTqNeCRbAVHAmYC6ZppDK5ZAwoBDMxjeTv3mCKRikXjQ4xi8kPQF6zFKtJF8+7AzApp2J77AnZhIwjlwfJqJauLbZafiZMCLxM1JGeWo+fZXpxvRJAShKSdKtV0n1l5KpGaUw6TUSRTEhA5JH9qGChKC8tLsiwk+NkoX9yJpSmicqb8nUhIqNQ4D0xkSPVDz3lT8z2snunftpUzEiQZBZ4t6Ccc6wtNIcJdJoJqPDSFUMnMrpgOTBdUmuJIJwZ1/eZE0ziruZeXi/rxcvcnjKKIDdIROkIuuUBXdoRqqI4oe0TN6RW/Wk/VivVsfs9aClc/soz+wPn8AoCyYqw==</latexit>

ωdn → ↑ωs

Existance of EDM violates CP or T symmetry

However, weak interactions violate CP maximally! CP 
is not a fundamental symmetry.

Need a dynamical solution to the strong CP problem

•  

•  

•  



The Classical Solution to the Strong CP Problem

Peizhi Du (USTC)

If the angle is dynamical,  it will be relaxed to zero via Coulomb interactions.

UD D = CO O

•  



QCD Axion Solution to the Strong CP Problem

Peizhi Du (USTC)

<latexit sha1_base64="7a/JAXhj9hsirgV3E6H9H34HQww=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoNoEcOd+FUGbSwVjAq5GPY2k2Rxd+/YnRPDkZ9g41+xsVDE1tLOf+MmplDjg4HHezPMzIsSKSz6/qeXm5icmp7Jzxbm5hcWl4rLKxc2Tg2HGo9lbK4iZkEKDTUUKOEqMcBUJOEyujke+Je3YKyI9Tn2Emgo1tGiLThDJzWLm62mDq1QNPCvs+1gvx9iF5CFZQphOUS4Q6MyrvrNYsmv+EPQcRKMSImMcNosfoStmKcKNHLJrK0HfoKNjBkUXEK/EKYWEsZvWAfqjmqmwDay4UN9uuGUFm3HxpVGOlR/TmRMWdtTketUDLv2rzcQ//PqKbYPG5nQSYqg+feidiopxnSQDm0JAxxlzxHGjXC3Ut5lhnF0GRZcCMHfl8fJxU4l2K/sne2WqkejOPJkjayTLRKQA1IlJ+SU1Agn9+SRPJMX78F78l69t+/WnDeaWSW/4L1/AX7mnEs=</latexit>

dn → 10→16ω e cm

Introducing QCD axion field, making the theta parameter a dynamical field.

<latexit sha1_base64="Eo0Tz6TJU+2Snq75BU2p29c517A="></latexit>

L → ω

32ε2
GµωG̃

µω

<latexit sha1_base64="K0UbRZReDoawNB6+LcOo6KjXj9Y="></latexit>

L →
(
ω +

a

fa

)
1

32ε2
GµωG̃

µω
<latexit sha1_base64="SgPBf/Wq1+wFOG4ciEVmGPiEW1I=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBLxtSy6cVnBPqAJ5WY6aYdOHszcCCVk58ZfceNCEbf+gjv/xmmbhbYeGDiccy93zvETwRXa9rexsLi0vLJaWiuvb2xubZs7u00Vp5KyBo1FLNs+KCZ4xBrIUbB2IhmEvmAtf3gz9lsPTCoeR/c4SpgXQj/iAaeAWuqaBy4OGIKLsTVlJ24ggWaQZ0EX8q5Zsav2BNY8cQpSIQXqXfPL7cU0DVmEVIBSHcdO0MtAIqeC5WU3VSwBOoQ+62gaQciUl01y5NaRVnpWEEv9IrQm6u+NDEKlRqGvJ0PAgZr1xuJ/XifF4MrLeJSkyCI6PRSkwtKpx6VYPS4ZRTHSBKjk+q8WHYDuAXV1ZV2CMxt5njRPq85F9fzurFK7LuookX1ySI6JQy5JjdySOmkQSh7JM3klb8aT8WK8Gx/T0QWj2Nkjf2B8/gCDepm+</latexit>

ω → ω +
a

fa

The evolution of axion field dynamically set                to be zero, thus solving the strong CP problem
<latexit sha1_base64="Tu9OVVsYtE5Ab49BQlzh0kcSh5M=">AAAB/XicbVDJSgNBEO1xjXEbl5uXwSAIQpgRt2PQi8cIZoHMEGo6PUmTnoXuGiEOg7/ixYMiXv0Pb/6NnWQOmvig4PFeFVX1/ERwhbb9bSwsLi2vrJbWyusbm1vb5s5uU8WppKxBYxHLtg+KCR6xBnIUrJ1IBqEvWMsf3oz91gOTisfRPY4S5oXQj3jAKaCWuua+iwOGcOIGEmgGeRZ0Ie+aFbtqT2DNE6cgFVKg3jW/3F5M05BFSAUo1XHsBL0MJHIqWF52U8USoEPos46mEYRMednk+tw60krPCmKpK0Jrov6eyCBUahT6ujMEHKhZbyz+53VSDK68jEdJiiyi00VBKiyMrXEUVo9LRlGMNAEqub7VogPQOaAOrKxDcGZfnifN06pzUT2/O6vUros4SuSAHJJj4pBLUiO3pE4ahJJH8kxeyZvxZLwY78bHtHXBKGb2yB8Ynz/nsZWJ</latexit>

ω +
a

fa

Strong CP problem in quantum field theory•  

•  

•  

Goldstone boson of PQ symmetry breaking, has shift symmetry perturbatively: •  <latexit sha1_base64="qb51qRGyPz2QVZYqQi4pMYvyx88=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBEEocyIr2XRjcsK9iHtUO6kmTY0kxmSjFCGfoUbF4q49XPc+Tem7Sy09UDgcM695J4TJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVlNVpLGLVClAzwSWrG24EayWKYRQI1gyGtxO/+cSU5rF8MKOE+RH2JQ85RWOlRyQdExM8pd1S2a24U5BF4uWkDDlq3dJXpxfTNGLSUIFatz03MX6GynAq2LjYSTVLkA6xz9qWSoyY9rPpwWNybJUeCWNlnzRkqv7eyDDSehQFdjJCM9Dz3kT8z2unJrz2My6T1DBJZx+FqSA25CQ96XHFqBEjS5Aqbm8ldIAKqbEdFW0J3nzkRdI4q3iXlYv783L1Jq+jAIdwBCfgwRVU4Q5qUAcKETzDK7w5ynlx3p2P2eiSk+8cwB84nz+oVY+t</latexit>

a → a+ c



Potential Energy of the QCD Axion

Peizhi Du (USTC)

<latexit sha1_base64="uzj2MoAzjubS5vl0vkdGmUwMXHA="></latexit>

V (a) → mu!
3
QCD

[
1↑ cos

(
a

fa
+ ω

)]
from non-perturbative QCD instanton

<latexit sha1_base64="1eiJfrmrpq2eOcNWFghdWWd3u9I=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FX4uMY9OIxgnlAsoTZyWwyZGZ2mZkVwpJf8OJBEa/+kDf/xtlkD5pY0FBUddPdFcScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSe0qPh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh5V7XLh3qlcZvHUYQTOIUqeHANDbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPNDyNtA==</latexit>

V (a)

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a
<latexit sha1_base64="V3p263Uk2Jek77HQCzBTjeBvye4=">AAACAXicbVDJSgNBEO2JW4xb1IvgpTEIghBmxO0iBL14jGAWyIRQ0+lJmvQsdNcIYYgXf8WLB0W8+hfe/Bs7yRw08UHB470qqup5sRQabfvbyi0sLi2v5FcLa+sbm1vF7Z26jhLFeI1FMlJNDzSXIuQ1FCh5M1YcAk/yhje4GfuNB660iMJ7HMa8HUAvFL5ggEbqFPdcXwFLYZT6HRgdu9jnCPSK2p1iyS7bE9B54mSkRDJUO8UvtxuxJOAhMglatxw7xnYKCgWTfFRwE81jYAPo8ZahIQRct9PJByN6aJQu9SNlKkQ6UX9PpBBoPQw80xkA9vWsNxb/81oJ+pftVIRxgjxk00V+IilGdBwH7QrFGcqhIcCUMLdS1gcTCZrQCiYEZ/bleVI/KTvn5bO701LlOosjT/bJATkiDrkgFXJLqqRGGHkkz+SVvFlP1ov1bn1MW3NWNrNL/sD6/AGmfZZe</latexit> a

fa
+ ω = 0

<latexit sha1_base64="phfJQc8QL47rzZgIVd0QOKYqbtQ=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimkpTnWFEGBoZWog+pSSPHdVqrdhLZDlIV9RNY+BUWBhBiZWTjb3DaDtByJEtH55yr63v8mFGpLOvbWFhcWl5Zza3l1zc2t7bNnd2GjBKBSR1HLBItH0nCaEjqiipGWrEgiPuMNP1BJfObD0RIGoX3ahgTl6NeSAOKkdKSZx5xD3VKjqQcci+Bzp0e7SIvdQSHtcrNqHN6EmQJzyxYRWsMOE/sKSmAKaqe+eV0I5xwEirMkJRt24qVmyKhKGZklHcSSWKEB6hH2pqGiBPppuODRvBQK10YREK/UMGx+nsiRVzKIfd1kiPVl7NeJv7ntRMVXLkpDeNEkRBPFgUJgyqCWTuwSwXBig01QVhQ/VeI+0ggrHSHeV2CPXvyPGmUivZF8bx2VihfT+vIgX1wAI6BDS5BGdyCKqgDDB7BM3gFb8aT8WK8Gx+T6IIxndkDf2B8/gCsqpu7</latexit>

m2
a → mu!

3
QCD/f

2
a

Axion mass

<latexit sha1_base64="Vog8WVI7OAXODEs/+zkAPeGEW7c="></latexit>

ma → 10→6eV

(
1012GeV

fa

)

QCD axions are generally light

Experimental constraints force f_a to be high

Dynamical solution to the strong CP problem

•  



QCD Axion vs Axion-like Particles

Peizhi Du (USTC)

QCD Axion Axion-like particles (ALP)

NoYes

Minimal and predictive Less predictive

Hard to probe More interesting signals and search strategies

Solve the strong 
CP problem?

Theoretical
considerations

Experimental
considerations



Why Can Axion/ALP be Dark Matter?

Peizhi Du (USTC)

Basics of cosmology

FRW metric

<latexit sha1_base64="33GzODts8jrx+KekODoV7IhvNGU=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5mR+lgW3bisYB/QGYdMmmlDM0lIMkIdir/ixoUibv0Pd/6N6WOhrQcuHM65l3vviSWj2njet7OwuLS8slpYK65vbG5tuzu7DS0yhUkdCyZUK0aaMMpJ3VDDSEsqgtKYkWbcvx75zQeiNBX8zgwkCVPU5TShGBkrRe5+oHoiUoFUQhoB0X1+UhlGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdl/7x8dlspVa+mcRTAATgEx8AHF6AKbkAN1AEGj+AZvII358l5cd6dj0nrgjOd2QN/4Hz+AFselSs=</latexit>

ωr → a→4

<latexit sha1_base64="g+18EktjE+vzyhTBKFk1RqNVCMw=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5nxvSy6cVnBPqAzDpk0bUOTSUgyQh2Kv+LGhSJu/Q93/o1pOwttPXDhcM693HtPLBnVxvO+nbn5hcWl5cJKcXVtfWPT3dqua5EqTGpYMKGaMdKE0YTUDDWMNKUiiMeMNOL+9chvPBClqUjuzECSkKNuQjsUI2OlyN0NVE9EPJBKSCMgus+OToaRW/LK3hhwlvg5KYEc1cj9CtoCp5wkBjOkdcv3pAkzpAzFjAyLQaqJRLiPuqRlaYI40WE2vn4ID6zShh2hbCUGjtXfExniWg94bDs5Mj097Y3E/7xWajqXYUYTmRqS4MmiTsqg/XMUBWxTRbBhA0sQVtTeCnEPKYSNDaxoQ/CnX54l9eOyf14+uz0tVa7yOApgD+yDQ+CDC1ABN6AKagCDR/AMXsGb8+S8OO/Ox6R1zslndsAfOJ8/Ub+VJQ==</latexit>

ωm → a→3

<latexit sha1_base64="9Bl/D/hmXf+dk9Ic8ZJL+AYC9O8=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwsBQJPqQmhA5jtNadezIdpCqKAMLv8LCAEKsfAQbf4P7GKDlSJaOzrlH1/eEKaNKO863VVpaXlldK69XNja3tnfs3b22EpnEpIUFE7IbIkUY5aSlqWakm0qCkpCRTji8GvudByIVFfxOj1LiJ6jPaUwx0kYK7KonByLIvRsTiVDhpVKkWkB0nztFYNecujMBXCTujNTADM3A/vIigbOEcI0ZUqrnOqn2cyQ1xYwUFS9TJEV4iPqkZyhHCVF+PjmigIdGiWAspHlcw4n6O5GjRKlREprJBOmBmvfG4n9eL9PxhZ9TnmaacDxdFGcMmjPHjcCISoI1GxmCsKTmrxAPkERYm94qpgR3/uRF0j6uu2f109uTWuNyVkcZVMEBOAIuOAcNcA2aoAUweATP4BW8WU/Wi/VufUxHS9Yssw/+wPr8ARZOmGM=</latexit>

ω! → a0

<latexit sha1_base64="2XkjGoRYNAktKFc5ZJGN5AjpU90=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmkiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLR3dRvPTFtuJKPdpywICYDySNOiXVSq6uHqkLOeqWyV/VmwMvEz0kZctR7pa9uX9E0ZtJSQYzp+F5ig4xoy6lgk2I3NSwhdEQGrOOoJDEzQTY7d4JPndLHkdKupMUz9fdERmJjxnHoOmNih2bRm4r/eZ3URjdBxmWSWibpfFGUCmwVnv6O+1wzasXYEUI1d7diOiSaUOsSKroQ/MWXl0nzvOpfVS8fLsq12zyOAhzDCVTAh2uowT3UoQEURvAMr/CGEvSC3tHHvHUF5TNH8Afo8welJ48h</latexit>

ω(a)

ALP in cosmology

ALP (massive scalar field) behaves like dark matter 
in cosmology

<latexit sha1_base64="FPLzcTBrgH9P+xUnTwuxr6cWiSY=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGKkKqE94JUwdKxSPQhNVHlOC616jiR7SBVUWcWfoWFAYRY+QI2/gYnzQAtR7J8fM69tu/xIkalsqxvozA3v7C4VFwurayurW+Ym1stGcYCkyYOWSg6HpKEUU6aiipGOpEgKPAYaXvDm9RvPxAhacjv1CgiboDuOe1TjJSWeuau4/uhgk40oEcndejoQ8ZblXQ7PLiyembZqloZ4Cyxc1IGORo980vfguOAcIUZkrJrW5FyEyQUxYyMS04sSYTwEN2TrqYcBUS6STbKGO5rxYf9UOjFFczU3x0JCqQcBZ6uDJAayGkvFf/zurHqX7oJ5VGsCMeTh/oxgyqEaS7Qp4JgxUaaICyo/ivEAyQQVjq9kg7Bnh55lrSOq/Z59ez2tFy7zuMogh2wByrABhegBuqgAZoAg0fwDF7Bm/FkvBjvxsektGDkPdvgD4zPH2PmmMw=</latexit>

ω̈+ 3Hω̇+ V (ω)→ = 0

<latexit sha1_base64="O4NLh3bd7vfsUrmPsiQAGKCap4M=">AAACCnicbVC7TsMwFHV4lvIKMLIYKqSyVEnFa0GqYGEsEn1ITYgc12mt2klkO0hVlJmFX2FhACFWvoCNv8FpM0DLke7V0Tn3yr7HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXed+54EISaPwTo1j4nI0CGlAMVJa8syDdtWJh/T40gkEwqmdpfWMe7l0X592z6xYNWsCOE/sglRAgaZnfjn9CCechAozJGXPtmLlpkgoihnJyk4iSYzwCA1IT9MQcSLddHJKBo+00odBJHSFCk7U3xsp4lKOua8nOVJDOevl4n9eL1HBhZvSME4UCfH0oSBhUEUwzwX2qSBYsbEmCAuq/wrxEOlMlE6vrEOwZ0+eJ+16zT6rnd6eVBpXRRwlsA8OQRXY4Bw0wA1oghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnDyY8mfE=</latexit>

V (ω) =
1

2
m2

ωω
2

<latexit sha1_base64="zyAzY2lHmQ26UtXDA7dqBHNHH5A=">AAACDHicbVDLSsNAFJ34rPVVdekmWIS6sCTB10YounFZwT6gTcpkMmmnnTyYuRFL6Ae48VfcuFDErR/gzr9x2mahrQcuHM45l5l73JgzCYbxrS0sLi2vrObW8usbm1vbhZ3duowSQWiNRDwSTRdLyllIa8CA02YsKA5cThvu4HrsN+6pkCwK72AYUzvA3ZD5jGBQUqdQ9KRjXXrgWMfYsUpw1PYoB9xJWX/kPThMTV+ljLIxgT5PzIwUUYZqp/DV9iKSBDQEwrGULdOIwU6xAEY4HeXbiaQxJgPcpS1FQxxQaaeTY0b6oVI83Y+EmhD0ifp7I8WBlMPAVckAQ0/OemPxP6+VgH9hpyyME6AhmT7kJ1yHSB83o3tMUAJ8qAgmgqm/6qSHBSag+surEszZk+dJ3SqbZ+XT25Ni5SqrI4f20QEqIROdowq6QVVUQwQ9omf0it60J+1Fe9c+ptEFLdvZQ3+gff4AwaCa2Q==</latexit>

ds2 = dt2 → a2(t)ωijdx
idxj

Hubble parameter
<latexit sha1_base64="7OY2najmrgdcbZ1a4DTwkLeOJXg="></latexit>

H
2 →

(
ȧ

a

)2

=
8ωG

3
ε

<latexit sha1_base64="OGJqpSpY4MzB53+obkk0bvR7+JM=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnr5cFGu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+HII8O</latexit>

V (ω)

<latexit sha1_base64="LAX+QC75KHZ1HWEGHb+qfQofpUQ=">AAACInicbZBNS8MwGMdTX+d8q3r0UhyCIIx2+HoQhl48TnAvsNaSZukalqYlSYVR+lm8+FW8eFDUk+CHMV17mJsPJPz5PS/J8/diSoQ0zW9tYXFpeWW1slZd39jc2tZ3djsiSjjCbRTRiPc8KDAlDLclkRT3Yo5h6FHc9UY3eb77iLkgEbuX4xg7IRwy4hMEpUKufmnzIHLtOCBXts8hSq0sbWT2IJI5e2gcT9HQLVhxu3rNrJuTMOaFVYoaKKPl6p9qLEpCzCSiUIi+ZcbSSSGXBFGcVe1E4BiiERzivpIMhlg46WTFzDhUZGD4EVeHSWNCpztSGAoxDj1VGUIZiNlcDv/L9RPpXzgpYXEiMUPFQ35CDRkZuV/GgHCMJB0rAREn6q8GCqDyRCpXq8oEa3bledFp1K2z+undSa15XdpRAfvgABwBC5yDJrgFLdAGCDyBF/AG3rVn7VX70L6K0gWt7NkDf0L7+QXseKSE</latexit>

ωω =
1

2
ε̇2 +

1

2
m2

ωε
2



Misalignment Mechanism

Peizhi Du (USTC)

ALP EoM

<latexit sha1_base64="FPLzcTBrgH9P+xUnTwuxr6cWiSY=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGKkKqE94JUwdKxSPQhNVHlOC616jiR7SBVUWcWfoWFAYRY+QI2/gYnzQAtR7J8fM69tu/xIkalsqxvozA3v7C4VFwurayurW+Ym1stGcYCkyYOWSg6HpKEUU6aiipGOpEgKPAYaXvDm9RvPxAhacjv1CgiboDuOe1TjJSWeuau4/uhgk40oEcndejoQ8ZblXQ7PLiyembZqloZ4Cyxc1IGORo980vfguOAcIUZkrJrW5FyEyQUxYyMS04sSYTwEN2TrqYcBUS6STbKGO5rxYf9UOjFFczU3x0JCqQcBZ6uDJAayGkvFf/zurHqX7oJ5VGsCMeTh/oxgyqEaS7Qp4JgxUaaICyo/ivEAyQQVjq9kg7Bnh55lrSOq/Z59ez2tFy7zuMogh2wByrABhegBuqgAZoAg0fwDF7Bm/FkvBjvxsektGDkPdvgD4zPH2PmmMw=</latexit>

ω̈+ 3Hω̇+ V (ω)→ = 0
<latexit sha1_base64="O4NLh3bd7vfsUrmPsiQAGKCap4M=">AAACCnicbVC7TsMwFHV4lvIKMLIYKqSyVEnFa0GqYGEsEn1ITYgc12mt2klkO0hVlJmFX2FhACFWvoCNv8FpM0DLke7V0Tn3yr7HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXed+54EISaPwTo1j4nI0CGlAMVJa8syDdtWJh/T40gkEwqmdpfWMe7l0X592z6xYNWsCOE/sglRAgaZnfjn9CCechAozJGXPtmLlpkgoihnJyk4iSYzwCA1IT9MQcSLddHJKBo+00odBJHSFCk7U3xsp4lKOua8nOVJDOevl4n9eL1HBhZvSME4UCfH0oSBhUEUwzwX2qSBYsbEmCAuq/wrxEOlMlE6vrEOwZ0+eJ+16zT6rnd6eVBpXRRwlsA8OQRXY4Bw0wA1oghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnDyY8mfE=</latexit>

V (ω) =
1

2
m2

ωω
2

ALP initial condition

<latexit sha1_base64="Ue4MILUYt7PaeXQn6pw8l0v4akQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAIVaTMiLeNUHTjsoK9QDsMmTTThmYyQ3JGKKV9Bje+ihsXirh14863MW0H1OqBwMf/n5Pk/H4suAbb/rQyc/MLi0vZ5dzK6tr6Rn5zq6ajRFFWpZGIVMMnmgkuWRU4CNaIFSOhL1jd712N/fodU5pH8hb6MXND0pE84JSAkbz8QSvu8iLx+P5FC7oMDOHAI6PR4WjUakfwbdtevmCX7Enhv+CkUEBpVbz8h7mBJiGTQAXRuunYMbgDooBTwYa5VqJZTGiPdFjToCQh0+5gstMQ7xmljYNImSMBT9SfEwMSat0PfdMZEujqWW8s/uc1EwjO3QGXcQJM0ulDQSIwRHgcEG5zxSiIvgFCFTd/xbRLFKFgYsyZEJzZlf9C7ajknJZObo4L5cs0jizaQbuoiBx0hsroGlVQFVF0jx7RM3qxHqwn69V6m7ZmrHRmG/0q6/0LxWWdeA==</latexit>

ω(ai) = εifa , ω̇(ai) = 0

Misalignment angle
<latexit sha1_base64="emrP6tg8YW5dxyvbEtSMgC7q8fE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiTia1l002UF+4AklMl0kg6dyYSZiVBKP8ONC0Xc+jXu/BunbRbaeuDC4Zx7ufeeKONMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WuCG0TyaXqRVhTzlLaNsxw2ssUxSLitBuN7md+94kqzWT6aMYZDQVOUhYzgo2V/GaQJEj0g2zI+tWaW3fnQKvEK0gNCrT61a9gIEkuaGoIx1r7npuZcIKVYYTTaSXINc0wGeGE+pamWFAdTuYnT9GZVQYolspWatBc/T0xwULrsYhsp8BmqJe9mfif5+cmvg0nLM1yQ1OyWBTnHBmJZv+jAVOUGD62BBPF7K2IDLHCxNiUKjYEb/nlVdK5qHvX9auHy1rjroijDCdwCufgwQ00oAktaAMBCc/wCm+OcV6cd+dj0Vpyiplj+APn8wfAfpDt</latexit>

H → mω
<latexit sha1_base64="HSNi/v1fUetbISRFrvDjfU9DC1I=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBoE+7Er1K0sYxgEiEXjrnNnlncu1t258RwWNj4V2wsFLH1R9j5b9wkV2jig4HHezPMzAuVFAZd99uZmZ2bX1gsLZWXV1bX1isbmy2TZprxJktlqq9DMFyKhDdRoOTXSnOIQ8nb4e350G/fcW1EmlzhQPFuDDeJiAQDtFJQqfqqL3ZhzweldHpPfexzhEDQKICgUnPr7gh0mngFqZECjaDy5fdSlsU8QSbBmI7nKuzmoFEwyR/Kfma4AnYLN7xjaQIxN9189MQD3bFKj0aptpUgHam/J3KIjRnEoe2MAftm0huK/3mdDKOTbi4SlSFP2HhRlEmKKR0mQntCc4ZyYAkwLeytlPVBA0ObW9mG4E2+PE1a+3XvqH54eVA7PSviKJEq2Sa7xCPH5JRckAZpEkYeyTN5JW/Ok/PivDsf49YZp5jZIn/gfP4A7uuXqA==</latexit>

ω(a) → εifa
<latexit sha1_base64="h1jnyJlAXKWSxojmhFK1XwZC25k=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRLxtSy66bKCfUASymQ6aYfOTMLMjVBCP8ONC0Xc+jXu/BunbRbaeuDC4Zx7ufeeKBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3G9zO/+8S04Yl6hEnKQkmGisecErCS3wyEwLIfpCPer9bcujsHXiVeQWqoQKtf/QoGCc0kU0AFMcb33BTCnGjgVLBpJcgMSwkdkyHzLVVEMhPm85On+MwqAxwn2pYCPFd/T+REGjORke2UBEZm2ZuJ/3l+BvFtmHOVZsAUXSyKM4EhwbP/8YBrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3Xvun71cFlr3BVxlNEJOkXnyEM3qIGaqIXaiKIEPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDP8ZD3</latexit>

H → mω

<latexit sha1_base64="G++VZ4DXsrfOct0Tq3CvDB4AO+Y=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1Kb42QtFNlxXsA5oQJtNpO3QmE2YmQgnZ+CtuXCji1s9w5984bbPQ6oELh3Pu5d57wphRpR3nyyosLa+srhXXSxubW9s79u5eW4lEYtLCggnZDZEijEakpalmpBtLgnjISCcc3079zgORioroXk9i4nM0jOiAYqSNFNgHjQoKUk9yKBTOTq554MUjeloL7LJTdWaAf4mbkzLI0QzsT68vcMJJpDFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DI0QJ8pPZw9k8NgofTgQ0lSk4Uz9OZEirtSEh6aTIz1Si95U/M/rJXpw5ac0ihNNIjxfNEgY1AJO04B9KgnWbGIIwpKaWyEeIYmwNpmVTAju4st/SbtWdS+q53dn5fpNHkcRHIIjUAEuuAR10ABN0AIYZOAJvIBX69F6tt6s93lrwcpn9sEvWB/fRxeVkw==</latexit>

H(aosc) = mω/2

<latexit sha1_base64="G++VZ4DXsrfOct0Tq3CvDB4AO+Y=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1Kb42QtFNlxXsA5oQJtNpO3QmE2YmQgnZ+CtuXCji1s9w5984bbPQ6oELh3Pu5d57wphRpR3nyyosLa+srhXXSxubW9s79u5eW4lEYtLCggnZDZEijEakpalmpBtLgnjISCcc3079zgORioroXk9i4nM0jOiAYqSNFNgHjQoKUk9yKBTOTq554MUjeloL7LJTdWaAf4mbkzLI0QzsT68vcMJJpDFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DI0QJ8pPZw9k8NgofTgQ0lSk4Uz9OZEirtSEh6aTIz1Si95U/M/rJXpw5ac0ihNNIjxfNEgY1AJO04B9KgnWbGIIwpKaWyEeIYmwNpmVTAju4st/SbtWdS+q53dn5fpNHkcRHIIjUAEuuAR10ABN0AIYZOAJvIBX69F6tt6s93lrwcpn9sEvWB/fRxeVkw==</latexit>

H(aosc) = mω/2

<latexit sha1_base64="6MXJ9Ai8OAs40vfB0PdMcaDQHl8="></latexit>

ωω → m2
ωε

2
i (a/aosc)

→3 → ϑ2im
2
ωf

2
a (a/aosc)

→3

<latexit sha1_base64="UWcNUVuH/2V+3Q+qhFeuPmAQ8zM=">AAACK3icbVBJTwIxGO3ghriNevTSSEzgIMzgeiR48YiJLAmDk04p0NBOJ23HhEz4P178Kx704BKv/g/LckDwJU1e33tf2u8FEaNKO86nlVpZXVvfSG9mtrZ3dvfs/YO6ErHEpIYFE7IZIEUYDUlNU81IM5IE8YCRRjC4GfuNRyIVFeG9HkakzVEvpF2KkTaSb1e8qE9zKO8pyuGU+4knORQKj/Iwh4rz94fk9KxYGnlYqBz3x3Go876ddQrOBHCZuDOSBTNUffvV6wgccxJqzJBSLdeJdDtBUlPMyCjjxYpECA9Qj7QMDREnqp1Mdh3BE6N0YFdIc0INJ+r8RIK4UkMemCRHuq8WvbH4n9eKdfe6ndAwijUJ8fShbsygFnBcHOxQSbBmQ0MQltT8FeI+kghrU2/GlOAurrxM6qWCe1m4uDvPliuzOtLgCByDHHDBFSiDW1AFNYDBE3gB7+DDerberC/rexpNWbOZQ/AH1s8vfFGmAg==</latexit>

ω(a) → ω(aosc)(a/aosc)
→3/2 cos(mωt)

ALP energy density

<latexit sha1_base64="ovIi0PocHRy26a5c8LjYXO6EWvE=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiTia1l047KCfUATwmQ6SYdOZsLMRCwhv+LGhSJu/RF3/o3TNgttPXDhcM693HtPmDKqtON8Wyura+sbm5Wt6vbO7t6+fVDrKpFJTDpYMCH7IVKEUU46mmpG+qkkKAkZ6YXj26nfeyRSUcEf9CQlfoJiTiOKkTZSYNcayItjiILckwkUChengV13ms4McJm4JamDEu3A/vKGAmcJ4RozpNTAdVLt50hqihkpql6mSIrwGMVkYChHCVF+Pru9gCdGGcJISFNcw5n6eyJHiVKTJDSdCdIjtehNxf+8Qaajaz+nPM004Xi+KMoY1AJOg4BDKgnWbGIIwpKaWyEeIYmwNnFVTQju4svLpHvWdC+bF/fn9dZNGUcFHIFj0AAuuAItcAfaoAMweALP4BW8WYX1Yr1bH/PWFaucOQR/YH3+AOwUk70=</latexit>

(a → aosc)

<latexit sha1_base64="lyY1m0a3QqCVPipsTByAEn3qzN8=">AAAB+3icbVDLSsNAFJ34rPVV69LNYBHqpiTia1l047KCfUATwmQ6aYfOI8xMxBLyK25cKOLWH3Hn3zhts9DWAxcO59zLvfdECaPauO63s7K6tr6xWdoqb+/s7u1XDqodLVOFSRtLJlUvQpowKkjbUMNIL1EE8YiRbjS+nfrdR6I0leLBTBIScDQUNKYYGSuFlWod+YxBFGa+4lBqnJ+GlZrbcGeAy8QrSA0UaIWVL38gccqJMJghrfuem5ggQ8pQzEhe9lNNEoTHaEj6lgrEiQ6y2e05PLHKAMZS2RIGztTfExniWk94ZDs5MiO96E3F/7x+auLrIKMiSQ0ReL4oThk0Ek6DgAOqCDZsYgnCitpbIR4hhbCxcZVtCN7iy8ukc9bwLhsX9+e15k0RRwkcgWNQBx64Ak1wB1qgDTB4As/gFbw5ufPivDsf89YVp5g5BH/gfP4A+8OTxw==</latexit>

(a → aosc)

•  

•  

•  
<latexit sha1_base64="N5ypTPTRYkjEatg5fwYZ4XRhwT4="></latexit>

!a/!DM → ω2i

(
fa

1014GeV

)2 ( mω

10→10eV

)1/2



Peizhi Du (USTC)
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Post-inflation

misalignment

<latexit sha1_base64="N5ypTPTRYkjEatg5fwYZ4XRhwT4="></latexit>

!a/!DM → ω2i

(
fa

1014GeV

)2 ( mω

10→10eV

)1/2

Misalignment Mechanism

Pre-inflation:          is a random number

Post-inflation:     
<latexit sha1_base64="IZxMrPTX873ldXLWmAbBXX2E070=">AAACEHicbZC7TisxEIa9HK6BAwFKGosIQZWzy71E0FCCRAApG6JZZ5JY8XotexYRRTwCzXkVGgoQoqWk421wLgW3X7L065sZjedPjJKOwvA9GPszPjE5NT1TmJ37O79QXFw6d1luBVZEpjJ7mYBDJTVWSJLCS2MR0kThRdI56tcvrtE6mekz6hqspdDSsikFkEf14nqsQLcUxtRGgrq82oztEIAxNrvhsfHs31a9WArL4UD8p4lGpsRGOqkX3+JGJvIUNQkFzlWj0FCtB5akUHhbiHOHBkQHWlj1VkOKrtYbHHTL1zxp8GZm/dPEB/TzRA9S57pp4jtToLb7XuvD32rVnJr7tZ7UJifUYriomStOGe+nwxvSoiDV9QaElf6vXLTBgiCfYcGHEH0/+ac53yxHu+Wd0+3SweEojmm2wlbZBovYHjtgx+yEVZhgd+yePbKn4H/wEDwHL8PWsWA0s8y+KHj9AI2onOY=</latexit>

→ω2i ↑ ↓ ε2/3

<latexit sha1_base64="EGeeGNMpHzdVY/O0mVDXSC+c+Xc=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dM5BFhJbPDABNmZzczvSZkw1948aAxXv0bb/6NA+xBwUo6qVR1p7sriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwajm6nffOLaiEjd4zjmfkgHSvQFo2ilhw4OOdKueKx0iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nV08ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Kz8VKk6QKzZf1E8kwYhM3yc9oTlDObaEMi3srYQNqaYMbUgFG4K3+PIyaVTK3kX5/O6sVL3O4sjDERzDKXhwCVW4hRrUgYGCZ3iFN8c4L8678zFvzTnZzCH8gfP5A1CdkLI=</latexit>

ω2i



Summary

Peizhi Du (USTC)

Dark Matter

The strong CP problem

QCD axions and axion-like particles

Why axions can be dark matter:

Classical picture and solutions

Solution to the strong CP problem

•  

•  

•  

Misaligment mechanism



Detecting DM: frontier of multiple research fields

Peizhi Du (USTC)

Challenges:

Interactions too weak

Signals are hard to detect

Backgrounds are high

High-precision low-threshold detectors
or unique observables with low backgrounds

•  

•  

•  

What we need:



How to look for Axion DM or ALP 

Peizhi Du (USTC)

<latexit sha1_base64="Rt4aYvvBZup0J6MA49UBD5I4Jhs=">AAACJnicbVDLSgMxFM3Ud32NunQTLIKrMiO+NgVREBcuKtgHdOpwJ03b0CQzJBmhDP0aN/6KGxeKiDs/xfQhaOuBhMM595KcEyWcaeN5n05ubn5hcWl5Jb+6tr6x6W5tV3WcKkIrJOaxqkegKWeSVgwznNYTRUFEnNai3uXQrz1QpVks70w/oU0BHcnajICxUuiWAgGmS4DjmxLuhBngoANCwPgeYMBXYRaINJDpAAeG8RbFV/c/SugWvKI3Ap4l/oQU0ATl0H0NWjFJBZWGcNC64XuJaWagDCOcDvJBqmkCpAcd2rBUgqC6mY1iDvC+VVq4HSt7pMEj9fdGBkLrvojs5DCUnvaG4n9eIzXts2bGZJIaKsn4oXbKsYnxsDPcYooSw/uWAFHM/hWTLiggxjabtyX405FnSfWw6J8Uj2+PCucXkzqW0S7aQwfIR6foHF2jMqoggh7RM3pFb86T8+K8Ox/j0Zwz2dlBf+B8fQMPyaWV</latexit>

L = gaωωaFµε F̃
µε



General Features of Axion DM

Peizhi Du (USTC)

Behaves like a classical wave in stead of a particle

<latexit sha1_base64="u5Nfay6RewAdeegYIhAN7pFGAjY=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJUgXmMFC2OR6ENqSnTjuq1VO4lsp1IVdWDhV1gYQIiVj2Djb3DbDNByJEtH55yr63uCmDOlHefbWlpeWV1bz23kN7e2d3btvf26ihJJaI1EPJLNABTlLKQ1zTSnzVhSEAGnjWBwM/EbQyoVi8J7PYppW0AvZF1GQBvJtwseN+EOeIoJXBI+4KEPxw/piTvGvl10ys4UeJG4GSmiDFXf/vI6EUkEDTXhoFTLdWLdTkFqRjgd571E0RjIAHq0ZWgIgqp2Oj1ijI+M0sHdSJoXajxVf0+kIJQaicAkBei+mvcm4n9eK9Hdq3bKwjjRNCSzRd2EYx3hSSO4wyQlmo8MASKZ+SsmfZBAtOktb0pw509eJPXTsntRPr87K1auszpyqIAOUQm56BJV0C2qohoi6BE9o1f0Zj1ZL9a79TGLLlnZzAH6A+vzB9Izlu0=</latexit>

ω → (mava)
→1

<latexit sha1_base64="7LWyWJVPGIiD6KOMI4tQWwEXLME=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhcmu7zKohY0QwTwgG5fZySQZMrOzzMwKYdnWxl+xsVDE1j+w82+cPApNPHDhcM693HtPEDGqtON8W5m5+YXFpexybmV1bX3D3tyqKRFLTKpYMCEbAVKE0ZBUNdWMNCJJEA8YqQf9y6FffyBSURHe6UFEWhx1Q9qhGGkj+TZse4pyWPBkT/iJJzm8uklL3Ef798mBWzpKfTvvFJ0R4CxxJyQPJqj49pfXFjjmJNSYIaWarhPpVoKkppiRNOfFikQI91GXNA0NESeqlYw+SeGeUdqwI6SpUMOR+nsiQVypAQ9MJ0e6p6a9ofif14x157yV0DCKNQnxeFEnZlALOIwFtqkkWLOBIQhLam6FuIckwtqElzMhuNMvz5LaYdE9LZ7cHufLF5M4smAH7IICcMEZKINrUAFVgMEjeAav4M16sl6sd+tj3JqxJjPb4A+szx9DKJjJ</latexit>

d → (ωDM/ma)
→1/3<latexit sha1_base64="rZid1tUMDSzCmnRQXsoZdk4tnsE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnk82Q2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkRDJQaCUbTSQzcMe+WKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9GQdyxVNOLGz2anTsiJVfpkEGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Pi4NrPhEpS5IrNFw1SSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGsAghGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNCSI3M</latexit>→

<latexit sha1_base64="lz33k6PEKVW6gMNwH+lfWdw7z4c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSXxvRGKunAjVLAPaGKYTCft0JkkzEwKJQTc+CtuXCji1p9w5984bbPQ6oELh3Pu5d57/JhRqSzryyjMzM7NLxQXS0vLK6tr5vpGQ0aJwKSOIxaJlo8kYTQkdUUVI61YEMR9Rpp+/3LkNwdESBqFd2oYE5ejbkgDipHSkmduDTx0PvBSR3B4dZM5knJoW/fp/mHmmWWrYo0B/xI7J2WQo+aZn04nwgknocIMSdm2rVi5KRKKYkaykpNIEiPcR13S1jREnEg3Hf+QwV2tdGAQCV2hgmP150SKuJRD7utOjlRPTnsj8T+vnajgzE1pGCeKhHiyKEgYVBEcBQI7VBCs2FAThAXVt0LcQwJhpWMr6RDs6Zf/ksZBxT6pHN8elasXeRxFsA12wB6wwSmogmtQA3WAwQN4Ai/g1Xg0no03433SWjDymU3wC8bHN3E5lsE=</latexit>

va = vDM → 10→3

Axion field: oscillating classical field with              , very small spatial gradiant

<latexit sha1_base64="hDMIIQiqVFZIKJjbBrcvWTeZE0U=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclRnxtRGKblxWsA9ohyGTZtrQJDMkmUIZZuHGX3HjQhG3foQ7/8ZMO4K2HgicnHMv994TxIwq7Thf1tLyyuraemmjvLm1vbNr7+23VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5GN7nfHhOpaCTu9SQmHkcDQUOKkTaSb1d6HOlhEKaj7Ir7CP58x5mPfLvq1Jwp4CJxC1IFBRq+/dnrRzjhRGjMkFJd14m1lyKpKWYkK/cSRWKER2hAuoYKxIny0ukRGTwySh+GkTRPaDhVf3ekiCs14YGpzHdU814u/ud1Ex1eeikVcaKJwLNBYcKgjmCeCOxTSbBmE0MQltTsCvEQSYS1ya1sQnDnT14krZOae147uzut1q+LOEqgAg7BMXDBBaiDW9AATYDBA3gCL+DVerSerTfrfVa6ZBU9B+APrI9vN0yYeg==</latexit>

k = mava

<latexit sha1_base64="M72ZBHp+EA8mno6HzFH5LnqGoTU="></latexit>

a →
↑
2ωDM

ma
cos(mat↓ k · x)

<latexit sha1_base64="UV1dyOS2ybUE3oYN4UOQBlCnJKI="></latexit>

ωa → 1

2
ȧ2 +

1

2
m2

aa
2 = ωDM

<latexit sha1_base64="fBlURk7ZuD/hYc+fSNNFbQTq7fk=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGMAsmQ+jp9CRNehm6e4Qw5C+8eFDEq3/jzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVJtmJL3dpzQUOCBZDEj2DrpoasEHeAr0cO9csWv+jOgvyTISQVy1Hvlz25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2YzS6eoCOn9FGstCtp0Uz9OZFhYcxYRK5TYDs0i95U/M/rpDa+DDMmk9RSSeaL4pQjq9D0fdRnmhLLx45gopm7FZEh1phYF1LJhRAsvvyXNE+qwXn17O60UrvO4yjCARzCMQRwATW4hTo0gICEJ3iBV894z96b9z5vLXj5zD78gvfxDVeOkLc=</latexit>ω = ma

•  

•  



Searches for Axions as DM

Peizhi Du (USTC)

<latexit sha1_base64="/vtwOAYamg6Gvf6+mY2wYk7MiCo=">AAACGnicbVDLSgMxFM3Ud31VXboJFsFVmRFfG0EUwYULBWsLnTLcSdMammSG5I5Qhn6HG3/FjQtF3Ikb/8a0zsLXgYTDOfeSnBOnUlj0/Q+vNDE5NT0zO1eeX1hcWq6srF7bJDOM11kiE9OMwXIpNK+jQMmbqeGgYskbcf9k5DduubEi0Vc4SHlbQU+LrmCATooqQagAbxhIeh7loVFUaBwe0l6UQ9gDpYp7CPQ0ZJ0E6XFUqfo1fwz6lwQFqZICF1HlLewkLFNcI5NgbSvwU2znYFAwyYflMLM8BdaHHm85qkFx287H0YZ00ykd2k2MOxrpWP2+kYOydqBiNzkKYn97I/E/r5Vh96CdC51myDX7eqibSYoJHfVEO8JwhnLgCDAj3F8puwEDDF2bZVdC8DvyX3K9XQv2aruXO9Wj46KOWbJONsgWCcg+OSJn5ILUCSN35IE8kWfv3nv0XrzXr9GSV+yskR/w3j8Br4Kgpg==</latexit>

Lint = gaωωaE ·B

With the background B field, axion field can 
convert to photons in the cavity

If m_a matches the resonant frequency of 
the cavity, it triggers the resonant conversion

<latexit sha1_base64="4ds/67skA9dMAWYTCsK8ijnTCCw="></latexit>

Pa→ω → QB2
extV g2aωωωDM

Need a high Q cavity, strong B field, large volume

•  

•  



Searches for Axions as DM

Peizhi Du (USTC)

<latexit sha1_base64="/vtwOAYamg6Gvf6+mY2wYk7MiCo=">AAACGnicbVDLSgMxFM3Ud31VXboJFsFVmRFfG0EUwYULBWsLnTLcSdMammSG5I5Qhn6HG3/FjQtF3Ikb/8a0zsLXgYTDOfeSnBOnUlj0/Q+vNDE5NT0zO1eeX1hcWq6srF7bJDOM11kiE9OMwXIpNK+jQMmbqeGgYskbcf9k5DduubEi0Vc4SHlbQU+LrmCATooqQagAbxhIeh7loVFUaBwe0l6UQ9gDpYp7CPQ0ZJ0E6XFUqfo1fwz6lwQFqZICF1HlLewkLFNcI5NgbSvwU2znYFAwyYflMLM8BdaHHm85qkFx287H0YZ00ykd2k2MOxrpWP2+kYOydqBiNzkKYn97I/E/r5Vh96CdC51myDX7eqibSYoJHfVEO8JwhnLgCDAj3F8puwEDDF2bZVdC8DvyX3K9XQv2aruXO9Wj46KOWbJONsgWCcg+OSJn5ILUCSN35IE8kWfv3nv0XrzXr9GSV+yskR/w3j8Br4Kgpg==</latexit>

Lint = gaωωaE ·B

<latexit sha1_base64="DcIXPdwkMnPsZXpXas6+PRYtv/4="></latexit>

→↑B =
ωE

ωt
+ Je!

<latexit sha1_base64="AwTWe7fajizKXQvTSOZ5QoHVaMU="></latexit>

Je! = gaωωωtaB0 = gaωω
√

2εDM B0 cos(mat)

Axion induces a new effective current and 
generate B field where they usually can not 
exist

<latexit sha1_base64="V9mu+VfDV4lgdKvtStIipuhDVCw="></latexit>

Psig → B2
0V

2g2aωωωDM

•  



Peizhi Du (USTC)

<latexit sha1_base64="Rt4aYvvBZup0J6MA49UBD5I4Jhs=">AAACJnicbVDLSgMxFM3Ud32NunQTLIKrMiO+NgVREBcuKtgHdOpwJ03b0CQzJBmhDP0aN/6KGxeKiDs/xfQhaOuBhMM595KcEyWcaeN5n05ubn5hcWl5Jb+6tr6x6W5tV3WcKkIrJOaxqkegKWeSVgwznNYTRUFEnNai3uXQrz1QpVks70w/oU0BHcnajICxUuiWAgGmS4DjmxLuhBngoANCwPgeYMBXYRaINJDpAAeG8RbFV/c/SugWvKI3Ap4l/oQU0ATl0H0NWjFJBZWGcNC64XuJaWagDCOcDvJBqmkCpAcd2rBUgqC6mY1iDvC+VVq4HSt7pMEj9fdGBkLrvojs5DCUnvaG4n9eIzXts2bGZJIaKsn4oXbKsYnxsDPcYooSw/uWAFHM/hWTLiggxjabtyX405FnSfWw6J8Uj2+PCucXkzqW0S7aQwfIR6foHF2jMqoggh7RM3pFb86T8+K8Ox/j0Zwz2dlBf+B8fQMPyaWV</latexit>

L = gaωωaFµε F̃
µε

Axion Constraints



Searches for Axions as DM

Peizhi Du (USTC)

Axion field induces an effective oscillating B field

<latexit sha1_base64="BANAsGad2c0nbFgCtg2sBzc1dT4="></latexit>

Lint = gaNN (ωµa) ε̄nϑ
µεn

<latexit sha1_base64="RfKWT+b010J0I7xs0c1EwLcGYy4=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhV3x1QhBG6sQ0Twguyx3J7PJkNnZZWZWCEtqG3/FxkIRW7/Azr9x8ig08cDA4ZxzmXtPkHCmtG1/W7mFxaXllfxqYW19Y3OruL3TUHEqCa2TmMeyFYCinAla10xz2kokhSjgtBn0r0d+84FKxWJxrwcJ9SLoChYyAtpIfnH/sutnUK0OXQEBBwwu6cTajUD3gjC7G/omU7LL9hh4njhTUkJT1Pzil9uJSRpRoQkHpdqOnWgvA6kZ4XRYcFNFEyB96NK2oQIiqrxsfMoQHxqlg8NYmic0Hqu/JzKIlBpEgUmOdlSz3kj8z2unOrzwMiaSVFNBJh+FKcc6xqNecIdJSjQfGAJEMrMrJj2QQLRpr2BKcGZPnieN47JzVj69PSlVrqZ15NEeOkBHyEHnqIJuUA3VEUGP6Bm9ojfryXqx3q2PSTRnTWd20R9Ynz9m3Zq+</latexit>

= gaNN→a · Sn

Series searches done at USTC!

Quantum spin sensors can probe such small 
oscillating B field

Larmor Precession

<latexit sha1_base64="65NeQEnj1bBjQuKsw4cnEV+pAng="></latexit>

Be! = gaNN

√
2ωDMva · cos(mat)/εN

•  
•  

<latexit sha1_base64="lO3tqZ7wykk1iRiF1LUki816UrI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcuK9gHToWTSTBuaSYYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE860cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpuiDXlTNCWYYbTbqIojkNOO+H4Nvc7T1RpJsWjmSQ0iPFQsIgRbKzk92JsRmGEHvqiX625dXcGtEy8gtSgQLNf/eoNJEljKgzhWGvfcxMTZFgZRjidVnqppgkmYzykvqUCx1QH2SzyFJ1YZYAiqewTBs3U3xsZjrWexKGdzCPqRS8X//P81ETXQcZEkhoqyPyjKOXISJTfjwZMUWL4xBJMFLNZERlhhYmxLVVsCd7iycukfVb3LusX9+e1xk1RRxmO4BhOwYMraMAdNKEFBCQ8wyu8OcZ5cd6dj/loySl2DuEPnM8f33SRAA==</latexit>

Sn

<latexit sha1_base64="Sv+HOoUlgEd+VKNvaWwzbJf0968=">AAACHHicbVDLSgNBEJz1bXxFPXoZDIKnsOv7IohePImiMUI2LL2T2ThkZnaZ6RVCyId48Ve8eFDEiwfBv3ESo2i0oKGo6qa7K86ksOj7797I6Nj4xOTUdGFmdm5+obi4dGnT3DBeYalMzVUMlkuheQUFSn6VGQ4qlrwat456fvWGGytSfYHtjNcVNLVIBAN0UlTcDBXgdZzQECGn+zRsglIQndAv/TzSIQrF7bdyGBVLftnvg/4lwYCUyACnUfE1bKQsV1wjk2BtLfAzrHfAoGCSdwthbnkGrAVNXnNUg1tX7/Sf69I1pzRokhpXGmlf/TnRAWVtW8Wus3egHfZ64n9eLcdkr94ROsuRa/a5KMklxZT2kqINYThD2XYEmBHuVsquwQBDl2fBhRAMv/yXXG6Ug53y9tlW6eBwEMcUWSGrZJ0EZJcckGNySiqEkVtyTx7Jk3fnPXjP3stn64g3mFkmv+C9fQAjXqDM</latexit>

ω = εNSn →B

<latexit sha1_base64="4DSBvZEYsKJYYudiWKviiJGhCxE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2WpG5cV7APboWTSO21oJjMkGaGU/oUbF4q49W/c+Tdm2llo9UDgcM695NwTJIJr47pfTmFldW19o7hZ2tre2d0r7x+0dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+yfz2IyrNY3lvJgn6ER1KHnJGjZUeSC+iZhSEpN4vV9yqOwf5S7ycVCBHo1/+7A1ilkYoDRNU667nJsafUmU4Ezgr9VKNCWVjOsSupZJGqP3pPPGMnFhlQMJY2ScNmas/N6Y00noSBXYyC6iXvUz8z+umJrz2p1wmqUHJFh+FqSAmJtn5ZMAVMiMmllCmuM1K2IgqyowtqWRL8JZP/ktaZ1Xvsnpxd16p1fM6inAEx3AKHlxBDW6hAU1gIOEJXuDV0c6z8+a8L0YLTr5zCL/gfHwDlLaQOA==</latexit>

B

<latexit sha1_base64="Z1BP0hcTp9M7e6ETd2osJxy9/6Q=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiayOUunElFewD2lBuptN06EwSZiZCSOuvuHGhiFs/xJ1/4/Sx0NYDFw7n3Mu99/gxZ0o7zreVW1ldW9/Ibxa2tnd29+z9g4aKEklonUQ8ki0fFOUspHXNNKetWFIQPqdNf3gz8ZuPVCoWhQ86jaknIAhZnxHQRuraxU4kaADXo04AQkD3DldHXbvklJ0p8DJx56SE5qh17a9OLyKJoKEmHJRqu06svQykZoTTcaGTKBoDGUJA24aGIKjysunxY3xslB7uR9JUqPFU/T2RgVAqFb7pFKAHatGbiP957UT3r7yMhXGiaUhmi/oJxzrCkyRwj0lKNE8NASKZuRWTAUgg2uRVMCG4iy8vk8Zp2b0on9+flSrVeRx5dIiO0Aly0SWqoFtUQ3VEUIqe0St6s56sF+vd+pi15qz5TBH9gfX5Ay/clHs=</latexit>

ω = |εNB|

Larmor Frequency
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Axion Constraints
<latexit sha1_base64="BANAsGad2c0nbFgCtg2sBzc1dT4="></latexit>

Lint = gaNN (ωµa) ε̄nϑ
µεn



Searches for Axions Independent of DM

Peizhi Du (USTC)

Stellar cooling

Light shining through wall

Supermassive BH

Axion cloud

Blak hole superradiance



Light Shining Through Wall

Peizhi Du (USTC)

Produce and detect axions in a lab, no need for it to be DM

<latexit sha1_base64="/vtwOAYamg6Gvf6+mY2wYk7MiCo=">AAACGnicbVDLSgMxFM3Ud31VXboJFsFVmRFfG0EUwYULBWsLnTLcSdMammSG5I5Qhn6HG3/FjQtF3Ikb/8a0zsLXgYTDOfeSnBOnUlj0/Q+vNDE5NT0zO1eeX1hcWq6srF7bJDOM11kiE9OMwXIpNK+jQMmbqeGgYskbcf9k5DduubEi0Vc4SHlbQU+LrmCATooqQagAbxhIeh7loVFUaBwe0l6UQ9gDpYp7CPQ0ZJ0E6XFUqfo1fwz6lwQFqZICF1HlLewkLFNcI5NgbSvwU2znYFAwyYflMLM8BdaHHm85qkFx287H0YZ00ykd2k2MOxrpWP2+kYOydqBiNzkKYn97I/E/r5Vh96CdC51myDX7eqibSYoJHfVEO8JwhnLgCDAj3F8puwEDDF2bZVdC8DvyX3K9XQv2aruXO9Wj46KOWbJONsgWCcg+OSJn5ILUCSN35IE8kWfv3nv0XrzXr9GSV+yskR/w3j8Br4Kgpg==</latexit>

Lint = gaωωaE ·B

Low background ,but signal rate is suppressed by 
<latexit sha1_base64="ctcBjrmUOWRJ33jVZrZ2Q+SPusk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgqiTia1l047KCfUAbw2Q6SYfOTMLMRCih/oobF4q49UPc+TdO2yy09cC9HM65l7lzwpRRpV332yqtrK6tb5Q3K1vbO7t79v5BWyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wdDP1O49EKpqIez1Oic9RLGhEMdJGCuxqHOSoHyPOiz55OAvsmlt3Z3CWiVeQGhRoBvZXf5DgjBOhMUNK9Tw31X6OpKaYkUmlnymSIjxCMekZKhAnys9nx0+cY6MMnCiRpoR2ZurvjRxxpcY8NJMc6aFa9Kbif14v09GVn1ORZpoIPH8oypijE2eahDOgkmDNxoYgLKm51cFDJBHWJq+KCcFb/PIyaZ/WvYv6+d1ZrXFdxFGGQziCE/DgEhpwC01oAYYxPMMrvFlP1ov1bn3MR0tWsVOFP7A+fwDObpTi</latexit>

g4aωω

•  
•  



Stellar Cooling

Peizhi Du (USTC)

Too much axion production leads to too fast stellar cooling

Stars 

Axions 

We can also look for the axion flux form the sun on Earth:
CAST experiment

•  

•  
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<latexit sha1_base64="Rt4aYvvBZup0J6MA49UBD5I4Jhs=">AAACJnicbVDLSgMxFM3Ud32NunQTLIKrMiO+NgVREBcuKtgHdOpwJ03b0CQzJBmhDP0aN/6KGxeKiDs/xfQhaOuBhMM595KcEyWcaeN5n05ubn5hcWl5Jb+6tr6x6W5tV3WcKkIrJOaxqkegKWeSVgwznNYTRUFEnNai3uXQrz1QpVks70w/oU0BHcnajICxUuiWAgGmS4DjmxLuhBngoANCwPgeYMBXYRaINJDpAAeG8RbFV/c/SugWvKI3Ap4l/oQU0ATl0H0NWjFJBZWGcNC64XuJaWagDCOcDvJBqmkCpAcd2rBUgqC6mY1iDvC+VVq4HSt7pMEj9fdGBkLrvojs5DCUnvaG4n9eIzXts2bGZJIaKsn4oXbKsYnxsDPcYooSw/uWAFHM/hWTLiggxjabtyX405FnSfWw6J8Uj2+PCucXkzqW0S7aQwfIR6foHF2jMqoggh7RM3pFb86T8+K8Ox/j0Zwz2dlBf+B8fQMPyaWV</latexit>

L = gaωωaFµε F̃
µε

Axion Constraints



Black Hole Superradiance

Peizhi Du (USTC)

If ulta-light axion (massive scalar) exists, it can lead to superradiance of a certain mass BH, 
significantly reducing BH’s angular momentum (spin).

Supermassive BH

Axion cloud

Independent of any couplings other than gravity!

•  

•  
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Axion Constraints



Summary
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Dark Matter

The strong CP problem

QCD axions and axion-like particles

Why axions can be dark matter:

Classical picture and solutions

Solution to the strong CP problem

•  

•  

•  

Misaligment mechanism

Axion/ALP detection•  
Axion DM: ADMX, ABRACADABRA, Spin sensors…

Axion not as DM: LSW, stellar cooling, BH superradiance…



Kowal, Drake, Nature, 1980
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Kowal, Drake, Nature, 1980

DM signals might already exist in 
current experimental data!

Thank you

Peizhi Du (USTC)


