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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD): [Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="dlk4iNgl/wb/eeOl3JWjvA6X6FE="></latexit>
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD): [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD): [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  ↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term

violates T and P, and thus CP 

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>

<latexit sha1_base64="Vh337IAeXGqBtc20PN4PnPgQ1uI=">AAACDHicbVBNS8MwGE7n15xfU49egkMQ1NGKoMehF48T3Ae0ZaRZuoWlaUneCqPsB3jxr3jxoIhXf4A3/43p1oNuvhDy8HyQvE+QCK7Btr+t0tLyyupaeb2ysbm1vVPd3WvrOFWUtWgsYtUNiGaCS9YCDoJ1E8VIFAjWCUY3ud55YErzWN7DOGF+RAaSh5wSMFSvWvNiI+dpD4YMCPa4xO6Zl3B8ik/yy68Yl123p4MXgVOAGiqm2at+ef2YphGTQAXR2nXsBPyMKOBUsEnFSzVLCB2RAXMNlCRi2s+my0zwkWH6OIyVORLwlP2dyEik9TgKjDMiMNTzWk7+p7kphFd+xmWSApN09lCYCgwxzpvBfa4YBTE2gFDFzV8xHRJFKJj+8hKc+ZUXQfu87th15+6i1rgu6iijA3SIjpGDLlED3aImaiGKHtEzekVv1pP1Yr1bHzNrySoy++jPWJ8/MyCZvg==</latexit>



Page 8

Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term

violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor

conserving interactions: electric dipole moment of

neutron; prediction:

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term

violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor

conserving interactions: electric dipole moment of

neutron; prediction:

• Experiment: 

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

[Abel et al. 20]

Theta term in Quantum Chromodynamics
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Axionic Solution of Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:
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[Peccei,Quinn 77]

In a nutshell: replace theta parameter by dynamical theta field
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Axionic Solution of Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
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In a nutshell: replace theta parameter by dynamical theta field
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Axionic Solution of Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential at energies below has absolute minimum at            and thus predicts vanishing vev,                     

No strong CP violation in vacuum
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<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="xzLqJjn6Hhd+kQ+DOUQwnchdfQk=">AAAB93icbVBNSwMxFMzWr1o/WvXoJVgET2VXBPVW9OKxgquF7lKyabYNzSZL8laoS3+JFw8qXv0r3vw3Zts9aOtAYJh5w3uZKBXcgOt+O5WV1bX1jepmbWt7Z7fe2Nu/NyrTlPlUCaW7ETFMcMl84CBYN9WMJJFgD9H4uvAfHpk2XMk7mKQsTMhQ8phTAlbqN+qBsnaRDmDEgPQbTbflzoCXiVeSJirR6Te+goGiWcIkUEGM6XluCmFONHAq2LQWZIalhI7JkPUslSRhJsxnh0/xsVUGOFbaPgl4pv5O5CQxZpJEdjIhMDKLXiH+5/UyiC/CnMs0AybpfFGcCQwKFy3gAdeMgphYQqjm9lZMR0QTCrarmi3BW/zyMvFPW5ct7/as2b4q26iiQ3SETpCHzlEb3aAO8hFFGXpGr+jNeXJenHfnYz5accrMAfoD5/MHpayTRw==</latexit>

<latexit sha1_base64="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

<latexit sha1_base64="XCDrWF4xRgZ1QigFj+blAOyt3ug=">AAACGHicbVDLSgMxFM3UVx1foy7dBItQF5YZKai7ghuXFRxb6Awlk6ZtaOZBckcsQ3/Djb/ixoWK2+78GzPtgNp6IXByzj03uSdIBFdg219GaWV1bX2jvGlube/s7ln7B/cqTiVlLo1FLNsBUUzwiLnAQbB2IhkJA8Faweg611sPTCoeR3cwTpgfkkHE+5wS0FTXsj0YMiC4+niKPYjxz9U8w16srfnkgsUmNrtWxa7Zs8LLwClABRXV7FpTrxfTNGQRUEGU6jh2An5GJHAq2MT0UsUSQkdkwDoaRiRkys9mm03wiWZ6uB9LfSLAM/a3IyOhUuMw0J0hgaFa1HLyP62TQv/Sz3iUpMAiOn+onwqsI8hjwj0uGQUx1oBQyfVfMR0SSSjoMPMQnMWVl4F7XruqObf1SqNepFFGR+gYVZGDLlAD3aAmchFFT+gFvaF349l4NT6Mz3lrySg8h+hPGdNvVLidgw==</latexit>

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

[Vafa,Witten 84]

In a nutshell: replace theta parameter by dynamical theta field

<latexit sha1_base64="+uIf4fUnxKVA4MDXOXGOzv1SLfU=">AAACMXicbVDLSgNBEJz17fqKevTSGAQvhl0R1IMgeNGbolEhG0LvbCcOzs6u8xBC8Ju8+CWCBz2oePUn3DwEjRY01FR1M90V51IYGwTP3sjo2PjE5NS0PzM7N79QWlw6N5nTnKo8k5m+jNGQFIqqVlhJl7kmTGNJF/H1Qde/uCVtRKbObDuneootJZqCoy2kRukoOhWtFCGiGyduYSOSqFqSIIpRgwMX6f57b8hKIPm2fB/AB79RKgeVoAf4S8IBKbMBjhulxyjJuEtJWS7RmFoY5LbeQW0Fl3TnR85QjvwaW1QrqMKUTL3TO/kO1golgWami1IWeurPiQ6mxrTTuOhM0V6ZYa8r/ufVnG3u1DtC5c6S4v2Pmk6CzaCbHyRCE7eyXRDkWhS7Ar9CjdwWKXdDCIdP/kuqm5XdSniyVd7fGqQxxVbYKltnIdtm++yQHbMq4+yePbFX9uY9eC/eu/fRbx3xBjPL7Be8zy+Oxqa5</latexit>

[Di Vecchia,Veneziano `80;
Leutwyler,Smilga 92]

<latexit sha1_base64="of35sCfJyPJOXBMsrvZuyHvx3b4="></latexit>
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Axionic Solution of Strong CP Puzzle

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential at energies below has absolute minimum at            and thus predicts vanishing vev,                     

No strong CP violation in vacuum
• Particle excitation: pseudo Nambu-Goldstone boson “axion”
• Topological susceptibility in QCD,                                   , determines mass in units of decay constant:
• Recent precise determination (ChPT; lattice QCD): 

<latexit sha1_base64="2/vYO2xyz4tQ9bo7vZz86OPfxEE=">AAACFHicbZA9SwNBEIb34leMX1FLm8UgRNB4JwG1i9hYKhgj5I6wt5lLluztnbtzYgj+CRv/io2Fiq2Fnf/GTUyhxhcGHt6ZYXfeMJXCoOt+Ormp6ZnZufx8YWFxaXmluLp2aZJMc6jzRCb6KmQGpFBQR4ESrlINLA4lNMLeybDfuAFtRKIusJ9CELOOEpHgDK3VKu742AVktHy7TX24zsQNPba8F7WOqS8Ube76qdixFRRooVUsuRV3JDoJ3hhKZKyzVvHDbyc8i0Ehl8yYpuemGAyYRsEl3BX8zEDKeI91oGlRsRhMMBhddUe3rNOmUaJtKaQj9+fGgMXG9OPQTsYMu+Zvb2j+12tmGB0GA6HSDEHx74eiTFJM6DAi2hYaOMq+Bca1sH+lvMs042iDHIbg/T15Eur7laOKd14t1arjNPJkg2ySMvHIAamRU3JG6oSTe/JInsmL8+A8Oa/O2/dozhnvrJNfct6/APAGm6s=</latexit> <latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="xzLqJjn6Hhd+kQ+DOUQwnchdfQk=">AAAB93icbVBNSwMxFMzWr1o/WvXoJVgET2VXBPVW9OKxgquF7lKyabYNzSZL8laoS3+JFw8qXv0r3vw3Zts9aOtAYJh5w3uZKBXcgOt+O5WV1bX1jepmbWt7Z7fe2Nu/NyrTlPlUCaW7ETFMcMl84CBYN9WMJJFgD9H4uvAfHpk2XMk7mKQsTMhQ8phTAlbqN+qBsnaRDmDEgPQbTbflzoCXiVeSJirR6Te+goGiWcIkUEGM6XluCmFONHAq2LQWZIalhI7JkPUslSRhJsxnh0/xsVUGOFbaPgl4pv5O5CQxZpJEdjIhMDKLXiH+5/UyiC/CnMs0AybpfFGcCQwKFy3gAdeMgphYQqjm9lZMR0QTCrarmi3BW/zyMvFPW5ct7/as2b4q26iiQ3SETpCHzlEb3aAO8hFFGXpGr+jNeXJenHfnYz5accrMAfoD5/MHpayTRw==</latexit>

<latexit sha1_base64="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

<latexit sha1_base64="XCDrWF4xRgZ1QigFj+blAOyt3ug=">AAACGHicbVDLSgMxFM3UVx1foy7dBItQF5YZKai7ghuXFRxb6Awlk6ZtaOZBckcsQ3/Djb/ixoWK2+78GzPtgNp6IXByzj03uSdIBFdg219GaWV1bX2jvGlube/s7ln7B/cqTiVlLo1FLNsBUUzwiLnAQbB2IhkJA8Faweg611sPTCoeR3cwTpgfkkHE+5wS0FTXsj0YMiC4+niKPYjxz9U8w16srfnkgsUmNrtWxa7Zs8LLwClABRXV7FpTrxfTNGQRUEGU6jh2An5GJHAq2MT0UsUSQkdkwDoaRiRkys9mm03wiWZ6uB9LfSLAM/a3IyOhUuMw0J0hgaFa1HLyP62TQv/Sz3iUpMAiOn+onwqsI8hjwj0uGQUx1oBQyfVfMR0SSSjoMPMQnMWVl4F7XruqObf1SqNepFFGR+gYVZGDLlAD3aAmchFFT+gFvaF349l4NT6Mz3lrySg8h+hPGdNvVLidgw==</latexit>

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

[Vafa,Witten 84]

<latexit sha1_base64="tC0ttKvaQmpSN/6l4vRC7cEx1yY=">AAACGXicbVBNTwIxEO3iF65fqx69NBITuJBdQ6LeSLx4xESEhEXSLQM0dLtL2yUQwu/w4l/x4kGNRz35bywLBwVf0uT1vZnMzAtizpR23W8rs7a+sbmV3bZ3dvf2D5zDo3sVJZJClUY8kvWAKOBMQFUzzaEeSyBhwKEW9K9nfm0IUrFI3OlxDM2QdAXrMEq0kVqOZ/u0x7APg4QNsc+Exu2H0gj7nIguBzzIjwqDvFvwZfq3sd1ycm7RTYFXibcgObRApeV8+u2IJiEITTlRquG5sW5OiNSMcpjafqIgJrRPutAwVJAQVHOSnjbFZ0Zp404kzTO7pervjgkJlRqHgakMie6pZW8m/uc1Et25bE6YiBMNgs4HdRKOdYRnOeE2k0A1HxtCqGRmV0x7RBKqTZqzELzlk1dJ9bx4VfRuS7lyaZFGFp2gU5RHHrpAZXSDKqiKKHpEz+gVvVlP1ov1bn3MSzPWoucY/YH19QONxJ40</latexit>

<latexit sha1_base64="KGGifWwx4lIn71/RDO42P5Zme3E=">AAACBHicbVBNS8NAEN34WeNX1KMeFovgqSZSUA9CixePFYwtNCFstpt26e4m7m6EEnLx4l/x4kHFqz/Cm//GtM1BWx8MPN6bYWZemDCqtG1/GwuLS8srq5U1c31jc2vb2tm9U3EqMXFxzGLZCZEijAriaqoZ6SSSIB4y0g6HV2O//UCkorG41aOE+Bz1BY0oRrqQAuuAB014CTNP3UudeXhA8/wki4JmbkIzsKp2zZ4AzhOnJFVQohVYX14vxiknQmOGlOo6dqL9DElNMSO56aWKJAgPUZ90CyoQJ8rPJl/k8KhQejCKZVFCw4n6eyJDXKkRD4tOjvRAzXpj8T+vm+ro3M+oSFJNBJ4uilIGdQzHkcAelQRrNioIwpIWt0I8QBJhXQQ3DsGZfXmeuKe1i5pzU6826mUaFbAPDsExcMAZaIBr0AIuwOARPINX8GY8GS/Gu/ExbV0wypk98AfG5w/5GJca</latexit>

[Grilli di Cortona et al.  `16;
Borsanyi et al. `16; 
Gorghetto, Villadoro `19]

[Weinberg 78; Wilczek 78]

In a nutshell: replace theta parameter by dynamical theta field
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Peccei-Quinn Extension of Standard Model

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 

• Mass of particle excitation of phase:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

[Raffelt]
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Peccei-Quinn Extension of Standard Model

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>
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Peccei-Quinn Extension of Standard Model

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

• Low energy effective field theory at energies above                   
but below                  :          

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>

<latexit sha1_base64="+8TKP/2P4BZjGUxjKdVUdmycSz8="></latexit>

[Peccei,Quinn 77; Weinberg 78; Wilczek 78]

[Kim 79;Shifman,Vainshtein,Zakharov 
80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Peccei-Quinn Extension of Standard Model

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Axion couplings to SM at energies below QCD scale

• „Invisible axion“: couplings to SM suppressed by inverse power of

• EDM coupling: 

• Photon coupling:

• Nucleon couplings:

• Electron coupling very model-dependent

• Strong CP problem solved for any value of !            

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 
80;Dine,Fischler,Srednicki 81;...]

[Kaplan 85;Srednicki `85; Grilli di Cortona et al. `16]

<latexit sha1_base64="9j+5mb2GR0ZpNENXpprdAL4DO/0=">AAAB7XicbVBNS8NAEJ3Urxq/qh69LBbBU0lEqMeqF48V7Ae0oWy2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Vtd2d3b/+gcnjU1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gknt7nfeaJKMykezDShQYxHgkWMYGOldjS4dl13UKl6NW8OtEr8glShQHNQ+eoPJUljKgzhWOue7yUmyLAyjHA6c/uppgkmEzyiPUsFjqkOsvm1M3RmlSGKpLIlDJqrvycyHGs9jUPbGWMz1steLv7n9VITXQUZE0lqqCCLRVHKkZEofx0NmaLE8KklmChmb0VkjBUmxgaUh+Avv7xK2hc136v595fVxk0RRxlO4BTOwYc6NOAOmtACAo/wDK/w5kjnxXl3PhatJaeYOYY/cD5/AKfqjdo=</latexit>

<latexit sha1_base64="q1hJ/Uz+Zlk6E32zQ0RoPJsuSJU=">AAAB73icbVBNS8NAEJ34WeNX1aOXxSLUS0lE0GPVi8cK9gPaUDbbTbt0dxN3N0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Utd3tnd2+/fHDY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc3+Z++4kqzWL5YCYJDQQeShYxgo2VOlXRvz5zXbdfrng1bwa0TPyCVKBAo1/+6g1ikgoqDeFY667vJSbIsDKMcDp1e6mmCSZjPKRdSyUWVAfZ7N4pOrXKAEWxsiUNmqm/JzIstJ6I0HYKbEZ60cvF/7xuaqKrIGMySQ2VZL4oSjkyMcqfRwOmKDF8YgkmitlbERlhhYmxEeUh+IsvL5PWec33av79RaV+U8RRgmM4gSr4cAl1uIMGNIEAh2d4hTfn0Xlx3p2PeeuKU8wcwR84nz95+o5G</latexit>

<latexit sha1_base64="K8l8fNJXrxeWG4EmA7/6Eqkw6Q8="></latexit>

[Pospelov,Ritz `00]
<latexit sha1_base64="02VSLIYlMndOFSocRjsyp8sfj60=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUaIdJKepGqNaFywq2Fjq1ZNK0DU1mhiQjlGG+wo2/4saFIm7FnX9j+lho64ELh3Pu5d57vJAzpR3n20otLa+srqXXMxubW9s72d29hgoiSWidBDyQTQ8ryplP65ppTpuhpFh4nN55w+rYv3ugUrHAv9WjkLYF7vusxwjWRupki9VOfHGVwHNYsst5ZDvHrmaCKoic+7iIThK3QN1C7EoBiUg62ZxjOxPARYJmJAdmqHWyX243IJGgviYcK9VCTqjbMZaaEU6TjBspGmIyxH3aMtTHZnU7nryVwCOjdGEvkKZ8DSfq74kYC6VGwjOdAuuBmvfG4n9eK9K9s3bM/DDS1CfTRb2IQx3AcUawyyQlmo8MwUQycyskAywx0SbJjAkBzb+8SBolGzk2uinnKpezONLgAByCPEDgFFTANaiBOiDgETyDV/BmPVkv1rv1MW1NWbOZffAH1ucPsdab/g==</latexit>
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Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

[Peking University]
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| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Axion Dark Matter
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Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

• Topological susceptibility

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and
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Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation

(                       )  and not restored afterwards

• Axion CDM density depends on single initial value

in patch which becomes observable universe and
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Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for
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Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

• Axions also produced by collapse of network of 
topological defects – strings and domain-walls –

• Axion can be 100% of DM for
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[Hiramatsu et al. ]   

[Borsanyi et al., Nature `16 [1606.0794]]
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AR,Saikawa `16; 
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Gorghetto,Hardy,Villadoro `18;
Buschmann et al. 19;
Hindmarsh 19]
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Worldwide experimental efforts

• Dark-matter axion mass spans a huge range: 
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Worldwide experimental efforts

• Strong motivation for current und upcoming axion DM experiments: 

pre-inf.

post-inf. (NDW = 1)
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Microwave Cavities

• Axion or ALP DM – photon conversion in microwave cavity placed in magnetic field

• Best sensitivity: mass = resonance frequency

Pout ⇠ g2 | B0 |2 ⇢DMV Q/ma

[Sikivie 83]
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Microwave Cavities

• Currently running:

• ADMX

• HAYSTAC
• ORGAN
• CAST-CAPP
• RADES

[AR,Rybka,Rosenberg in 2019 update PDG RPP]
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Searches for Dark Matter Axions
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Microwave Cavities

• Currently running:

• ADMX

• HAYSTAC
• ORGAN
• CAST-CAPP
• RADES

• Currently in construction:

• CULTASK 

• Proposed:

• KLASH
• ACTION 
• IAXO-DM

[Irastorza,Redondo 18]
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Dish Antennas

• Oscillating axion/ALP DM in a background magnetic field carries a small electric field component

• A magnetised mirror in axion/ALP DM background radiates photons [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]   

<latexit sha1_base64="BUPOBJHnm0o92l/XpyZxfX/PAAg="></latexit>
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Dish Antennas

• Oscillating axion/ALP DM in a background magnetic field carries a small electric field component

• A magnetised mirror in axion/ALP DM background radiates photons

• Proposed axion/ALP DM dish antenna experiment: BRASS (U Hamburg)        

[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]   

[Horns et al.  (unpublished)]

• Permanently magnetized surface for
axion/ALP photon conversion
(Halbach array) 

• Dish antenna for photon signal
concentration

• Broadband acquisition (16 GHz 
bandwidth, 107 channels)        
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Dish Antennas

• Prototype BRASS-6 in construction, data taking starting 2021

[Le Hoang Nguyen, Patras Workshop 2019]
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Dish Antennas

• Boosted dish antenna: Open dielectric resonator

• Add stack of dielectric disks with spacing in front of mirror (all immersed in magnetic field)

• Constructive interference of photon part of wave function
[Jaeckel,Redondo 13]   

[Millar,Raffelt,Redondo,Steffen 16]   

[Baryakhtar,Huang,Lasenby18]   

[Caldwell et al.  `16]   
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Dish Antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   
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Projection of sensitivities for DM axions and ALPs on the axion–photon coupling gagg as a function of the axion mass. The lines 

denoted by DFSZ and KSVZ show representative gagg values associated with the corresponding two most popular classes of 
QCD axion models. The MADMAX projected sensitivities are compared to existing limits from ADMX [15, 16], other haloscope 

experiments [13], from HAYSTAC [18] and ORGAN [17]. Also the IAXO [72] sensitivity for solar axions and ALPs is indicated.
From MADMAX Collaboration: A new experimental approach to probe QCD axion dark matter in the mass range above 40μeV.

The European Physical Journal C
  volum

e 79 ∙ num
ber 3 ∙ m

arch ∙ 2019          

@CERN @DESY

Scaling:  Area       1/10    (of final experiment) 
# discs     1/4 
B [T]         1/5

@DESY



Page 36

Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Dish Antennas

• Projected sensitivity of MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   
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• Flux of solar axions/ALPs produced by two photon process in core:

[adapted from Irastorza `16]

g
gag

Ze Ze

g

a

AL
Ps

[Giannotti `16]
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• If axion/ALP couples to electron, even higher flux of solar axion/ALPs produced by atomic recombination
and deexcitation (FB+BB),  Bremsstrahlung (FF) and Compton 

[Giannotti `16]

g

a

gae
e

e

Ze Ze [Giannotti `16]

[adapted from Irastorza `16]

AL
Ps

[Redondo `13]
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| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Helioscope concept: solar axion/ALP to photon conversion
in magnetic field

[adapted from Irastorza `16]
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[Sikivie 1983]
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Most sensitive until now: CERN Axion Solar Telescope (CAST)

• Superconducting LHC dipole magnet

• X-ray detectors
• Use of buffer gas to extend sensitivity to higher masses (axion band)  
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each

• 8 X-ray telescopes + 8 detection systems

• Rotating platform with services

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each

• 8 X-ray telescopes + 8 detection systems

• Rotating platform with services

• Proposed site: DESY

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN

• HERA South Hall being prepared for BabyIAXO

• Funded mainly via

• Preparations have already started in 2020

• Data taking may start in 2024/25

Irastorza: ERC-AvG 2017 IAXO+
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• (Baby)IAXO probes meV mass QCD axion

IAXO

BabyIAXO

[adapted from AR,Rybka,Rosenberg in 2019 update PDG RPP]
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Searches for Solar Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• (Baby)IAXO also sensitive to electron coupling

• Probes parameter region which is suggested by
explanation of stellar cooling excess

• Stellar cooling excess: Practically every stellar 
systems seems to be cooling a bit faster than
predicted by models based on SM:

[Armengaud et al. 19]
[Giannotti, Irastorza, Redondo, AR 15]

[Giannotti, Irastorza, Redondo, AR, Saikawa 17]
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Light-Shining-through-a-Wall Searches 

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]

[Sikivie 1983, Ansel‘m 1985, van Bibber et al. 1987]
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Light-Shining-through-a-Wall Searches 

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg)

• LSW experiments ALPS I and OSQAR @ CERN give currently the best purely laboratory limit on low mass axions:

[AR 03;...;Ehret et al. 10]

[AR,Rybka,Rosenberg in 2019 update PDG RPP]
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Light-Shining-through-a-Wall Searches 

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Increase sensitivity in photon coupling by a 
factor of more than 103 by exploiting

• 12 + 12 straightened HERA magnets

• Optical cavities both at production and 
regeneration sites
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Light-Shining-through-a-Wall Searches

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

ALPS II at DESY

• HERA tunnel on about 300 m cleared

• 24 magnets straightened and tested; first 
magnets installed  

• Everything on track for data taking in 
2021
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Light-Shining-through-a-Wall Searches 

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• ALPS II will probe previously uncharted territory, in particular part of parameter space relevant for dark matter 
and astro hints (excessive energy losses of Horizontal Branch stars in globular clusters)

ALPS II

[adapted from AR,Rybka,Rosenberg in 20129 update PDG RPP]
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Conclusions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

• Axion extensions of SM very attractive:

• Axion solves strong CP puzzle

• Axion is dark matter candidate (for )

• Boom in axion searches!

• Large parts in axion/ALP parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments: 

• Axion dark matter searches (ABRACADABRA, BRASS, ADMX, CASPEr, CULTASK, HAYSTAC, MADMAX, ORGAN, 
QUAX, ...) 

• Solar axion searches ((Baby)IAXO, ...)

• Light-shining-through-a-wall experiments (ALPS II, ...)
• Searches for axion-mediated forces (ARIADNE, ...)

• If 100 % of DM consists of QCD axions, one of the dark matter axion experiments likely to see a signal in the
upcoming decade! 

STAY TUNED!

<latexit sha1_base64="Fya5KdLaTprZqrSOMRwcFvA6YMo="></latexit>
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Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Searching for Axion-induced Magnetic Fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current

around ring

• ... this generates oscillating magnetic field through

center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status [Silva-Feaver et al. 16]

[Irastorza,Redondo 18]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet `16; adapted from Kahn,Safdi,Thaler `16]
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Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Searching for Axion-induced Magnetic Fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current

around ring

• ... this generates oscillating magnetic field through

center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status [Silva-Feaver et al. 16]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

ABRACADABRA-10 cm Run 1:

[AR,Rybka,Rosenberg in 2019 update PDG RPP]
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Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Searching for Axion-induced Magnetic Fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current

around ring

• ... this generates oscillating magnetic field through

center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status

• Probe QCD axion dark matter in mass range pre-

dicted by Grand Unified Theories (GUTs)  

[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]

[Silva-Feaver et al. 16]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

LHC
 SK
 HL-LHC

HK, tuningSK, tuning

0.1 1. 10. 100.
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1016 1015 1014 1013

HK

ABRACADABRA
Broad II

Broad III

Broad I
Res. IRes. II
Res. III minimal SU(5) x  U(1)PQ

DFSZ-QCD axion

[Di Luzio, AR, Tamarit, arXiv:1807.09769]
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Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 
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[Budker et al. 14]
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Searches for Dark Matter Axions

| Axions Physics | Andreas Ringwald, Phenomenology 2020, Virtual Symposium, 04-06 May 2020

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 

• Probe QCD axion dark matter in mass range pre-
dicted by GUTs
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[Graham,Rajendran 13; Budker et al. 14]

[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]
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Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 

• Probe QCD axion dark matter in mass range pre-
dicted by GUTs

• CASPEr-Wind (Mainz) and QUAX (Legnaro) 
search for spin precession about axion wind
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Magnetic Resonance Searches 

• Experiments searching for axion mediated forces
particularly effective in meV mass range

• Monopole-dipole interaction between nucleon
and fermion: 

• Proposed ARIADNE experiment searches for for-
ces between a rotating cylinder, made of unpola-
rized material, and a vessel containing hyper-
polarized 3He gas

• Since 3He magnetic moment dominated by neutron
contribution: sensitive to monopole-dipole  interac-
tion between nucleus and neutrons, [Arvanitaki, Geraci 14]
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Magnetic Resonance Searches 

• Experiments searching for axion mediated forces
particularly effective in meV mass range

• Monopole-dipole interaction between nucleon
and fermion: 

• Proposed ARIADNE experiment searches for for-
ces between a rotating cylinder, made of unpola-
rized material, and a vessel containing hyper-
polarized 3He gas

• Since 3He magnetic moment dominated by neutron
contribution: sensitive to monopole-dipole  interac-
tion between nucleus and neutrons, [Arvanitaki, Geraci 14]


